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Abstract

The Cerrado Biome is considered one of the world’s biodiversity hotspots because of its rich biodiversity, the high level
of endemism and the increasing threat. The Cerrado is composed by a mosaic of different vegetation types, including
physiognomies that vary from grasslands (campo limpo) to savannas (¢ypical cerrado or cerrado sensu stricto) and cerrado
woodlands (cerraddo). However, the factors that determine the composition of the Cerrado’s flora and the structure of the
physiognomies that compose this biome are still poorly understood. Here, we investigate the influence of the chemical
and granulometric properties of the soil and the effect of geographic distance on the occurrence and abundance of woody
species in three Cerrado phytophysiognomies — cerrado woodland (cerraddo), dense cerrado savanna and typical cerrado
savanna — in the Cerrado-Amazon transition. We tested the hypothesis that the edaphic characteristics and geographic
space determine the species composition and the structure of the woody vegetation of these three phytophysiognomies.
We demonstrate that the dissimilarities in the structure and composition of the three sites were determined more by space
(13% of explanation) than edaphic properties (1%), but primarily by the interaction between these two factors (26%).
We conclude that, in situations where the chemical and granulometric properties of the soil are relatively homogeneous,
as we found in the present study, geographic distance between sites has a greater influence than variation in the substrate’s
properties on modelling the occurrence and abundance of the woody plant species in the Cerrado.

Keywords: cerraddo, edaphic properties, geographical distance, soil-vegetation relationship, species composition.

Efeito do solo e do espaco sobre a composiciao de espécies lenhosas e
estrutura da vegetacio de trés fitofisionomias de Cerrado na transicao
Cerrado-Amazonia

Resumo

O Bioma Cerrado ¢ considerado um dos “hotspots” mundiais de biodiversidade devido a rica biodiversidade que abriga, ao
elevado nivel de endemismo e a eminente ameaga. O Cerrado ¢ composto por um mosaico de diferentes tipos de vegetacio
e inclui fisionomias que variam desde areas predominantemente graminosas (campo limpo) a savanas (cerrado tipico ou
cerrado sensu stricto) e florestas (cerraddo). Entretanto, os fatores que determinam a composicéo da flora do Cerrado ¢ a
estrutura das fisionomias que o compdem ainda sdo pouco compreendidas. Aqui, nds avaliamos a influéncia das propriedades
quimicas e granulométricas do solo e da distancia geografica sobre a ocorréncia e abundancia de espécies lenhosas em trés
fitofisionomias do Cerrado - cerraddo (CO), cerrado denso (DC) e cerrado tipico (TC) - na transi¢ao Cerrado-Amazonia.
Nos testamos a hipotese de que as caracteristicas edaficas e o espago determinam a composicdo floristica e a estrutura
da vegetacdo lenhosa das trés fitofisionomias. Nos demostramos que a dissimilaridade floristico-estrutural entre os trés
sitios foi mais determinada pelo espaco (13% da explicacdo) do que pelas propriedades edaficas (1%) e principalmente
pela interagdo entre solo e espaco (26%). Concluimos que, em locais onde as propriedades quimicas e granulométricas
dos solos sdo relativamente homogéneas, como no presente estudo, a distdncia geografica entre sitios tem mais efeito do
que o substrato sobre a ocorréncia ¢ abundancia de espécies lenhosas de Cerrado.

Palavras-chave: cerradao, propriedades edaficas, distancia geografica, relagdes solo-vegetagdo, composicao floristica.
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1. Introduction

The high plant diversity of the Cerrado, with approximately
12,350 species catalogued by Mendonga et al. (2008),
and 12,097 Angiosperms, 269 ferns and Lycophytes
and 478 Bryophytes catalogued by Zappi et al. (2015),
Prado et al. (2015) and Costa and Peralta (2015), has been
attributed to the considerable environmental heterogeneity
of this biome (Felfili et al., 2008). On a regional scale, relief
(Motta et al., 2002; Silva et al., 2006), altitude (Motta et al.,
2002), climate (Silva et al., 2006), and historical variation
in climatic conditions (Oliveira-Filho and Ratter, 1995,
2002) have likely influenced the occurrence and abundance
of species. On a local scale, edaphic properties (Ribeiro and
Walter, 2008; Reatto et al., 2008), the occurrence of wildfires
(Hoffmann et al., 2012), and relief (Oliveira-Filho et al.,
1989) are important predictors of the distribution of the
vegetation of the Cerrado. Given this, a series of studies
over the past few decades have investigated the factors that
determine this variation in species richness and composition,
as well as the distribution of the vegetation (Eiten, 1972;
Oliveira-Filho and Ratter, 1995; Furley, 1999; Silva et al.,
20006), in order to better understand the local and regional
factors involved.

The vegetation of the Cerrado Biome is dominated by
savannas on well-drained and deep, but dystrophic soils
(Ribeiro and Walter, 2008; Reatto et al., 2008). Forest
physiognomies in the Cerrado, by contrast, cover a much
smaller area, and are associated with mesotrophic and
eutrophic soils (dry forest on limestone) and watercourses,
constituting Cerrado woodlands (cerraddo), deciduous
forests on limestone outcrops (matas secas sobre calcario),
and gallery forests and riparian forests on each edaphic
environment, respectively (Ribeiro and Walter, 2008).
The cerrado woodland, known locally as cerraddo, is
well-developed physiognomy of the Cerrado. It has, a
typical forest-type structure, but its flora is composed
predominantly by savanna species (Ratter et al., 1973;
Eiten, 1972; Oliveira-Filho and Ratter, 2002; Ribeiro
and Walter, 2008). The cerrado woodland also occurs
on well-drained soils, which can be either dystrophic or
mesotrophic (Ratter et al., 1973; Ribeiro and Walter, 2008).

Traditionally, most authors have pointed to the availability
of nutrients in the soil (Ratter et al., 1973; Araujo and
Haridasan, 1988), its texture (Marimon-Junior and Haridasan,
2005), and water availability (Oliveira-Filho et al., 1989;
Carvalho etal., 2014) as the principal factors determining
the variation in the structure and composition of the
vegetation on a local scale. A number of studies have
also identified in the soil one of the main abiotic factors
responsible for the determination of the species diversity
and composition, and phytophysiognomic diversification
of the Cerrado, which plays a fundamental role in the
structuring of its woody vegetation (Haridasan, 2007;
Reatto etal., 2008; Mews et al., 2016). Another fundamental
factor is the ecological importance of the fire to keep the
Cerrado heterogeneity (see Coutinho, 2002). Even so, some
studies have found a small relationship between edaphic
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factors and the species composition and structure of the
woody vegetation of the Cerrado biome (Marimon-Junior
and Haridasan, 2005; Carvalho et al., 2014). Haridasan
(2007) has even proposed that the diversity of Cerrado
phytophysiognomies is determined at least as much by
the spatial variation in the characteristics of the soil as
by spatial patterns.

Given this complexity interaction of soil, space and
vegetation, a number of recent studies have focused on the
role of spatial predictor variables in their ecological analyses,
although this approach is still rare (e.g. Legendre et al.,
2002; Peres-Neto and Legendre, 2010; Moro et al., 2015;
Nevesetal., 2015; Mews et al., 2016), although Mews et al.
(2016) used an approach of this type. This new approach
may help improve the understanding of the factors and
mechanisms that mold the distribution of the flora and the
structure of the vegetation of the Cerrado.

In this context, we evaluated the influence of the
chemical and granulometric properties of the soil, and
geographic distance on the occurrence and abundance of
woody species in three Cerrado phytophysiognomies: cerrado
woodland, dense cerrado savanna, and typical cerrado
savanna, with sparse trees and shrubs (see Eiten, 1972;
Ribeiro and Walter, 2008) in the Cerrado-Amazon transition
zone. We tested the hypothesis that edaphic properties
and spatial autocorrelation (geographic distance) have a
synergic influence on the species composition and structure
of the woody vegetation of the three phytophysiognomies.

2. Material and Methods
2.1. Study area

We studied the woody plant communities of three distinct
Cerrado phytophysiognomies (sensu Eiten, 1972; Ribeiro
and Walter, 2008) located inside a single vegetation fragment
at three nearby sites — cerrado woodland, also known as
cerraddo (hereafter, CO - 12°49°26.8” S, 51°46°06.0” W),
dense cerrado savanna (hereafter, DC - 12°49°07.6” S,
51°46°12.3” W), and typical cerrado savanna (hereafter,
TC-12°50°02.5”S, 51°45°55.9” W) —in the Cerrado-Amazon
transition zone in Ribeirdo Cascalheira municipality, Mato
Grosso State, Brazil (see Maracahipes-Santos et al., 2015)
(Figure 1). The region has well-defined rainy and dry
periods, with mean annual precipitation of 1,400-1,600 mm
and average temperatures of 24-25°C (Silva et al., 2008).
The region’s soils are dystrophic, when originating from
sandstones and mudstones, or mesotrophic, when derived
from rocks with a finer texture (Ratter et al., 1973).

2.2. Data collection

In each vegetation type, we established one 1-ha plot
(100 m x 100 m) divided into 25 permanent subplots of
20 m x 20 m. We recorded, identified, and marked with
aluminum tags all the woody plants, including palms
and lianas, with a basal diameter of > 5 cm at a height of
30 cm (Bb,, ) (Moro and Martins, 2011). For the palms,
a minimum stem height of 50 cm was also used as the
criterion of inclusion. Having made the phytosociological
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Figure 1. Location of the three Cerrado sites (®) surveyed in the Cerrado-Amazon transition in Ribeirdo Cascalheira

municipallity, Mato Grosso State, Brazil.

sampling, we created a matrix of species abundance for
each subplot in each site. We obtained the geographic
coordinates of the center of each subplot to create a spatial
matrix. We collected three soil samples from each subplot
at a depth of 0-20 cm. One sample was taken in the center
of each subplot and the other two close to the opposite
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vertices to provide a composite sample for each subplot,
which was used in the elaboration of the edaphic matrix
for each subplot.

Whenever possible, we identified the individuals in
the field. When necessary, we collected botanical samples
of specimens for identification, through comparisons
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with the vouchers deposited in the NX Herbarium of the
Universidade do Estado de Mato Grosso (UNEMAT)
campus at Nova Xavantina, Brazil, as well as the specialized
literature, and consultations with expert taxonomists
(see Acknowledgments). We adopted the classification
system of the Angiosperm Phylogeny Group (APG III,
2009) for the families, and updated the nomenclature of
the taxa based on the Brazilian List of Plant Species (JBRJ,
2015; Zappi et al., 2015).

2.3. Data analysis

We classified the soils of the three phytophysiognomies
a posteriori according to their texture (sand, clay, and silt
content), base saturation, the alic character and acidity
(pH), based on the Sistema Brasileiro de Classificagao de
Solos (Embrapa, 2006). We compared the edaphic variables
among sites using the non-parametric Kruskal-Wallis
test (H), given that the assumptions of normality of the
residuals or the homogeneity of variances were not satisfied.
For pairwise comparisons, we applied the Mann-Whitney
test post hoc, with the Bonferroni correction.

We applied a Redundancy Analysis - RDA (Legendre et al.,
2012) to evaluate the relationship between soils and the
variation in the species composition and structure among
each subplot in each physiognomy. In this analysis, we
used the species composition and abundance matrix,
which was adjusted using the Hellinger transformation
(Legendre and Gallagher, 2001). To control for possible
bias derived from spatial autocorrelation, we used spatial
filters selected by a Variance Partition Analysis to adjust
the edaphic matrix. This edaphic matrix with spatial
filters was examined to eliminate variables with > 0.7
of autocorrelation. The significance of the groups was
tested using a permutated Analysis of Variance - ANOVA
(Legendre and Legendre, 2012). These analyses were
run using vegan package (Oksanen et al., 2013) in the R
environment (R Core Team, 2015), version 3.0.2.

We used a Variance Partition Analysis (Dray et al.,
2012; Legendre et al., 2012) to evaluate the effects of the
chemical and granulometric properties of the soil and
spatial autocorrelation separately, as well as the effect of
the shared portion of these predictor variables. For this, we
removed the species that occur at only one site, following
the routine proposed by Eisenlohr (2014). We applied
the Hellinger transformation to the species matrix for the
linear analyses (Legendre and Gallagher, 2001). We also
standardized (decostand) the environmental data of the
edaphic matrix. We generated Moran’s Eigenvector Maps
(MEMs) as spatial filters (Borcard et al., 2011; Legendre and
Legendre, 2012), using the spatial matrix and then tested the
significance of the MEMSs using Moran’s I test (Peres-Neto
and Legendre, 2010; Borcard et al., 2011; Legendre et al.,
2012). We ran the first Redundancy Analysis (RDA1) to
progressively select (Blanchet et al., 2008) the spatial filters
and a second analysis (RDAZ2), also progressive, to select
the edaphic variables (Peres-Neto and Legendre, 2010).
Finally, we tested the significance of the pure (edaphic and
spatial) fractions using a permutated ANOVA (Legendre
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and Legendre, 2012). To validate the RDAs, we tested the
linearity of the residuals (Peres-Neto and Legendre, 2010).
The R environment, version 3.0.2 (R Core Team, 2015)
was also used for these analyses, specifically, the vegan
(Oksanen et al., 2013), ade4 (Dray and Dufour, 2007),
packfor (Dray et al., 2013), spacemakeR (Dray, 2013),
spdep (Bivand et al., 2013), venneuler (Wilkinson, 2011)
and tripack packages (Renka et al., 2013).

3. Results

The soils of the plots in the three phytophysiognomies were
classified following Embrapa (2006), as hyperdystrophic (<35%
base saturation), alic (> 50% saturation with aluminum),
acidic (pH < 6.6) and sandy (mean of 870 g.kg' in the
CO and 880 g.kg! in the DC and TC). We did not notice
gradual increases or decreases in any of soil properties
from the CO (a predominantly forested formation) to TC
(a predominantly savanna formation) (Figure 2).

The Redundancy Analysis revealed that the CO, DC
and TC subplots formed three distinct groups, based on
the composition and abundance of species, and their
relationship with the chemical and granulometric properties
of the soils and spatial filters, or MEMs (Figure 3). The first
ordination axis explained 13.4% of the variation in the
structure/composition, and provided a clear separation of
the subplots of the three phytophysiognomies. The predictor
variables associated with each group presented pronounced
differences (see Figure 3). The second axis explained 5.8%
of the variation in the structure and species composition and
separated the DC subplots from all the others. The groups
formed by the RDA were confirmed by the Analysis de
Variance (F,,; ,, =2.76; p < 0.01).

The variation in the occurrence and abundance of
the species among the three phytophysiognomies can
be explained for by the purely spatial fraction (13%)
(F,;,=2.17; p <0.01), the purely edaphic fraction (1%)
(£, =1.23; p=0.01), and primarily by the combination
of spatial and edaphic variables (spatially structured
environment; (26%)) (Figure 4). The complete model thus
accounted for 40% of the variation, while 60% (residuals)
remain unexplained (Figure 4).

4. Discussion

The use of soil categories considering the saturation of
bases and aluminum, acidity and texture was not sufficient
to distinguish the soils of the three phytophysiognomies
surveyed in the present study. In this case, the simple
classification of the soils does not appear to resolve questions
related to the factors that determine the establishment of
these phytophysiognomies in a given area or the variation in
composition/structure observed in the vegetation types, as
shown by the RDA (see Maracahipes-Santos et al., 2015).
But even considering the edaphic properties on their own,
no clear gradients (gradual changes) were found when one
goes from the most well developed physiognomy, the CO,
and the more open physiognomy, the TC, which could
have represented a gradient of fertility or granulometry.
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Figure 2. Comparison of the edaphic variables among the three Cerrado phytophysiognomies sampled in the Cerrado-Amazon
transition in Ribeirdo Cascalheira municipallity, Mato Grosso State, Brazil. Different letters and bar sizes indicate significant
diferences in the Kruskall-Wallis test (5%). The letters are arranged from the highest to lowest values.

Axis 2

“Mn

Axis 1

Figure 3. Redundancy Analysis of the woody species,
physical-chemical properties, and spatial filters (MEMs)
in the three Cerrado phytophysiognomies sampled in
the Cerrado-Amazon transition in Ribeirdo Cascalheira
municipallity, Mato Grosso State, Brazil. Cerraddo
(CO), dense cerrado savanna (DC) and typical cerrado
savanna (TC). MEM = Spatial filters; Al = Aluminum;
CTC = Cation Exchange Capacity; K = Potassium;
Zn = Zinc; P = Phosphorus; Cu = Copper; B = Boron;
Mn = Manganese; Na = Sodium; Ca = Calcium; S = Sulfur.

Nevertheless, local gradients of modification in the structure
and species composition among the studied physiognomies
in response to edaphic properties and geographic spacing
was indicated by the first ordination axis, a pattern also
observed in a number of previous studies (Abreu et al., 2012;
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Figure 4. Partition of the variance of the influence of
soil properties and spatial variables in the structure
of three Cerrado phytophysiognomies sampled in the
Cerrado-Amazon transition in Ribeirdo Cascalheira
municipallity, Mato Grosso State, Brazil. Pure fractions for
soil and space only (a and c) were significant at 5% in the
ANOVA.

Eiten, 1972; Oliveira-Filho and Ratter, 2002; Ribeiro and
Walter, 2008). In this case, subtle and gradual changes
among the three phytophysiognomies analyzed here can
only be perceived through the systematic analysis of the
interaction among the properties of the soil and geographic
space, an approach that has been largely overlooked in
studies comparing woody Cerrado communities.

In this case, despite the clear distinctions found
in the structure and species composition of the three
phytophysiognomies surveyed (Pinheiro and Durigan, 2012;
Maracahipes-Santos et al., 2015), the causal factors are
complex, and appear to depend on the interaction among
the different chemical and granulometric properties of the
soils, which have distinct effects. This complexity can be
perceived in the second ordination axis, which separated
the dense cerrado from the other two phytophysiognomies.
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The synergic effect of space together with the chemical and
granulometric properties of the soil renders the soil-vegetation
interaction even more complex. Marimon-Junior and
Haridasan (2005) studied the cerradao and Cerrado
sensu stricto in eastern Mato Grosso, but found no systematic
relationship between soil and vegetation, although they
did find differences among the classes of soil texture.
Ruggiero et al. (2002) were also unable to distinguish
Cerrado physiognomies based on edaphic characteristics.
By contrast, Abreu et al. (2012), who investigated typical
and stony cerrado in Goids State, Brazil, found a clear
relationship between the soil and plant species composition,
and a much less pronounced link with geographic distance.
We believe that, in situations where edaphic properties are
more homogeneous, such as the present study, space is the
determining factor, whereas in environments with highly
distinct substrates (Abreu et al., 2012; Mews et al., 2016;
Moro et al., 2015) the properties of the soil determine the
distinct structure and species composition of the different
Cerrado phytophysiognomies.

According to the classification of Ratter et al. (1973)
and Oliveira-Filho and Ratter (2002), which considers
species composition and edaphic properties, the cerraddo
surveyed in this study is of the dystrophic type, and thus
similar to that studied by Marimon-Junior and Haridasan
(2005), also in eastern Mato Grosso. This may account
for the difficulty of distinguishing the cerradao from the
other two phytophysiognomies, given that the soils of
these communities are predominantly dystrophic and
acidic, and have high levels of aluminum. Even where
significant differences were found among the soils of the
three physiognomies we studied, the variation was reduced
in magnitude, such as the differences among sand, clay, and
silt. Given this, we conclude that the dystrophic soils of the
cerraddo alone are not a good predictor of the vegetation
phytophysiognomy, as it could not distinguish among
the different phytophysiognomy locally found (cerradao,
dense cerrado and typical cerrado).

The difficulty of distinguishing the vegetation
types based on their soils is emphasized by the results
of the variance partition analysis, which showed that,
on a local scale, the vegetation of the CO, DC and TC
was floristically heterogeneous, whereas the soils were
relatively homogeneous (at least in nutritional terms) among
habitats. In theory, this implies that other predictors (such
as geographic variables and fire regime) can gain more
important or do not have their importance masked. In the
present study, the combined analysis of soils and space
provided a better explanation of the structure and species
composition of the woody vegetation of these communities,
rather the analysis of each factor individually. Given this
complexity, we would recommend that future studies
include a larger number of environmental variables, in
addition to space, and include other phytophysiognomies
of the Cerrado, such as mesotrophic cerraddo, which has
soils that are considerably richer in nutrients (Ratter et al.,
1973; Rodrigues and Aragjo, 2013).
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The distinction found among the three phytophysiognomies
in structure and species composition, soils, and spacing
indicate that the species turnover is an important mechanism
to determine high levels of beta diversity in the cerrado.
In this case, all three phytophysiognomies are essential for
the maintenance of the biodiversity of the Cerrado in the
Cerrado-Amazon transition (see, Maracahipes-Santos et al.,
2015). Comparing areas of typical and stony Cerrado
in Central Brazil, Mews et al. (2014) concluded that
the flora of adjacent Cerrado phytophysiognomies is
complementary. This perspective, these environments can
be considered as different because to species turnover,
and this replacement of some species by others reinforces
the need for the development of integrated strategies for
the preservation of these distinct habitats in projects for
the creation or amplification of conservation units in the
Cerrado (Baselga, 2010; Mews et al., 2014). The present
study area is located within the region known as the
“Arc of deforestation” (Nogueira et al., 2008), where
anthropogenic impacts represent a major threat to the local
biodiversity. As shown in other studies (Marimon et al.,
2014; Marimon-Junior and Haridasan, 2005; Kunz et al.,
2009; Gomes et al., 2011; Maracahipes-Santos et al., 2015),
the species richness of trees and shrubs in the Cerrados of
eastern Mato Grosso is among the biome’s highest. Given
the results of these studies, together with those of the
present survey, we would recommend the consolidation of
existing conservation units, and the creation of new areas
that protect the distinct Cerrado phytophysiognomies found
in the region of the Cerrado-Amazon transition (see Venn
diagram, Maracahipes-Santos et al., 2015).

We conclude that the combined effects of the soils
and geographic distance, rather than the individual
influence of each factor, may account for a substantial
portion of the variation found in the structure and species
composition of the woody vegetation of the savanna and
forest formations of the Cerrado-Amazon transition zone
in Brazil. The complexity of the relationships found in the
present study may also be at least partly a result of the
ongoing anthropogenic impacts that affect the study region
(Marimon et al., 2014), and also the fire regime (Coutinho,
2002) creating a highly dynamic scenario that affects all
types of vegetation in different ways.
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