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Abstract

Background The Cerrado of central Brazil—the
world’s largest Neotropical savanna — is comprised
of a mosaic of highly heterogeneous vegetation grow-
ing on an extremely diverse geologic and geomor-
phologic background. Geomorphic processes under
stable tectonic and climatic conditions facilitated the
development of diverse edaphic properties, which
interact with disturbance events to form unique veg-
etation types.

Scope In this review, we detail how the geophysical
environment affects soil formation and evaluate the
mechanisms through which edaphic conditions con-
trol vegetation structure, floristic diversity and func-
tional diversity.
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Conclusion The influence of geomorphic pro-
cesses on edaphic properties has a marked impact
on the ecology and evolution of plant communities.
Species exhibit morphological and physiological
adaptations that optimise their successful establish-
ment in particular soil conditions. Furthermore, fire
disturbance alters these soil-vegetation associations
further regulating the structural nature of these com-
munities. Therefore, we propose an integrative view
where edaphic, chemical and physical properties act
as modulators of vegetation stands, and these condi-
tions interact with the fire regime. The knowledge of
plant edaphic niches, their functional traits related to
resource acquisition and use, as well as the interac-
tion of edaphic properties and disturbance regimes
is paramount to research planning, conservation, and
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successful restoration of the full diversity of Cerrado
vegetation types.

Keywords Geology - Geomorphology - Soil -
Functional traits - Nutrients - Savanna

Introduction

Tropical savannas represent the second-largest biome
in the world. They have a wide geographic distribution,
support significant biodiversity and provide essential
ecosystem services (Wilsey 2018). Amongst neotropical
savannas, the Cerrado is the largest and is characterised
by its higher rainfall and lower soil nutrient status, relative
to other savannas (Solbrig 1993). Most of this domain is
located within the Brazilian territory and originally cov-
ered ca. 200 million hectares distributed over 22.5° of lat-
itude of Central Brazil (Ab’Saber 2003; Sano et al. 2010,
2019). A wet seasonal climate dominates, with mean pre-
cipitation of 1,486 mm4146.8 mm. However, the north is
drier (ca. 760 — 1,000 mm) and the west is wetter (1,500
— 1,600 mm), with some regions in the northwest, which
border the Amazon, reaching annual rainfall of 2,400 mm
(Campos and Chaves 2020). The precipitation is concen-
trated in the rainy season and the dry season can vary in
duration from 4 to 7 months. Herein, we use the term Cer-
rado to characterize the phytogeographic domain within
the central region of Brazil that is formed, in its major-
ity, by the following vegetation types: grasslands (region-
ally termed “campos”), shrublands (grasslands with the
presence of shrubs, “campos sujos”), savannas (grass-
lands with the presence of trees) and woodland savannas
(closed canopy savannas, “cerraddo”). Hence, there is a
rich variance in growth forms coexisting within the same
ecosystems (Gardner 2006). In addition, other forma-
tion types occur in disjoint patches of vegetation across
the landscape, such as evergreen and deciduous forests,
as well as wetlands (Durigan et al. 2022). Many of these
vegetation types can be found in close proximity, forming
abrupt transitions of vegetation under the same climatic
conditions (Furley and Ratter 1988; Cochrane 1989; Cruz
Ruggiero et al. 2002). This complex mosaic of vegetation
types enriches the structural arrangements of the land-
scape, and the co-occurrence of forbs, sedges, grasses,
palms and trees superimposes layers of different plant
growth forms (Sano et al. 2008). The causes of the com-
plexity in this vegetation mosaic also underpins the large
diversity of plants found in the Cerrado domain.
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The Cerrado domain has the most diversified and
complex geologies in Brazil and this results in a vari-
ety of soil types and conditions (Salgado et al. 2015).
Most soils evolved in a warm and wet climate and
under stable tectonic conditions. The landforms not
only mark the environmental heterogeneity of the Cer-
rado, but also underpin the pedogenetic process of
these soils (Alkmim 2015; Salgado et al. 2015). Cer-
rado soils are generally dystrophic (Lopes and Cox
1977; Furley and Ratter 1988) with low nutrient avail-
ability, high acidity and high iron (Fe) and aluminium
(Al) oxide content (Haridasan 1982; Goedert 1983;
Lopes and Guilherme 2016). For instance, soil effec-
tive cation exchange capacity (ECEC) varies from
0.35 cmol kg~! to 8.10 cmol kg™, with soils exhibit-
ing values lower than 2.0 cmol kg~! being extremely
frequent (Lopes and Guilherme 2016). Conversely,
most of the soils have high Al saturation with values
as high as 40% being common across the Cerrado
(Lopes and Guilherme 2016). These soils are one of
the poorest in Brazil in terms of total phosphorus (P)
concentration (Pavinato et al. 2020) and the presence
of the Al and Fe oxides increase P sorption (de Mes-
quita Filho and Torrent 1993; McDowell and Condron
2001). This results in higher rates of P immobiliza-
tion in soil and hampers its availability to plants. For
instance, available P can be as low as 0.1 mg kg™! to
16.5 mg kg™!, but with values as low as 0.4 mg kg™!
being frequently found (Lopes and Guilherme 2016).
In terms of physical properties, most of the soils are
well-drained and deep (Reatto et al. 1998; Lopes
and Guilherme 2016; Sano et al. 2019) with no evi-
dent physical limitation for the development of deep
root growth. This geological, geomorphological and
edaphic diversity translates into diverse vegetation
types and a plethora of plant forms and species (Klink
and Machado 2005).

Many of the geomorphological landforms represent
immovable patches of substrates that persisted over geo-
logical times (Corlett and Tomlinson 2020) thus allow-
ing for the evolution of plants adapted to these diverse
environments (Rajakaruna 2018). Adaptations to these
soil conditions along lineages contribute to reproduc-
tive isolation and speciation, generating high endemism
(Rajakaruna 2018; Vidal et al. 2019; Hayes et al. 2021).
Specific local plant assemblages develop highly spe-
cialised traits, allowing them to survive in particular
edaphic conditions (Oliveira et al. 2015; Abrahdo et al.
2019). For example, many Cerrado plants have specific
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traits that allow them to establish in acidic soils with P
and cation limitation. Furthermore, adaptations to limit-
ing nutrient availability can promote the diversification
of specific groups in ecosystems limited in P and cati-
ons (Pekin et al. 2012; Hayes et al. 2021). Some spe-
cies, like Qualea grandiflora and Rudgea viburnoides
have physiological and structural traits involved in cop-
ing with the high concentrations of Al in soils (Hari-
dasan 2008). Other species have root specializations
that allow them to acquire strongly bound P from these
soils (Abrahao et al. 2019; Teodoro et al. 2019). Alter-
natively, some species are capable to optimize nutrient
use and storage, which results in efficient metabolic
activity (Guilherme Pereira et al. 2018). Hence, soils
generate significant environmental filtering effects on
species in the Cerrado (Viani et al. 2014).

Alongside soils, other environmental conditions,
such as fire, play important roles in determining spe-
cies distribution and the occurrence of vegetation
types. Nevertheless, some care should be taken when
considering the importance of fire in determining Cer-
rado functions and structure. Although frequent fires
do constrain a high build-up of tree cover, they inter-
act with soil conditions as underlying mechanisms of
this control. For instance, quartzite has a high resist-
ance to erosion (Barreto et al. 2013) and their silica
nature will result in nutrient-poor—especially in P—
(Teodoro et al. 2019) shallow soils. Alongside a dry
climate, these edaphic conditions favour the develop-
ment of a shrubby-grassy vegetation types, with a high
investment in carbon-rich structures (Negreiros et al.
2014; Tameirdo et al. 2021) that generate a fire-prone
environment (Silveira et al. 2016).

The Cerrado plays an important biodiversity role
on a global scale by representing an important hotspot,
with extraordinary richness of endemic species (Myers
et al. 2000). Such impressive biodiversity also repre-
sents a comprehensive repository of genetic resources,
with a great potential to improve the efficiency and
resilience of agricultural systems, thus ensuring sustain-
able use of resources and food security (Lambers et al.
2020). Brazil is highly dependent on the provision of
Cerrado ecosystem services. The domain spans three
major watersheds in a country where the most impor-
tant energy supply comes from hydroelectric power
plants, thus making the Cerrado a central element for
Brazilian water and energy security (Lima et al. 2011;
Latrubesse et al. 2019). Despite this, the Cerrado is
one of the most threatened domains in the world and

displays Brazil’s highest native vegetation removal
rates, which resulted in a loss of approximately 50%
of its original area (Eloy et al. 2016; Strassburg et al.
2017). The latest frontiers of land conversion, in the
northern Cerrado, also threaten the Cerrado’s integ-
rity, as this is the most conserved part of the domain
(Strassburg et al. 2017; Lemes et al. 2020; Silva et al.
2021). Conservation of natural areas remains the most
important action to counter the continuous loss of
Cerrado ecosystems. Nevertheless, restoration is also
urgent given the significant and continued loss of native
vegetation. Understanding the mechanisms underpin-
ning community assembly and functioning when plan-
ning conservation and restoration practice is essential
(Laughlin 2014). To achieve this, significantly more
attention is needed on how the geology and geomor-
phology interact on driving edaphic conditions that
determine the observed community assembly as medi-
ated by plant adaptations.

In this review, we evaluate the role played by geo-
logical and geomorphological conditions and by soil
chemical and physical properties as important envi-
ronmental factors influencing vegetation structure,
species and functional composition in the Cerrado
domain. We also assess how the geophysical mecha-
nisms controlling the floristic composition of Cerrado
vegetation types are mediated by species traits. Hence,
we discuss i) the importance of geologic history and
the geomorphology in the development of soil diver-
sity in the Cerrado; ii) how edaphic conditions interact
with fire disturbance to influence vegetation structure
in Cerrado; iii) how floristic diversity of Cerrado is
affected by geophysical and edaphic properties; iv)
the role of soils as environmental filters affecting plant
functional traits and functional diversity of Cerrado
plant species, and we conclude with v) highlighting
the importance of the interplay between soil proper-
ties and species functional traits to successfully guide
restoration efforts of Cerrado vegetation types.

The Cerrado soils in the context of long-term
geomorphology

Geologic and geomorphologic aspects of the Cerrado
domain

The Cerrado represents the second most important
domain in Brazil, given the magnitude of its territory.
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It occupies at least 90% of the Central Brazilian Pla-
teau (Fig. 1). The Cerrado encompasses a wide vari-
ety of vegetation types (Fig. 1a), geomorphic features
represented by different landforms (Fig. 1b), and soils
(Fig. 1c) developed before and during the Quaternary.
The parent material, and its different chemical char-
acteristics, is determined by the geological history
of the area that comprises the Cerrado domain. The
association between geomorphology, parent mate-
rial and soil type contribute to generating a complex
mosaic of vegetation under semi-humid -climatic
conditions previously described (Rizzini 1997; Rat-
ter et al. 1997; Motta et al. 2002; Sano et al. 2019;
Frangoso et al. 2020). There is a consistent over-
lap between vegetation types and geomorphology
(Fig. 1). The dominant savanna formations in the
Cerrado occur over the dominant landforms, namely,
plateaus and depressions. There is a prevalence of the
deep and weathered Ferralsols that result from these
ancient landforms (Fig. 1c).

From a regional perspective, Brazil can be divided
into two tectonic compartments separated by the fault
system called Transbrasiliano Lineament (Fig. 2a):
(i) the “Amazonian Brazil” where the landscape is
dominated by lowlands below 500 m in elevation;
(i) “Atlantic Brazil” or “Extra-Amazonian Brazil”,

Vegetation types

Il Grasslands Seasonally dry forest
Il Savanna I Semideciduous forest
I Woodland I Evergreen forest
I Savanna- Others

Forest mixture

Fig. 1 a) Cerrado vegetation types (IBGE 2012) as indicated
by the dominant vegetation in the area. b) There are six geo-
morphological units in Cerrado viz. depressions (29.1%), pla-
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where the relief is more variable and with the pres-
ence of mountains and high plateaus that reach alti-
tudes above 500 m (Saadi et al. 2005; Salgado et al.
2015) (Fig. 2a, b). This geological difference between
“Amazonian Brazil” and “Atlantic Brazil” resulted
from plate convergence events during Neoprotero-
zoic (1000-545 million years ago) (Alkmim 2015)
that define the main geological features within Brazil.
The marked differences of geomorphological features
between the Amazonian and Atlantic compartments
underly structural and functional differences of the
main vegetation types found across these compart-
ments. From a digital elevation model of the Brazil-
ian territory (Fig. 2b), a wide variation in topography
across the Cerrado domain (Fig. 2b) distributed over
the “Atlantic Brazil” is clear. This was created by the
break-up of Gondwana, resulting in magmatic intru-
sions, uplift and reactivation of ancient faults. These
factors affected their geomorphological configura-
tion over time, and the development of hydrographic
basins. In this region, the rugged topography com-
prises landforms such as mountains, plateaus, table-
lands and flattened plains developed in sedimentary
basins, cratons and Neoproterozoic orogens over a
wide range of lithotypes such as granites, gneisses,
quartzites, basalts, and sandstones. Conversely, the

c)
b
1]
{ L X
e |
‘
Geomorphology Soils
Tablelands Plains Plinthosols Ferralsols
Depressions Ridges Acrisols Arenosols
Baselines Plateaus Cambisols [ Histosols
Kastanozems Planosols
Gleysols Vertisols
I uttisols

teaus (22.9%), baselines (22.3%), tablelands (15.2%), plains
(6.1%) and ridges (4.4%). Adapted from IBGE (2009). ¢) Soils
of Cerrado domain. Adapted from dos Santos et al. (2011).
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Fig. 2 a) Large-scale tectonic structures of Brazil and the Cer-
rado biome. Adapted from Saadi et al. (2005) and Alkmim and
Reis (2021). b) Digital elevation model of Brazil. Note the dif-
ference in topographic features between Amazonian and Atlan-
tic domains. ¢) Predicted rainfall distribution of South Ameri-

“Amazonian Brazil” compartment is composed by
lowlands with more homogeneous landforms devel-
oped in cratonic region (i.e., Amazon craton).

Other important geomorphological aspect of the
Cerrado domain is the relative tectonic and climatic
stability from the Cretaceous (65 Ma) to present day
(de Almeida and Carneiro 1998). The westward drift
of the South American plate resulted in minimal
latitudinal changes thus allowing the plate’s mainte-
nance in an intertropical position (between 30° S and
30° N) since the Gondwana break-up (Fig. 2¢) (Par-
rish et al. 1982; Tardy et al. 1991). This intertropical
stable position of the plate during millions of years
provided constant warm and humid climatic condi-
tions that resulted in the development of landforms

can plate position along Mesozoic and Cenozoic. Isohyetes
represent line witj similar rainfall. Different colours indicate
relative rainfall of different levels. Adapted from Tardy et al.
(1991) and based in Parrish et al. (1982)

and soils under intensive weathering. Under tectonic
stability, surface erosion is minimal thus allowing the
weathering products to remain in place and further
resulting in kaolinitic deep weathered mantles and
landforms capped by iron and silica-rich duricrusts
(Tardy 1993; Ollier and Pain 1996), as observed in
plateaus of central Brazil.

The geomorphological configuration of Cerrado
comprises two general contexts at regional and local
scale. At the regional scale, old landforms retain the
geomorphic and pedological signature of tens of mil-
lions of years, such as pre-Cenozoic or Cenozoic
geomorphic surfaces represented by tabular forms
and large plateaus (i.e., chapadas or chapaddes)
and ridges. Peripheral depressions also mark these
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old landforms and were developed during geomor-
phic cycles under relative tectonic stability prior to
the Quaternary (Tardy 1993; Muggler et al. 2007)
(Fig. 3a). At the local scale, landforms are marked by
younger geomorphic elements, due to a dynamic evo-
lution of the landscape, thus forming talus deposits,
floodplains, and fluvial terraces (Ratter et al. 1997,
Ab’Séaber 2003; Werneck 2011) created during the
Quaternary. These dynamic local processes underly
the topographic variation along the slopes (Fig. 3b).
Plateaus represent important landforms in the
regional scale. They are elevated and extent land-
forms with tabular aspects limited by escarpments

along the edges. Plateaus develop under different
lithologies (sedimentary, metamorphic, or volcanic)
and are formed by tectonic uplift and, or erosion
(Fig. 4a, b) (Zinck 2013). Tablelands comprise flat-
topped elevated areas also associated with escarp-
ment retreat (Fig. 4c, d). Different from plateaus,
tablelands occur in flat-lying sedimentary rocks
such as sandstones. Erosion can destroy plateaus,
resulting in ridges, canyons and dissected aspects
of the surface by the deep incision of streams (e. g.
dissected plateaus) (Fig. 4c). Lowlands are elabo-
rated by erosive processes and form depressions,
and residual relief, such as mesas and inselbergs

A| Landforms at regional scale

Plateau Depression

B River

Mesa Inselberg

Escarpment

B| Landforms at local scale

Ridge A

Depression

Scarpment

| Slope . Floodplain |, Slope ,
I 1T 1T 1
Talus Reworked
deposits deposits
(scarpment retreat) (pre-weathered material) Fluvial
(sand terrace Floodplain
y and gravels) deposits

(clay and organic debris)

high water table

Piramboia Fm. Botucatu Fm.
D (conglomerates and (sandstones) l:’
sandstones)

Serra Geral Fm.
(basalts and diabases)

Itaqueri Fm.
(laterites and silcretes)

Fig. 3 General aspects of landforms in Cerrado domain. a)
Plateaus, mesas, and inselbergs covered by soil or duricrusts
are common at regional scales (modified from Duszyriski et al.
(2019)). b) At local scales, the deposit of material from pla-
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teau erosion to lower portions of the slopes represent important
geomorphic processes of soil formation. The material depos-
ited next to rivers form soils in fluvial terraces and floodplains
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Fig. 4 a, b) Quarzitic
plateaus in Espinhaco
Range. Note the scarps
and ridges in their border.
¢, d) Tablelands and dis-
sected sedimentary plateau
of Bahia. Yellow arrows
indicate the fluvial channels
that erode the plateaus thus
resulting in the escarp-
ment retreat of the plateau.
e) Mesa and depression

in Tocantins. The yellow
arrow indicates the fluvial
channel that enlarged the
depression. f) Sedimentary
plateau bordered by talus
deposits and depression in
Tocantins. g) Fluvial terrace
in Sdo Paulo covered by
Cerrado. h) Fluvial terrace
in Sdo Paulo covered by
Ferralsol

Tablelapds

//j ‘

(Ollier and Pain 2000; Duszynski et al. 2019). The
depressions are zones with lower elevations on pla-
teau margins created by erosional process associated
with fluvial activity and mass movement, which can
generate escarpment retreat and landform fragmen-
tation (Fig. 4e, f). The inselbergs and mesas repre-
sent the latter stages of geomorphic development.
These landforms evidence plateaus erosion, process
responsible for the development of lowland plains.

Dissected sedimentay

Quartzitic
plateau

Quartzitic
plateau

" Sedimentary.

plateau Inselberg platoau

PER

Sedimentary plateau

Talus

accumulation .
Depression

Examples of the latter are fluvial terraces and flood-
plains (Fig. 4g, h).

Geology and geomorphology as underlying factors of
the vegetation and soil associations

Geology and geomorphology control the soil develop-

ment (e.g., parent material distribution) (Box 1) and
provide the underlying environmental heterogeneity
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that drives abrupt vegetation transitions. Soils can
develop from lithified parent material given by the
underlying bedrock (quartzites, basalts or gneisses)
or from unconsolidated materials, such as Quaternary
deposits (Soil Survey Staff 2014). The majority of
Cerrado soils consist predominantly of mineral matter,
and thus are characterized as mineral soils (Brady and
Weil 2016). The main physical and chemical proper-
ties of these soils are strongly determined by mineral
composition (heterogeneous or homogeneous) of the
parent material (Gray et al. 2016; Wilson 2019).

The geological perspective provides the conceptual
basis to understand the chemical features of soils. The
mineralogical properties of the parent material affect
soil chemistry and represent the main source of min-
eral nutrients, such as P, thus characterizing overal
soil nutrient availability. Mineralogy also controls
the rates of pedogenesis, because the rock nature will
affect the neoformation of secondary minerals (Ollier
and Pain 1996; Porder 2019). For instance, soils
developed from volcanic rocks, such as basalts, are
composed by plagioclase, biotite and pyroxene, which
are rich in Ca, Mg and Fe rich minerals and tend to be
more clayey than soils developed from rocks rich in
silica minerals (e.g., granite or quarztites) (Porder and
Ramachandran 2013).

Alongside geology, geomorphology also plays
an important role in soil formation. Soils developed
from lithified parent material (i.e., sedimentation of
finer materials) in stable areas are generally older and
deeper than soils developed in steeper slopes, which
tend to be shallow. In addition to topography, the
fractures and bedding planes of bare rocks affect the
location of soil development (patch soils) and plant
distributions (Phillips 2019; Nascimento et al. 2021).
Such patterns play a central role in some vegetation
types, such as rocky grasslands and savannas. Geo-
morphic processes also control soil formation through
the deposition of unconsolidated material, which var-
ies according to chemical and physical properties of
the source (erosional area). For instance, the erosion
of sandstone plateaus caped by ironcrusts forms soils
downslope composed sandstone and iron clasts mixed
with sandy material, such as Arenosols, Leptsols and
Cambisols. This process is responsible for the fre-
quent occurrence of these soils in the lower parts of
the relief. Two examples are described below, to illus-
trate the variability of landforms and their controls
in Cerrado vegetation types: Veadeiros Tableland
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(Chapada dos Veadeiros) in central Brazil and Espin-
haco Range in eastern Brazil.

The landscape in Veadeiros Tableland (Chapada
dos Veadeiros) can be used to illustrate these asso-
ciations between vegetation types and geomorphol-
ogy. It is located in Central Brazil and divides three
important fluvial systems viz. Parana, Sdo Francisco,
and Tocantins-Araguaia. The geomorphic aspects are
highly variable and are composed of high plateaus,
depressions, erosional scarps, and ridges with water-
falls (Fig. 5a, b, c). Shifts in vegetation types strik-
ingly follow the geomorphology of the area where
savannas cover the plateau upland and rocky grass-
lands—i.e., “campos rupestres”—grow on the rocky
outcrops in the plateau edges. The eroded sediments
from escarpments and plateau borders are depos-
ited in the lowlands (talus and colluvial deposits)
and depressions thus becoming the parent material
of their soils. Vegetation with increased woodiness
such as semideciduous forests can be found on these
talus deposits (Fig. 5a). Furthermore, the area sits on
impermeable quartzites that generate shallow, acidic
and nutrient-limited soils (Cambisols. Leptosols and
Arenosols). This impermeable quartzite in plateaus
and floodplains favours the development of soils
under water-saturated conditions (Fig. 5d) (de Car-
valho Junior et al. 2015), which exhibit hydromorphic
features (e.g., Gleysols). These are covered by wet
grasslands (campos iimidos), shrubby grasslands and,
when Mauritia flexuosa palms are present, constitute
the vegetation types called “Veredas” (de Carvalho
Janior et al. 2015) (Fig. Se, f). In drier conditions, the
constant process of wetting and drying of these soils
results in hard forms of iron precipitates called plin-
thite (Motta et al. 2002) with more advanced stages of
this process resulting in irreversible forms of precipi-
tates called petroplinthite. These conglomerates can
represent physical constraints to deep root develop-
ment thus favouring the establishment of species with
shorter roots such as grasses and herbs. These hydro-
morphic conditions result in common occurrences of
Plinthosols with grasslands and grassy marshes at the
intraplateau depressions (Correia et al. 2001). The
transition between vegetation types is abrupt between
uplands, well-drained fluvial terraces, and the flood-
plains covered by grasslands and palms.

The Espinhaco Range shows a complex relief
morphology as a result of denudation process and
fluvial incision. The differential weathering given
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Fig. 5 General aspects of
landforms in the Veadei-
ros Tablelands (Chapada
dos Veadeiros) associ-
ated with a mosaic of
vegetation types. a) Talus \
deposits from plateau edge
erosion and formation of
soils which allow forest
establishment. b) Inci-
sion of streams formed by
erosion. ¢) Satellite image
from Rio Preto (black river) 1,:,
in Chapada dos Veadeiros
National Park showing
the formation of flood-
plains and fluvial terraces
favoured by topography and i
impermeable soil quartzite. terrace
d) Abrupt transition of
marsh and grasslands along
with soils under different
waterlogging conditions
and these can provide
different resources for the

Talus deposits

local fauna, indicated by the

yellow arrows. e) Abrupt Eesidtel
transition of wetlands

“Veredas” and grasslands. .[

f) “Veredas” with constant
presence of Mauritia flexu-
osa palms

by variations in rock resistance results in impressive
ridges of quartzite, scarps, deep valleys, depressions
and ruiniform relief (Rezende and Salgado 2011; de
Carvalho Janior et al. 2015) (Fig. 6a, b, c, d). The
landforms in the Espinhaco Range are predominantly
erosional, with sediment accumulation restricted
to specific segments of slopes and plains (Fig. 6e).
Therefore, patches of impoverished, coarse-textured,
and shallow soils, such as Cambisols and Leptosols
are commonly found in the area (Silva 2005; Ben-
ites et al. 2007; Schaefer et al. 2016). They develop
in situ and form from transported material produced
by mechanical and biochemical erosion (Teodoro
et al. 2019; Nascimento et al. 2021). Such edaphic
conditions favour the occurrence of short-rooted
plant species that are commonly observed in grass-
lands, shrubby grasslands and rocky grasslands. This
geomorphic scenario underlies the complex disjunct
pattern of plant distribution (Fig. 6f). The Ferralsols

Floodplain

Abrupt contact between
marsh and grasslands

J

¥

Residual
relief

Abrupt contact between
veredas and grasslands

in the area are associated with smooth relief and are
covered by forests with varying phenologies. These
Ferralsols exhibit iron-rich duricrusts developed
in situ in addition to transported clasts of concretion-
ary material (Camélo et al. 2018). Furthermore, the
local dry forests develop on carbonate-rich parent
materials. The high soil heterogeneity at this local
scale generated by shifting geological and geomor-
phological characteristics of the Espinhago range cre-
ates abrupt vegetation transitions from grasslands,
shrubby grasslands, and forests (Fig. 6g, h).

Characterization of the Cerrado soils and their
associations with vegetation types

The determination of different soil orders in the Cer-
rado is based on their physical (colour, texture, and
structure) and chemical (nutrient status, pH, organic
matter) properties. The geologic material in which
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Fig. 6 a, b, c¢) General
aspects of landforms devel-
oped on a quartzite plateau
of Espinhaco Range (MG).
d) Runiform landscapes
developed by weathering

on a quartzite plateau. e)
Hans Lambers examining
the transported material that
covers the slope and acts as
parent material of Incept-
sols and Arenosols. f, g,

h) Abrupt contact between
different physiognomies Plateau
due to occurrence of rock
outcrops

Patch of
transported sand

soil horizons are formed is designated as the parent
material and determines the soil properties which
distinguish each one of the soil orders (Box 1). The
topography of the landscape also interacts with the
parent material to determine the pedogenic develop-
ment of these soils. These properties not only char-
acterize the soils, but also affect the plant species
they support. This soil-vegetation association is also
mediated by species traits (Section 5). There are six
soil types (Boxes 2, 3, 4, 5, 6, 7) covering approxi-
mately 98% of the Cerrado (Sano et al. 2019) and the
other 2% are represented by soil orders restricted to
specific conditions, such as Histosols, and Vertisols.
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Mineral-rich rocks such as basalts, dolerites and gab-
bro are the parent material of soils with higher nutri-
ent status which are covered by closed-canopy woody
vegetation such as woodlands and forests. Conversely,
mineral-poor rocks such as granites, gneisses, quartz-
ites and sandstones provide the parent material of
soils with low cation availability, low particle aggre-
gation (i.e., friable) and high porosity. These soils can
be covered by grasslands and savannas depending on
the climate and water table level. Therefore, the soil
chemical and physical properties determined by geo-
physical aspects have a close association with species
composition and vegetation structure.
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Box 1 Soil formation in Cerrado

Box 1 — Soil formation in Cerrado

The majority of Cerrado soils consist predominantly of mineral matter, therefore the mainly
physical and chemical proprieties are strongly determined by mineral composition
(heterogeneous or homogeneous) of the parent material (Gray et al., 2016; Wilson, 2019). Soils
developed under volcanic rocks, such as basalts composed by plagioclase, biotite and pyroxene
tend to be more clayey, fertile, and iron-rich than soils developed in silica-rich rocks (granite or
quarztites) (Porder and Ramachandran, 2012). Soils occur as a “continuum” in the landscape,
however, have a large variability in space due to changes in topography, such as hillslope
inclination, parent material, erosional processes, hydrological regimes and biotic processes (Fig.
a). These factors control the velocity, depth of water circulation, weathering processes and the
spatial variability of soils. This results in multiple and developmental pathways and variation in
soil characteristics at a short distance (tens to hundreds of meters) along the hillslope (Schaetzl
and Randall, 2005) (Fig. b). Soils can develop in lithified parent material directly from the
underlying bedrock or in unconsolidated allochthonous materials product of erosion processes.
The erosional processes redistribute sediments along the hillslopes resulting in lateral
differences in soil types due to changes in parent materials (Gerrard, 1992). Stable surfaces
with low inclinations, such as interfluves, vertical water fluxes prevail, and chemical weathering
process (cations and Si removal and secondary mineral neoformation) allows soil development
and deepening without significative erosion. The unconsolidated parent material is a result of
geomorphic processes which controls the soils development. It varies considerably in physical
and chemical properties, thickness, distribution and can be multi layered given different erosion
and deposition events, as observed in rocky grasslands. The proprieties of unconsolidated
parent material are related to the characteristic of the source material (erosional area), such as
rocks or pre-weathered material that is eroded and transported along the slopes (depositional
area).
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a) Two-dimensional soil and hillslope model and the general geomorphic process in relation to
hydrologic behavior and declivity. Adapted from Wysock (2010) based in Dalrymple et al.,
(1968). b) Common soil orders developed in relation to geomorphic and hydrologic
characteristics.
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Box 2 Ferralsols

Box 2 - Ferralsols

a) Indication of a Ferralsol profile. Soil is richer in clay and with increased depth. b) Ferralsol covered by a high
density of trees. Red soil coloration indicates high amounts of iron concentration in the soil.

Soil characteristics

From Latin ferrum — iron. These are the most abundant soil order in the Cerrado (40.8%).
They are soils at the highest weathering stage and feature a red or yellow coloration (IUSS
Working Group WRB, 2015). The development of Ferralsols is associated with intense and
persistent weathering process, which results in strong cation, P and Si removal by leaching.
Parent material can be derived from igneous, metamorphic and sedimentary rocks. The
cations and Si removal results in the residual enrichment of Fe and Al (hydro)oxides, such
as hematite (Fe,O5), goethite (FeO(OH)) and gibbsite (Al(OH)3) (Buol and Eswaran, 1999;
Schaefer, 2001; Muggler et al., 2007; Marcelino et al., 2010). These soils have high
quantities of kaolinite and sesquioxides as constituents of the low activity clay, which are
responsible for P sorption and occlusion (Schaefer et al., 2008; Fink et al., 2016). They have
stable granular aggregates (100-1000 pm) that result in a friable consistency and low plant-
available water-holding capacity (Buol and Eswaran, 1999; Schaefer, 2001). These are deep
soils and can exhibit 30m depth on plateaus (Oliveira et. al. 2017), therefore do not impose
any physical restrictions to root growth.

Vegetation types

Woody vegetation is commonly found on these soils, varying from savannas to forests.
Nutrient availability is an important factor affecting the occurrence of these vegetation types.
Savannas usually occur on low nutrient status Ferralsols, whilst higher cation availability
favours development of woodlands such as dystrophic “Cerradéo”.
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Box 3 Arenosols

Box 3 - Arenosols

a) Arenosol profile. This soil has a sandy texture and increased depth. b) Arenosol covered by an open
savanna with sparse trees short in stature.

Soil characteristics

The Arenosols derive their names from Latin (arena — sand). Characteristically deep and of
a sandy texture, these soils cover 23.3% of the Cerrado and have no evidence of
pedogenic horizon development (i.e. diagnostic horizon) due to low weathering rates or
resistance of the parent material (IUSS Working Group WRB, 2015). This order includes
soils developed from usually quartz-rich bedrocks, such as sandstones, quartzites or
unconsolidated sediments with a sandy texture. Arenosols developed in old geomorphic
surfaces can show low quantities of clays (<15%), Fe and Al (hydro)oxides and can evolve
from Ferralsols after weathering of low activity clay (kaolinite). The Arenosols normally
feature low fertility and P availability, high acidity and exchangeable Al. Their sandy
structure provides good drainage given their high porosity and, however, exhibit low water
retention capacity.

Vegetation types

Grasslands and shrubby grasslands commonly cover these soils because of their high
drainage and low water holding capacity. Some deep Arenosols developed in situ can be
covered by woodlands.
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Box 4 Acrisols

Box 4 - Acrisols

A horiion

Bt horizon

a) Acrisol profile developed over granite parent material. b) Acrisol developed over colluvial deposits in
undulated relief.

Soil characteristics

From the Latin acer — acid, Acrisols cover 12.1% of the Cerrado. They have an argillic B
horizon (argic horizons), i.e. with a greater amount of clay than A horizons (IUSS Working
Group WRB, 2015). The clay accumulation in B horizon occurs due to vertical clay
translocation in percolating soil water (illuviation processes) that fills the porous along the
profile (Bockheim and Hartemink, 2013). Parent material of these soils are from sedimentary
and metamorphic rocks, usually acid materials. Acrisols occur in a wide variety of parent
materials in fluvial terraces, also in undulating topography at backslope, midslope and
footslope positions (Reatto et al., 2008). They are mainly composed of low-activity clays and
Fe and Al (hydro)oxides, therefore presenting high acidity and low fertility. The P sorption
capacity in Acrisols is high and reduced P availability by sorption or occlusion can limit the
plant productivity of the vegetation.

Vegetation types

The nutrient-poor Acrisols have no physical restriction to deep root growth and therefore are
commonly covered by forest and savanna formations depending on the chemical status of
the soils as determined by the parent material.
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Box 5 Plinthosols

Box 5 - Plinthosols

oxidation and grey colours indicate iron reduction. ¢) Sample of plinthite indicating past water table
oscillations.

Soil characteristics

The name of these soils derives from Greek plinthos — brick. These soils cover 10.4 % of the
Cerrado and are rich in Fe and Al (hydro)oxides made by a mixture of clay and quartz that
form plinthite (IUSS Working Group WRB, 2015). The plinthic horizon of these soils shows a
distinct red-mottled clay and is physically restrictive to deep root growth given its low
permeability and high bulk density. The plinthite is an hydromorphic feature formed by the
constant process of wetting and drying that results in hard forms of Fe precipitates (Schaetzl
and Randall, 2005). Advanced stages of this process results in irreversible forms of
precipitates called petroplinthite. Plinthosols are formed by unconsolidated parent material at
foot slopes and floodplains with poor drainage conditions (Reatto et al., 2008). When formed
on stable plateaus they are associated with Ferralsols and Acrisols and erosion can
redistribute the petroplinthite along the landscape. They usually feature low fertility when
developed on poor drainage conditions, but exhibit higher fertility when developed on foot
slopes (Oliveira et al. 2017).

Vegetation types

Plinthosols with poor drainage are associated with grasslands and shrubby grasslands. They
can also be associated with open savannas when under drier conditions after redistributed
along the landscape by erosive processes.
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Box 6 Cambisols

Box 6 - Cambisols

a,b) Cambisols with incipient B horizons developed under fluvial terraces.

Soil characteristics

These soils cover 9.4% of the Cerrado and are more abundant in the eastern part of the
domain over the state of Minas Gerais (Reatto et. al., 2008). They are usually yellow or
brownish and are characterized by a low weathering degree and absence of a distinct layer
of accumulated clay, humus, soluble salts, or iron and aluminium oxides, therefore have a
weak horizon differentiation (IUSS Working Group WRB, 2015). They usually have low
activity clay and are poor in mineral nutrients. The formation of these soils is made from
medium and fine-textured materials and they can be initially transformed from igneous,
sedimentary or metamorphic rocks. Because of their more recent formation, they are usually
of limited depth and their origin can be linked with fragmented pieces of their parent material
close to the surface (Oliveira et al. 2017). Cambisols occur in many geomorphic
configurations, however are more common on rugged topography (Oliveira et al. 2017).
They also include the soils with diagnostic horizons that fail in the criteria for other soil
orders. Cambisols are commonly of a limited depth

Vegetation types

These soils are usually covered by open savannas and rocky savannas. Gallery forest can
be found on these soils when associated with floodplains (Reatto et al., 2008) in response
to fluvial erosion processes that constrain the soil development. When Cambisols are
developed in talus deposits, they are covered by woodlands, as observed in plateaus
margins and in karstic regions (Maranhao et al., 2020).
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Box 7 Gleysols

Box 7 - Gleysols

a) Gleysol from flooding terrace. Soil exhibits grey colouration of iron reduction due to development under
redoximorphic conditions. b) Orange mottles indicating iron oxidation.

Soil characteristics

These hydromorphic soils cover 1.6% of the Cerrado. They exhibit a grey colour that
indicates intense iron reduction given their development under continuous waterlogging
conditions. They are developed under influence of water table on marshes, margins of lakes
and floodplains along the streams (IUSS Working Group WRB, 2015). Gleysols are
commonly associated with low parts of slopes intercepted by groundwater. Their texture is
usually higher in clay and their chemical properties vary according to the parent material
characteristics.

Vegetation types

Typical vegetation associated with wetlands, the poor drainage conditions of these soils
favour the occurrence of grasslands, shrubby grasslands, gallery forests, and when along
with Mauritia flexuosa palms, constitute the vegetation types called “Veredas” (de Carvalho
Junior et al., 2015).
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Soil and fire interactions on vegetation structure

Climate is a central driver of tree cover at a global
scale where higher precipitation favours the occur-
rence of increased tree coverage (Hirota et al. 2011;
Staver et al. 2011). At intermediate levels of precipi-
tation, forest and savanna formations can be observed
and some studies suggest a top-down fire control over
the stability of this bimodality, where fire determines
savanna occurrence (Hirota et al. 2011; Staver et al.
2011; Murphy and Bowman 2012). According to
predictions based on this assumption, grasslands and
savannas are fire-prone ecosystems given their high
fuel accumulation of grass biomass. These open eco-
systems are kept in a dynamic equilibrium and forests
retrocession to open ecosystems depend on severe
perturbations (Lehmann et al. 2011; Hoffmann et al.
2012), such as varying frequency and intensity of fire
events.

Alongside climate, soil is a key environmental
determinant of vegetation structure and function in
these tropical areas (Lloyd et al. 2015; Veenendaal
et al. 2015). Increasing nutrient status allows for the

|
»

Woody biomass (Mg ha*")

growth of higher tree density with greater woody bio-
mass accumulation (Fig. 7). Savanna trees have foliar
tissues with increased concentrations of N, P, Ca, and
Mg relative to grasses (Rossatto and Franco 2017)
and therefore have higher nutritional demand. Fur-
thermore, in Cerrado, increased soil nutrient status of
forest stands represents an important factor associated
with higher foliar tissue nutrient concentration than
savanna trees (Viani et al. 2014). Intermediate soil
conditions as induced by physical restriction and, or
low nutrient availability will inhibit high woody bio-
mass formation and, in these systems, fire events can
impose an even harsher environment for the estab-
lishment of woody plant cover (Fig. 7). This can give
rise to a feedback in which the post-fire vegetation
will initially have lower woody biomass and higher
grass biomass with greater predisposal for future fire
events (Hoffmann et al. 2012; Murphy and Bowman
2012). Therefore, at restrictive soils (e.g., shallow
and nutrient-limited) woody biomass accumulation
is limited compared to soils with higher nutrient sta-
tus as long as enough water is available, but fire fre-
quency and intensity will inflict another restriction to

Difference in woody
biomass accumulation

Grassland and Shrubland
Savanna
Woodland

Forest
No fire

Presence of fire

I
»

Soil nutrient status and depth
(well drained conditions)

Fig. 7 Conceptual model of grassland, savanna and forest
dominance in Cerrado mediated by soil and fire disturbance.
Vegetation types are indicated by different colours. Lighter
colours within vegetation types show lower values of woody
biomass. The X-axis indicates an increment of soil nutrient
content and depth; however, these two conditions are not asso-
ciated with each other. Soils formed from richer parent mate-
rial (e.g., basalt) can have a relatively higher nutrient content
and exhibit greater depth when compared to soils derived from
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parent material with low P and cation availability (e.g., sand-
stone). Association between woody biomass accumulation and
soil nutrient availability along with soil depth is expected to be
linear. At no fire disturbance, vegetation biomass can reach its
potential (black dots). Fire limits vegetation woody biomass
accumulation at any given soil nutrient status and effective soil
depth (fire dots) and this results in a large difference between
accumulated biomass under different fire regimes
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potential woody biomass accumulation. Although fire
can favour the establishment of a grassy vegetation
at higher soil nutrient status, the suppression of this
disturbance should allow for a higher woody biomass
accumulation (Fig. 7). Given increasing tree cover
will naturally suppress fire (Hoffmann et al. 2012),
fire disturbance in high nutrient soils generally has an
anthropogenic source (Veenendaal et al. 2018).

Surveys in the southern Cerrado have indicated
a shift from open savannas to closed-canopy wood-
lands during a 38-year period when anthropogenic
fires were suppressed (Durigan and Ratter 2006).
Nevertheless, this region is characterised by hav-
ing relatively higher precipitation and an abundance
of deep and well-drained Ferralsols with the influ-
ence of basaltic rocks, which increase soil fertility
enough to accommodate agricultural activity (Sano
et al. 2019). This set of environmental properties
favours an increase in tree establishment and woody
biomass accumulation. Some studies suggest that this
shift from open savannas to closed-canopy woodlands
(i.e. woody encroachment) is related to an increase in
soil fertility through litter input from the established
woody trees (Silva et al. 2008, 2013). However, there
is limited evidence for this as indicated by formal
tests of this hypothesis that do not support a causal
effect of woody plant growth from increased litter
production in savanna and woodland dystrophic soils
(D’Angioli et al. 2021). Instead, evidence across dif-
ferent tropical vegetation types confirms a systematic
edaphic effect on vegetation structure (Furley and
Ratter 1988; Proctor 1989; Quesada et al. 2012; Cin-
tra et al. 2013; Lloyd et al. 2015; Veenendaal et al.
2015; Lira-Martins et al. 2015). This suggests the
shift from open savannas to closed-canopy woodlands
are associated with soil characteristics and, in some
edaphic and climatic conditions, potentially the sup-
pression of fire, which allows the ecosystem to accu-
mulate the woody biomass supported by soil physical
and chemical properties (Fig. 7).

Notably, fire suppression alone will not inevitably
result in the development of significant tree cover
if edaphic conditions are unsuitable. For instance,
even after 25 years of fire exclusion in campos rup-
estres of the Cip6 Range (Serra do Cipd) at eastern
Cerrado, grasslands growing on shallow and chemi-
cally depleted soils did not develop into savannas or
woodlands (Le Stradic et al. 2018). However, these
soil conditions favour the maintenance of a fire-prone

vegetation. It should be emphasized that open grass-
lands or savannas cannot be assumed to be transient
states, with forests representing the successional cli-
max. Only if no climatic and soil restrictions exist and
in the absence of fire can open ecosystems develop
into woody vegetation type. Hence, soils, climate and
fire should represent important environmental factors
influencing structural vegetation shifts in Cerrado
(Pinheiro and Monteiro 2010).

We conducted a simple analysis to give support
to the conceptual model presented in this section.
By using grass cover estimates for 906 plots across
the Cerrado available from the NeoTropTree data-
base (http://www.neotroptree.info/), we tested if soil
chemical and physical properties, along with cli-
mate, could predict grass occurrence. Soil data for
the plots were extracted from Soilgrids database at
the spatial resolution of 250 m grid cell and 30 cm
depth (Poggio et al. 2021). Precipitation data were
obtained from WorldClim (Fick and Hijmans 2017).
Figure 8 shows the model predictions for the soil and
climate variables. Grass cover is higher in acidic soils
(Fig. 8a). Soil pH is a primary driver of mineral nutri-
ent solubility and controls their availability to plants,
especially, phosphorus, iron, zinc, and manganese,
essential elements for plant development (Tyler 2003;
Lambers and Oliveira 2019). Soil bulk density can be
interpreted as a proxy for physical restriction to deep
root growth and the model indicates that grass occur-
rence rises in physically restrictive soils (Fig. 8b).
Precipitation has a more subtle effect on grass cov-
erage but suggests that drier areas tend to have
increased grass occurrence (Fig. 8c). Altogether, this
analysis suggests that soils along with climate have a
significant effect on the establishment of grasses and
trees, where grasses are more abundant in savanna
vegetation types and very limited in forests (Fig. 8d).

Species distribution along soils gradients

A central issue in ecology is to understand to what
extent the floristic composition of different sites is
determined by environmental factors. Plant spe-
cies respond to differences in soil fertility and many
studies in the Neotropics have indicated soil proper-
ties exert strong controls on floristic composition
(Oliveira-Filho et al. 1989; Tuomisto et al. 2003; ter
Steege et al. 2006; Neri et al. 2012; Mews et al. 2016;
Amaral et al. 2021). Geology and geomorphology
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Fig. 8 a) Indicates the partial residuals plot of pH with grass
cover (varying between 0 -1) for sites across the Cerrado
domain. b) Shows partial residuals plot for soil bulk density (g
cm™) from the same model as pH and ¢) mean annual precipi-

play significant roles in the deterministic effect of soil
properties on floristic variation within a landscape.
Chemical properties of the parent material along with
soil depth and texture are key factors associated with
species distribution (Messias et al. 2013; Schaefer
et al. 2016) and structure the phylogenetic plant
diversity of these communities (Zappi et al. 2017).
These factors also contribute to the biogeographic
history of habitats by selecting for edaphic specialists
(Rajakaruna 2018; Corlett and Tomlinson 2020), thus
acting as a mechanisms underpinning the diversity
patterns in the Cerrado (Zappi et al. 2017; Vidal et al.
2019; Cassia-Silva et al. 2020; Silveira et al. 2020).
The Espinhaco Range on the eastern Cerrado
(Minas Gerais state) can serve as an example of this
geophysical control over edaphic conditions and
floristic composition. The top of this stable land-
form is formed by chemically and physically resist-
ant materials (e.g. quartzite) that limit soil nutrient
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tation (mm). Bands along the curves indicate 95% confidence
intervals. d) Mean grass cover and standard deviation for the
different vegetation types of forests and savannas

availability and depth thus favouring a vegetation
cover of shallow-rooted species with representatives
from the families Velloziaceae, Poaceae, Cyperaceae
and Xyridaceae (Conceicgdo et al. 2007; Messias et al.
2013; Schaefer et al. 2016). The top of plateaus not
only represent stable environments for the diversifica-
tion of endemic species (Vidal et al. 2019), but the
edaphic conditions also drive phylogenetic cluster-
ing of monocot clades such as Poaceae, Cyperaceae
and Xyridaceae in open physiognomies (Zappi et al.
2017). The erosional process on scarps and cliffs
transports rock debris and this colluvial deposition on
less weathered materials from footslope forms deeper
and relatively more fertile soils (Arruda et al. 2015)
and with these geological, geomorphological and
edaphic gradients exerting a strong control on spe-
cies composition (Le Stradic et al. 2015; Mota et al.
2016; Mota et al. 2018). Hence, the conspicuous vari-
ation in vegetation structure are given by high species
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turnover and are observed even in short distances
along these gradients (Abreu et al. 2012; Mota et al.
2018; Chaves et al. 2019). These processes not only
occur at the slope level but are also found at larger
scales across the Cerrado domain.

Across many vegetation types in the Cerrado a
negative association between soil Al and cation con-
tent represents a gradient that is important for species
distribution and community assembly. This gradient
is a result of the weathering processes responsible for
cation depletion and formation of iron and aluminium
oxides (Box 1) which inhibit P availability to plants
by increasing the soils sorption capacity (Fontes and
Weed 1996; Brenner et al. 2018). In the case of savan-
nas and forests, floristic distinctiveness between these
two vegetation types is clearly related to this Al-cat-
ion soil gradient. For instance, dry forests with high
abundances of deciduous species and cation rich soils
contrast with the Al-rich savannas soils dominated by
grasses and shrubs (Oliveira-Filho and Ratter 1995; De
Souza et al. 2007; Paula et al. 2021). Basalt or lime-
stone rocks form these Ca-rich soils and the slope posi-
tion where they occur will control their chemical prop-
erties thus characterizing their pedogenic development
(Silva et al. 2017; Maranhao et al. 2020). Floristic dif-
ferences determined by this soil chemical gradient are
also observed between savannas and deciduous forests
(Cruz Ruggiero et al. 2002) and with these edaphic dif-
ferences being determined by geological and geomor-
phological aspects of the region (Ruggiero et al. 2006).

Although the woodlands (cerraddo) exhibit a struc-
tural contrast with savannas because of the greater tree
density of the former, floristic differences in some cases
might not be as clear. When comparing soil and floris-
tic composition of savanna and woodland Cruz Ruggiero
et al. (2002) could not detect floristic or edaphic differ-
ences amongst them. Notably, the cerraddo can be distin-
guished into two compositionally distinct categories viz.
dystrophic cerraddo and mesotrophic cerraddo, associ-
ated with differences in soil nutrient status (Furley and
Ratter 1988; Neri et al. 2012; Bueno et al. 2018). This
distinction is related to increasing soil Ca availability
towards the mesotrophic cerraddo, derived from weath-
ered limestone and in situ modification of calcareous par-
ent material (Furley and Ratter 1988; Neri et al. 2012).
Floristic dissimilarities between dystrophic woodlands
and savanna are less evident based on soil nutrient status
and other environmental properties such as fire dynam-
ics or water availability represent important factors in this

distinction (Bueno et al. 2018). It is interesting to note,
however, that even within the same vegetation type, there
is evidence for gradients in soil nutrient status influenc-
ing species composition. Mews et al. (2016) observed
soil nutrients as significant factors associated with floris-
tic composition among savannas and Bueno et al. (2013)
found an increase in the abundance of Al-tolerant spe-
cies such as Qualea parviflora and Q. grandiflora within
areas of dystrophic cerraddo with increments in soil Al.
Using the NeoTropTree database (http://www.neotr
optree.info/) in the Cerrado domain, we analysed the
species distribution response to soil pH with data from
Soilgrids (Poggio et al. 2021). The species checklist in
NedTropTree database is defined by a single vegetation
type and follows the proposed classification system
of Oliveira-Filho (2015). Associating species occur-
rences to edaphic properties derived from Soilgrids can
generate errors, given the limited capacity of this soil
database to accurately capture in situ soil parameters
(Moulatlet et al. 2017). However, our main objective
is to capture a potential effect of soil chemical char-
acteristics on habitat preferences of the most repre-
sentative tree species of important Cerrado vegetation
types at the domain-wide scale. From these analyses,
we can observe that low pH soils, which usually have
low nutrient availability and high Al concentrations
(Furley and Ratter 1988; Cruz Ruggiero et al. 2002),
seem to represent edaphic niches favoured by abundant
savanna species (Fig. 9). Some of the dominant species
in dystrophic cerraddo are also abundant in savannas
and there is a lack of distinguished patterns between
the two vegetation types based on these data (Fig. 9).
The higher soil nutrient status of mesotrophic cerraddo
(Neri et al. 2012) is captured by the pH data and some
species response curves are shifted to higher values of
pH (Fig. 9), thus indicating an intermediate vegetation
type based on soil properties when compared to cation
and P limited soils in savanna and dystrophic cerraddo
and cation-rich soils in dry forests (Fig. 9). The domi-
nant species in seasonally dry forests are preferentially
found on more alkaline soils (Fig. 9) with higher cat-
ion availability. These patterns suggest a deterministic
effect of soil chemical properties on differentiating the
floristic composition among Cerrado vegetation types.

Soil and functional trait associations

The concept of edaphic factors as associated with
plant species distribution is not new (Grubb 1989;
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Fig. 9 Response curves for the probability of occurrence (0-1) of the 50 most common species in each vegetation type based on
NeoTropTree database in savannas, dystrophic cerradao, mesotrophic cerradao and dry forests within the Cerrado relative to soil pH

Richter and Babbar 1991). However, ecological stud-
ies have long been interested in a mechanistic under-
standing underpinning species distribution patterns in
terms of physiological processes. The development of
trait-based ecological studies emerged with a focus
on identifying specific suits of traits that allow for
successful growth, reproduction, and survival across
a range of environmental conditions (McGill et al.
2006). This approach is based on the determination
of functional traits, which correspond to measurable
morphological, physiological and phenological prop-
erties of the organisms which are heritable (Garnier
et al. 2016). The use of specific trait characteristics
in association with the functionality of organisms
has been argued to provide powerful generalities in
ecology (McGill et al. 2006, Ackerly and Cornwell
2007; Violle et al. 2007; Suding et al. 2008). Based
on the idea that plant traits reflect species adaptations
to environmental conditions, in the next sections we
review functional differences of vegetation physi-
ognomies and how they relate to differences in soil
chemical and physical properties.

Variation in leaf economics with soil nutrient
availability

The leaf economic spectrum describes a global-
wide continuum of leaf strategies related to carbon
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acquisition, leaf lifespan and nutrient use where con-
servative species sit in one end of the spectrum in
opposition to acquisitive species in the other end.
Nevertheless, environmental factors play important
roles in the distribution of these foliar strategies. At
the global scale, soils, along with climate, are impor-
tant drivers of leaf nutrient concentration (Ordofiez
et al. 2009; Vallicrosa et al. 2021) and these leaf-soil
trait associations are also found in species across the
tropics (Fyllas et al. 2009; Lloyd et al. 2015; Lira-
Martins et al. 2019). For instance, the rocky grass-
lands (campos rupestres) are found on severely
impoverished soils from mountaintops, with parent
material with low cation and P availability such as
quartzite, sandstone and ironstone causing very low
leaf nutrient concentrations (Oliveira et al. 2015; Sil-
veira et al. 2016). This is one trait of a set exhibited
by these plant communities that converge into con-
servative use of resources as adaptations to tolerate
environmental stress (Negreiros et al. 2014; Tameirao
et al. 2021). Plant leaf nutrient concentrations in these
areas closely follow edaphic variations (Abrahdo et al.
2019) with an average foliar phosphorus concentra-
tion of 0.3 mg g~! (Oliveira et al. 2015), comparable
with severely P impoverished soils from south-west-
ern Australia (Lambers et al. 2011; Hayes et al. 2014).
Comparisons of photosynthetic activity between
savanna and campos rupestres plant communities
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indicate that plants growing on nutrient poor Areno-
sols exhibit an average lower photosynthetic activity
when compared with savanna communities on rela-
tively richer Ferralsols (Abrahdo et al. 2019).

In soils with low nutrient availability, many plant
species exhibit physiological and morphological
adaptations to use and acquire nutrients efficiently
and one example is the lower nutritional invest-
ment in leaves (Lambers et al. 2011), which results
in a high C:nutrient ratio (Lambers 1992). Con-
versely, plants on some cation rich soils are com-
monly deciduous and shed their leaves during the
dry season, benefitting from short-lived, but nutri-
tious leaves (Viani et al. 2014; Oliveira et al. 2021b).
Early observations in savannas have directly associ-
ated high foliar investment of carbon relative to nutri-
ents to the low soil nutrient availability, something
termed oligotrophic sclerophylly (Arens 1958). One
potential interpretation for this nutritional effect on
leaf sclerophylly relies on the rationale of the nutri-
ent dilution effect by high C structural investment in
sclerophyll leaves as an adaptation to a conservative
use of resources, such as limiting water and nutri-
ent availability (Loveless 1961; Specht and Rundel
1990). Cross-domain comparisons in Brazil suggest
that soil nutrient status should play a major role as an
environmental factor influencing sclerophylly in these
areas. Among important Brazilian vegetation types,
the Cerrado plants tend to cluster at the conserva-
tive end of the leaf economic spectrum. They have a
great foliar carbon investment as can be seen by their
highest foliar C:N ratios (C:N=34)—only compa-
rable to vegetation types growing on nutrient-poor
sandy soils (Martinelli et al. 2021). Conversely, trees
growing under the semi-arid climate in the Caatinga
vegetation exhibit much lower C:N ratios (C:N=17)
(Martinelli et al. 2021). Interestingly, these forests
are located on eutrophic soils in northeastern Brazil
(Arruda et al. 2017). The shifts in Cerrado vegeta-
tion types with increasing soil nutrient availability is
associated with an incremental shift in foliar nutrient
content (Viani et al. 2014; Miatto and Batalha 2016).
Cation rich soils select for deciduous plants with
nutritious leaves with a short lifespan (Bueno et al.
2018). These changes in leaf nutrition are associated
with an increase in leaf mass per unit area (LMA)
(Viani et al. 2014; Miatto et al. 2016; Abrahao et al.
2019; Tameirdo et al. 2021). This pattern can also
be found across growth forms. Grasses exhibit lower

foliar tissue nutrient content and a systematic higher
LMA than trees (Rossatto and Franco 2017). The
greater increment in LMA observed in plants growing
on soils with low nutrient status is a structural conse-
quence of anatomical and metabolic processes. These
plants build leaves with a high investment in fibres,
thick cell walls, sclerenchyma and important second-
ary plant compounds, which extends the lifespan and
increase defence against herbivory and abiotic stress
(Wright and Cannon 2001). Many of these structures
being frequent in Cerrado species (Bieras et al. 2009;
Rossatto et al. 2015).

Other leaf anatomical properties to increase nutri-
ent-use efficiency also play an important role for
plants adapted to low cation and P (Hayes et al. 2018).
To increase photosynthetic P-use efficiency (PPUE)
some plants preferentially allocate phosphorus to their
leaf mesophyll, instead of metabolically inactive cells
such as epidermal layers (Denton et al. 2007; Hayes
et al. 2018; Guilherme Pereira et al. 2018). This dis-
criminatory P allocation to mesophyll cells has been
observed in Cerrado species, such as Hymenaea sti-
gonocarpa, Vochysia thyrsoidea, Qualea grandiflora
and Q. parviflora (Guilherme Pereira et al. 2018).
Different biochemical mechanisms also generate effi-
cient P-use. Ribosomal RNA represents the largest
pool of organic P in leaves (Veneklaas et al. 2012)
and a decrease of phosphorus allocation to rRNA
represents a considerable economy in P, however,
it necessitates lower cellular growth (Sulpice et al.
2014). Furthermore, the replacement of P-contain-
ing compounds (e.g. phospholipids) by galactolipids
and sulfolipids (Lambers et al. 2012) also represents
a trait to increase P-economy (Lambers et al. 2015).
Given photosynthesis is highly dependent on foliar
nutrient content (Franco et al. 2005; Domingues et al.
2010; Lambers and Oliveira 2019), such adaptations
suggest traits associated with sclerophyllous leaf
habit in Cerrado plants on dystrophic soils are likely
to be associated with adaptations to increase photo-
synthetic output with limited nutrient availability.

Soils and leaf trait functional diversity associations

Functional diversity represents the various arrange-
ments of functional traits from different species in
terms of amplitude and abundance in a given commu-
nity (Tilman 2001) and has a strong influence on eco-
system functioning (Diaz and Cabido 2001; Hooper
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et al. 2005; Garnier et al. 2016). According to theory,
environmental filters shape this metric according to
the regional species pool (Grime 2006; Cornwell et al.
2006). Environmental filtering dominates in stressful
habitats and can result in shifts in functional conver-
gence because of the reduction in the range of suit-
able trait values (Fig. 10a) (Grime 2006; Cornwell
et al. 2006). Conversely, in habitats where resources

are more abundant, strategies associated with resource
acquisition may be more frequent and functional diver-
sity can be affected by other ecological processes, such
as competition (Wilson 2007; Kunstler et al. 2016).
For instance, in the case of foliar traits associated with
nutrient use, species growing on soils limited in cati-
ons and, or P can have a lower variation in these traits,
therefore driving convergent trait strategies (Guilherme
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Pereira et al. 2019). Furthermore, species with con-
trasting leaf phenological habits co-occurring within
savanna physiognomies do not seem to systematically
differ in terms of leaf traits (Cianciaruso et al. 2013),
which reiterates the importance of soil-induced shifts
of leaf functional variation across vegetation types.

Soils play an important role in influencing leaf
economy at the global scale (Joswig et al. 2021) and
this should hold across the Cerrado domain, as suites
of traits are filtered to be viable in specific environ-
mental conditions (Kraft et al. 2015). Using the Neo-
TropTree and Soilgrids databases, we determined the
leaf economic functional composition of communi-
ties on particular soils, deriving species leaf traits
from the TRY database (Kattge et al. 2020) (specific
leaf area—SLA, P and N foliar concentrations on a
mass basis). We calculated the functional dispersion
(FDis), a metric of functional diversity (Laliberté and
Legendre 2010), based on the leaf traits for 906 plots
which had identification for vegetation type based on
Bueno et al. (2018). This analysis indicates that the
typical savannas have the lowest FDis values, and this
systematically increases towards forest formations
with the seasonally dry forests showing the high-
est FDis values (Fig. 10b). Woodlands have a higher
functional diversity than typicalsavannas. However,
although there are differences in soil conditions
between the woodlands, the dystrophic cerraddo is
not significantly different from the mesotrophic cer-
raddo in terms of FDis (Fig. 10b). The evergreen and
semi-deciduous forests overlap in terms of pH and
FDis, but they can be distinguished from seasonally
dry forests in relation to soil chemical properties and
functional diversity of foliar traits. Based on these
patterns we suggest that Cerrado soils with lower
nutrient status act as environmental filters for leaf
economic traits and communities of woody species
in these edaphic conditions exhibit functional trait
convergence. The increasing nutritional status of soils
allows the establishment of denser vegetation with
greater canopy cover. This is followed by a shift in
species composition with increasing foliar trait diver-
sity and therefore higher functional diversity.

Al tolerance
Soil acidity not only limits the availability of impor-

tant cations (e.g. Ca, Mg and K), but also increases
the solubility of Al. Below pH 5, toxic forms of Al,

such as AI(OH)** and AI’* increase considerably
(Kinraide 1991; Rahman and Upadhyaya 2021). The
acidic nature of most Cerrado soils favours the occur-
rence of Al at many soil types (Lopes and Guilherme
2016). High concentrations of Al can harm plants
via several mechanisms (Singh et al. 2017), such as:
reduction of root growth (Marienfeld et al. 2000;
Horst et al. 2010), impairment of gas exchange rates
and photochemical performances (Chen et al. 2005;
Jiang et al. 2008; Silva et al. 2018) and accumulation
and alteration of DNA (Minocha et al. 1992; Silva
et al. 2000). In addition, Al constrains the availabil-
ity of important nutrients such as P by strong sorption
of phosphate to Al (hydr)oxides (Fontes and Weed
1996; Brenner et al. 2018). Many plants on high Al
soils in the Cerrado can however tolerate these condi-
tions. Specialised adaptations enable Cerrado plants
to acquire essential nutrients in these high Al environ-
ments (Malta et al. 2016). Approximately 30 Cerrado
species have been identified as capable of tolerating
high Al in soils across 17 families, including Mel-
astomataceae and Vochysiaceae (Haridasan 1982).
One Al tolerance strategy involves the accumulation
of this element in the leaves, which does not neces-
sarily translate into low tissue concentrations of other
important elements such as Ca, Mg, K, Fe or Zn
(Haridasan 1982). In Vochysiaceae all species show
Al-accumulating capacity (Jansen et al. 2002b). Not
surprisingly Vochysiaceae is one of the most domi-
nant families in Cerrado (Ratter et al. 1997) and Al
tolerance likely represents an important adaptation
for this family’s success in acidic Cerrado soils.
Given the physiological harms caused by Al, it is
important to transform it into organic complexes with
low toxicity, before internal accumulation occurs
(Grevenstuk and Romano 2013). Some biochemical
processes involve the formation of stable complexes
with organic acids such as citrate, malate, and oxalate
(Kochian et al. 2004; Grevenstuk and Romano 2013),
whilst others involve the association with phenolic
compounds (Tolra et al. 2005; Malta et al. 2016), or
the formation of aluminosilicate (Britez et al. 2002;
Hodson and Evans 2020). Furthermore, the cellular
structures involved in accumulation vary across spe-
cies. For instance, in some species of Qualea spp.
(Vochysiaceae) and Miconia spp. (Melastomataceae)
Al is kept away from metabolically active cells and
is accumulated in non-lignified cell walls via the use
of aluminium silicates (Bressan et al. 2016). Similar
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anatomic patterns were also observed by Guilherme
Pereira et al. (2018) in other Cerrado plants. In Rud-
gea viburnoides (Rubiaceae) Al is predominantly
accumulated in cell walls and in chloroplasts, involv-
ing the complexation of Al into silica and phenolic
compounds (Malta et al. 2016). Other Vochysiaceae
species, viz. Qualea grandiflora and Callisthene
accumulate aluminium in their chloroplasts without
negative effects on their leaf structures (de Andrade
etal. 2011).

An important strategy for aluminium resistance
also relies on mechanisms to exclude the impacts of
Al in the rhizosphere (Horst et al. 2010). This mecha-
nism involves root exudation of organic acids (e.g.,
citric, malic and oxalic) to stabilize Al in non-toxic
forms (Brunner and Sperisen 2013). Styrax campo-
rum (Styracaceae), which is a moderate Al-accumu-
lating species (Bressan et al. 2020), relies on the exu-
dation of citric and oxalic acids to chelate Al in the
root environment (Bittencourt et al. 2020). Although
being able to accumulate Al in their leaves and having
organic acid exudations as means of coping with high
Al in soils, this species is physiologically impaired
at very high Al concentrations, which indicates that
its tolerance is insufficient in extremely high Al soil
concentrations (Banhos et al. 2016). In contrast, some
common species on acidic soils are highly depend-
ent on Al. For instance, Vochysia tucanorum shows
compromised growth and low photosynthetic activity
under low Al availability. This appears related to the
root impairment of this species caused by the lack of
available Al (Bressan et al. 2021). Qualea grandiflora
is also highly dependent on Al for root metabolism
involved in the structural synthesis of cell walls and
lignin as well as in P uptake (Cury et al. 2020).

Metabolic dependence on this element should not
be a rule amongst Al-tolerant species, and high levels
of this element in soils may not determine the occur-
rence of these species (Haridasan and De Aradjo
1988). Although Al-tolerance seems to be associated
with a calcifuge strategy—species increased occur-
rence in acidic soils—some Al tolerant species fail
to fall into this category. This is the case for Callis-
thene fasciculata (Vochysiaceae) which is restricted
to Ca-rich soils (Haridasan and De Aratjo 1988;
Ratter et al. 2003a)—i.e. calcicole habit—most prob-
ably due to internal cation imbalance (de Souza et al.
2020). Calcicole species are a group of plants that
have an edaphic niche associated with Ca-rich soils

@ Springer

and are not limited by soils poor in P (White and
Broadley 2003). This group can be characterized as
edaphic specialists (Corlett and Tomlinson 2020) and
in the Cerrado are commonly distributed over alkaline
soils covered by dry forest (Meira-Neto et al. 2017).
Despite some exceptions, Al soil content should char-
acterize the edaphic niche of Al tolerant species. We
investigated the occurrence of these Al tolerant plants
using published data (Haridasan 1982; de Oliveira
et al. 2019) to investigate their occurrence along with
soil pH. We observed that, although Al-tolerant spe-
cies are more common on acidic soils, they can also
be found on soils with higher pH (Fig. 11). Species
featuring Al tolerance might also benefit from higher
nutrient availability, thereby also growing in more
fertile soils (Guilherme Pereira et al. 2018; Nogueira
et al. 2019). However, they have an apparent eco-
logical advantage over non-tolerant species that are
physiologically impaired at higher Al concentrations
(Mendonga et al. 2020). Hence, these Al-associated
traits mediate the distribution of Al-tolerant species
and these chemical soil conditions represent edaphic
niches of these edaphic specialists. Along with their
distribution, the previous traits seem to be phyloge-
netically constrained and indicate the life history of
species that evolved under these edaphic conditions
(Jansen et al. 2002a; Watanabe et al. 2007).

Plant nutrient acquisition

Together with the nutrient-use efficiency mechanisms
described in the previous section, plants native to
nutrient-impoverished soils have specific adaptations
to acquire nutrients, such as specialized root architec-
ture to explore superficial soil layers (Lambers et al.
2006) and carboxylate exudation through root struc-
tural specialization to mobilise poorly-available forms
of P (Oliveira et al. 2015; Abrahdo et al. 2020). Inter-
estingly, root associations with arbuscular mycorrhi-
zal fungi seem to be a nutrient acquisition strategy
more commonly present among species dwelling on
relatively less nutrient-impoverished soils (Zemunik
et al. 2018), while root specializations based on muci-
lage and carboxylate exudation that conglomerate soil
particles around the root surface (rhizosheaths) are
common among species from relatively more nutri-
ent-impoverished soils (Abrahio et al. 2019).
Soil-nutrient uptake by association with arbuscular
mycorrhizal fungi has an elevated metabolic cost to
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Fig. 11 Kernell density 0.201
curves of 30 Cerrado Al
accumulating species in
relation to soil pH (Soil-
grids). The dashed line indi-
cates the median soil pH
value for the Al-accumula-
tors. Arrows with different
colours represent median
soil pH values (Soilgrids) of
vegetation types with each
plot location (NeoTropTree)
representing a sample unit
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the plant at very low nutrient availability (Raven et al.
2018) and therefore, should be less common under
such conditions. Conversely, specialized root struc-
tures such as rhizosheaths and cluster roots should
be relatively more cost-effective because their meta-
bolic cost considering the volume of soil explored
for nutrient uptake should be lower relative to arbus-
cular mycorrhizal associations (Raven et al. 2018).
In nutrient impoverished soils, where the majority
of P is occluded in soil particles, the most effective
acquisition mechanism is the exudation of carboxy-
lates through the roots, because they complex metal
cations that bind phosphates (e.g., Al, Fe and Ca) by
ligand exchange (Shane and Lambers 2005; Johnson
and Loeppert 2006).

Studies on plant mineral nutrition regarding below
ground traits for nutrient uptake only considered the
symbiotic association with arbuscular mycorrhizal
fungus as an effective strategy in impoverished soils
for a long time. From 1960, with the first description
of specialized roots, cluster roots, studies on the min-
eral nutrition of OCBILs (old, climatically buffered,
infertile landscapes) started to increase and now are
well studied in OCBILs such as in the South-West-
ern Australia floristic region (Hopper 2009; Lambers
2014). From these studies it was clear that despite the
dominance of arbuscular mycorrhizal associations,
other nutrient acquisition strategies were important,
for example “mining” strategies, carnivorous spe-
cies, parasitic plant species and others (Lambers et al.
2011). Although only the Brazilian campos rupes-
tres vegetation type in the Cerrado domain is clas-
sified as an OCBIL, the Cerrado (lato sensu) occurs
under nutrient impoverished soils compared to the
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other vegetation domains in Brazil (e.g. Amazon and
Atlantic forest) and even compared to other savannas
worldwide (Solbrig 1993).

Despite the nutrient limitation, these places har-
bour incredibly high plant species diversity (Rat-
ter et al. 2003b; Hopper 2009), relying on different
mechanisms for efficient nutrient acquisition (Zemu-
nik et al. 2018). Some studies have found a diverse
community of arbuscular mycorrhizal fungi species
in the Cerrado soils (Maia et al. 2020; Araujo et al.
2021). Thus, there is no doubt that mycorrhizal col-
onization can play an important role in the Cerrado
soils. However, very few studies addressed the role
of mycorrhizal colonization in native Cerrado species
(Thomazini 1974) and even fewer relate the mycor-
rhizal colonization to species composition and dis-
tribution across the vegetation types. Mycorrhizal
fungal species native to the Cerrado have been corre-
lated with increasing water acquisition during the dry
season (Junior et al. 2020). However, there is a wide
range of other roles that mycorrhizas can play, includ-
ing defence against soil pathogens (Lambers et al.
2018; Albornoz et al. 2021) and underground plant-
plant signalling (Gilbert and Johnson 2017). Under-
standing these roles is crucial to set the scene for the
importance of mycorrhizal colonization in Cerrado
vegetation types.

Studies of other nutrient acquisition
gies in the native Cerrado species are beginning to
increase. For example, studies of the soil micro-
biome and how it can promote nutrient turnover
in impoverished substrates (Camargo et al. 2019,
2021). Studies on species that combine morpho-
logical and physiological adaptations to acquire and

strate-
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use nutrients effectively such as dauciform roots
(Oliveira et al. 2015) (Fig. 12a), Vellozioid roots
(Teodoro et al. 2019) (Fig. 12b and c), and rhizos-
heaths (Abrahdo et al. 2014, 2019) (Fig. 11d). Addi-
tionally, the recently described Vellozioid roots are
carboxylate-releasing roots that function similarly to
other specialised roots in nutrient-depleted soils, but
on different substrates such as quartzite rocks, play-
ing a pivotal role in nutrient acquisition and rock
weathering (Teodoro et al. 2019) (Fig. 11b and c).
More recently, studies of carnivorous species that
can acquire nutrients by trapping and digesting nem-
atodes with underground leaves (Pereira et al. 2012)
have indicated further nutrient acquisitive strate-
gies of these species. However, there is still much
to be explored and studied regarding the diversity
of nutrient acquisition strategies (i.e., parasitic plant
species and species that rely on facilitations by other
species), especially on other vegetation types in the
Cerrado domain, since most of the studies are still
concentrated in campos rupestres.

Most of the studies regarding root morpho-phys-
iological adaptations to nutrient-depleted soils are
focused on eudicot species. We find examples of

dauciform roots mostly in the genus of Lagenocar-
pus in the Cyperaceae family. For Poaceae species
there are very few studies of nutrient acquisition spe-
cialisations, most of which have focused on chelating
substances, namely phytosiderophores. Phytosidero-
phores are root exudates found in grass species that
mobilise cations on soils, more specifically solubili-
zation of sparingly soluble inorganic Fe** compounds
(Romheld and Marschner 1986). In the Cerrado, as
most of the P in soil is occluded on soil particles, spe-
cially complexed with Fe and Al cations, these phy-
tosiderophores compounds can contribute to P acqui-
sition (de Tombeur et al. 2021). However, this topic
must be further studied, since very few studies in this
regard are found in Brazilian Cerrado ecosystems.

The knowledge of nutrient acquisition strategies
in plant communities underpins the understanding
of species distribution and co-occurrence in the Cer-
rado (Lambers et al. 2018). This knowledge of trait-
based strategies in response to edaphic conditions is
crucial for effective restoration of degraded ecosys-
tems, the control of exotic species invasion (Leite
et al. 2019), and for the conservation of ecosystem
services (Lavorel and Grigulis 2012).

Fig. 12 a) Dauciform roots in Lagenocarpus sp. b) Vellozioid roots of Barbacenia rubrovirens. ¢) Vellozioid roots of Barbacenia

sp. d) Rhizosheaths of Discocactus placentiformis
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Future perspectives in restoration ecology

The understanding of the relationship between soil
types, plant communities and their traits is essential
to effective ecological restoration in the Cerrado.
Ecological restoration is “the process of assisting the
recovery of an ecosystem that has been degraded,
damaged, or destroyed” (SER 2004). Functional trait-
based restoration strategies enable species selection
according to site-specific environmental conditions
(Laughlin 2014; Valliere et al. 2021). In the Cer-
rado, this would mean selecting species according
to their edaphic and hydrologic niches. As such, spe-
cies would have resource-acquisition and -use traits
suited to the soil types. This would allow functional
recovery of ecosystems, including water, C and nutri-
ent cycling, and their associated ecosystem services
(Reid et al. 2005; Carlucci et al. 2020). However, sites
that need to be restored have undergone substantial
changes in land use, which affect soil chemical and
physical structure. Soils used in agriculture have been
homogenized via tillage and enriched via fertilisation
(Silva et al. 2019; Sampaio et al. 2019), and lost soil
organic C often acting as C sources (Braz et al. 2013).
In addition, pastures are usually covered by exotic
grasses and once abandoned, native grasses do not
regenerate naturally, requiring interventions (Cava
et al. 2018). Finally, more than 60% of the pastures in
the Cerrado were degraded due to mismanagement or
overgrazing (Galinari 2014; de Andrade and de Frei-
tas 2018). Cerrado soils are often sensitive to erosion
and loss of organic matter. Consequently, huge efforts
are needed to recover degraded soils.

Unfortunately, most of the studies that used a trait-
based framework to help design restoration projects
were conducted in non-tropical forested areas, and
only 26% of studies targeted open vegetation such
as grasslands and savannas (Carlucci et al. 2020). In
Brazil, only ca.16% of the studies on restoration were
conducted in the Cerrado (Guerra et al. 2020), despite
its representative coverage (22%) of the territory.
Ecological restoration of the Cerrado is especially
important in view of the International Agreements
Brazil signed, such as the Bonn challenge launched
in 2011 (Temperton et al. 2019) and joined by Brazil
in 2017. Brazil developed a plan for the recovery of
native vegetation, aiming to restore 12 million hec-
tares of native vegetation by 2030 (Brasil 2017). The
plan recommends restoration ecology to be based on

scientific knowledge to help solve social problems. To
underpin large-scale restoration initiatives scientists
and practitioners must understand plant and soil trait
associations. The recent report from 2018 focuses on
tree-planting in the Atlantic Forest, natural regenera-
tion in the Amazon Forest and only mentions the Cer-
rado in the context of monitoring country-wide veg-
etation loss and recovery via remote sensing (Dave
et al. 2018). Since both restoration methods and
species-trait association in the Cerrado are mostly
known for tree species and most of the Cerrado flora
is composed of grasses and other herbaceous plants,
the use of functional traits in the restoration of Cer-
rado depicts a significant knowledge gap. In order to
restore the Cerrado, tree planting will not be enough
and might even harm open ecosystems such as grass-
lands (Veldman et al. 2015; Temperton et al. 2019;
Dudley et al. 2020; Buisson et al. 2021). It is, there-
fore, necessary to recover all plant functional types,
and not only trees if we are to recover Cerrado eco-
system services and functions.

Ecological restoration of the Cerrado faces several
challenges. The strategy to restore community assem-
bly, ecosystem functions and services will depend
on the previous land uses, which in the Cerrado are
mainly pastures for livestock production or arable
land (Guerra et al. 2020). Areas previously used as
pastures are covered with fast-growing invasive Afri-
can grass species, which increase the rate of C and
nutrient cycling in the soil (Lannes et al. 2016). The
challenge associated with removing these invasive
grasses is a significant barrier to a successful resto-
ration, and special techniques such as burning, and
inversion tillage have been employed (Sampaio et al.
2019). However, conventional agricultural practices
alter soil physical properties such as porosity, struc-
ture, soil bulk density as well as nutritional content
(Hunke et al. 2015), hampering the establishment of
native species. In addition, the nutritional input from
fertilizers stimulates the growth of acquisitive grasses
(Bustamante et al. 2012), which should also result
in an increase in exotic grasses invasion. The tech-
niques used for exotic-grass removal also decrease
soil organic C. Soil organic C helps mitigate climate
change through the reduction of CO, in the atmos-
phere (Lal et al. 2015). This is especially important in
wetlands such as Veredas (Soares et al. 2021), where
the waterlogged soils prevent C decomposition, gen-
erating exceptionally high soil C stores. In very dry
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years, the soils can also dry, contributing to cata-
strophic fire events, as the soils themselves can burn
(Flores et al. 2021). In order to protect the C stored
in the wetlands, the biodiversity of open ecosystems,
and the diversity of riparian forests, there is a need
to integrate well-planned fire management practices
in the Cerrado (Schmidt and Eloy 2020). Therefore,
to prevent expensive restoration, the conservation of
native areas is of the upmost importance to protect
watersheds and their associated biodiversity.

Cerrado restoration techniques are diverse and
vary from planting seedlings to direct seeding. In
both cases however, the species selection based on
their functional traits according to each soil condition
is key. For this, small-scale soil surveys to evaluate
the edaphic chemical and physical properties are par-
amount for the correct species selection. For exam-
ple, only species growing on nutrient-poor soils can
acquire nutrients where these have been depleted by
poor management or long-term weathering (Abrahao
et al. 2019). However, conditions of excess nutrients
can also represent an obstacle to the establishment of
species adapted to nutrient impoverished soils. Plants
adapted to P-limited soils can exhibit toxicity for this
element when exposed to slightly higher P availabil-
ity than their edaphic niche (de Campos et al. 2013;
Paganeli et al. 2020; Guilherme Pereira et al. 2021),
especially when soils have been limed to increase
pH (Hayes et al. 2019), a condition common in most
post-agricultural soils (Hawkins et al. 2008). Knowl-
edge of water table depth variation is also necessary
for the correct assignment of reference ecosystems
and the species selection based on their resistance to
soil saturation or waterlogging conditions (campos
umidos) (Xavier et al. 2017).

In order to restore invaded tallgrass prairies in the
United States, several studies recommend using spe-
cies with functional traits similar to the invasive spe-
cies, high-biomass producing plants with recalcitrant
leaves (Young et al. 2008; Funk et al. 2008). In the
Cerrado, several studies found an efficient coverage
of the soil with native species using direct seeding
techniques and mostly fast-growing grasses (Pel-
lizzaro et al. 2017; Coutinho et al. 2019; Sampaio
et al. 2019). This strategy is an excellent way to ini-
tially exclude exotic grasses (Mahaney et al. 2015).
However, this may keep the restored site in a “fast”
nutrient and carbon cycling state, which could pre-
vent recovery of the functional traits of the native
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reference system (Giles et al. 2021). Consequently,
Cerrado grassland restoration using high density
of species functionally similar to invasive species
may not recover essential ecosystem functions, such
as nutrient cycling and C cycling (D’Angioli et al.
2022), securing community drought resistance. How-
ever, restoration studies in the Cerrado are limited in
terms of both their spatial resolution and geographical
extent relative to other forest biomes in Brazil. Sub-
stantially more investment is needed into understand-
ing how to rid these systems of exotic invasive plants
and generate slow-growth native Cerrado plants after
the initial establishment of the fast-growing native
species (Mahaney et al. 2015).

Finally, the species choice also needs to consider
the disturbance regimes of the Cerrado. As previously
mentioned, the Cerrado is subject to anthropic and
natural fires. Several species have underground buds
and carbohydrate reserves that allow re-sprouting
after fire (Pausas et al. 2018). Inclusion of species
with underground buds in restoration projects, for
example, via topsoil transfer may help the community
resist occasional fires (Pilon et al. 2018). We conclude
that an intervention is often needed to restore the Cer-
rado, since, after many years of agricultural manage-
ment and soil tillage, there is a very low chance for
natural regeneration. The combination of strategies
such as direct seeding and topsoil transfer potentially
increase the resilience of the sites under restoration
(Standish et al. 2014).

Concluding remarks

The Cerrado shows a wide diversity in geology and
geomorphology which govern the edaphic heteroge-
neity across the domain. Variation in the parent mate-
rial and landforms controls soil formation (Fig. 13).
For instance, rocks poor in cations and resistant to
weathering will form shallow and nutrient-poor soils.
Conversely, more stable landforms can form deeper
soils that depending on the parent material will
result in different soil nutrient conditions. We show
that the floristic composition of the different vegeta-
tion types responds to the variation in edaphic con-
ditions (Fig. 13). This fits with the views of early
botanists who supported the concept of an edaphic
effect on the distribution of vegetation types (Arens
1958; Goodland and Pollard 1973; Lopes and Cox
1977; Furley and Ratter 1988). Nevertheless, in the
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Fig. 13 Diagram of the main determinants of different Cerrado
vegetation types. The dominant life forms, functional groups,
leaf phenology, and mineral nutrition of each vegetation type

past two decades, many savanna ecologists have
been overlooking the effect of edaphic properties in
favour of fire disturbance as the main environmen-
tal driver of shifts in vegetation (Murphy and Bow-
man 2012; Favier et al. 2012; Lehmann et al. 2014;
Dantas et al. 2016). We propose an integrative view
of both schools of thought, where edaphic chemical
and physical properties act as modulators of vegeta-
tion stands and these conditions interact with the fire
regime to affect woody plant growth (Fig. 13). Soils
with low nutrient content and physical restriction rep-
resent edaphic conditions that predispose the occur-
rence of fire-prone open vegetation types (Figs. 8
and 13), where shallow-rooted plants (e.g., herbs and
grasses) dominate. We propose that these edaphic
conditions act as environmental filters for the con-
vergence of economics traits (Fig. 13). Hence, plants

presented in the text are indicated. Characteristic soil properties
and soil order of each formation are depicted. Typical species
are also indicated

evolving in these environments exhibit morphological
and physiological adaptations based on the conserva-
tive use of resources. Under very low P availability,
mycorrhizal associations are less cost-effective and
strategies involving P mobilization prevail (Fig. 13).
In contrast, deeper soils (i.e., no physical restriction)
with higher nutrient concentrations favour the occur-
rence of deep-rooted plants with arboreal habit and
more acquisitive strategies. This results in vegetation
stands with greater woody plant growth (e.g., wood-
lands and forests) that prevent fire events. Therefore,
edaphic conditions and fire regimes drive the ecology
and evolution of these ecosystems.

We present an ecological framework based on a
rationale towards a more mechanistic understand-
ing of trait-based species and vegetation distribu-
tion (Fig. 13). It proposes a geomorphic and edaphic
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control, along with climate conditions that interact
with fire disturbance. Indeed, the use of combined
soil and climate properties on dynamic vegetation
models has recently gained more visibility (Arruda
et al. 2017; Corlett and Tomlinson 2020; Oliveira
et al. 2021a). Therefore, the rationale of this frame-
work is imperative for accurate and reliable predic-
tions of vegetation dynamics in response to climate
change, especially in fire-prone areas with diverse
geomorphic properties. In addition, this framework
should provide important guidelines to enhance
resource use and restoration efforts success given the
impact of soil properties on plant performance.
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