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1. Introduction

T h e  C e r ra d o  d o m a i n  c o n t a i n s  d i f f e re n t 
phytophysiognomies, varying from largely open grasslands 
with scattered trees or shrubs to forests with a continuous 

canopy stratum and shaded understory, harbouring a 
high diversity of plant species and life forms (Ribeiro 
and Walter, 2008). The most typical savanna vegetation 
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Although richness and distribution of woody species in the Cerrado physiognomies have been extensively studied, 
the shifts of woody species from savanna physiognomies to dry forests have not yet been addressed. Here, we 
investigate the effect of soil physical-chemical traits on the woody species turnover between adjacent cerrado 
stricto sensu and dry forest physiognomies. Woody species were surveyed, and soil and topographic variables 
measured, in 30 10×40 m plots systematically distributed, with 15 plots in each physiognomy. We found a spatially 
structured distribution of woody species, and differences of soil traits between cerrado stricto sensu and dry forest 
areas, mainly related to the aluminum saturation, base saturation, and available phosphorus. Aluminum saturation 
increased toward the savanna area, while base saturation increased toward the dry forest. Most woody species 
predominated in one physiognomy, such as Callisthene major in the cerrado stricto sensu and Anadenanthera 
colubrina in the dry forest. Only 20% of the species were widely distributed across both physiognomies or, not 
often, restricted to the intermediary values of the soil gradient. General results indicate that contrasting soil traits 
between cerrado stricto sensu and dry forest produce a strongly spatially organized and sharp transition in terms 
of species distribution between these physiognomies.
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Resumo
Embora a distribuição e a riqueza em espécies arbóreas nas fitofisionomias do Cerrado venham sendo bastante 
estudadas, a transição entre savanas e florestas deciduais ainda não foi abordada. Investigamos o efeito de 
características físico-químicas do solo sobre a distribuição de espécies arbóreas em região de contato entre cerrado 
sentido restrito e floresta estacional decidual (FED). As espécies arbóreas foram amostradas sistematicamente, e 
variáveis de topografia e características do solo foram medidas em 30 parcelas de 10×40 m, sendo 15 parcelas em 
cada fisionomia. A distribuição das espécies arbóreas foi espacialmente estruturada, e as características do solo 
diferiram entre as áreas de cerrado sentido restrito e FED, principalmente relacionadas à saturação de alumínio, 
saturação de bases e teores de fósforo. A saturação de alumínio aumentou em direção ao cerrado sentido restrito, 
enquanto a saturação de bases aumentou em direção à FED. A maioria das espécies arbóreas predominou em uma 
das fisionomias, como Callisthene major em cerrado sentido restrito e Anadenanthera colubrina em FED. Apenas 
20% das espécies foram amplamente distribuídas em ambas as fisionomias ou, em poucos casos, restritas aos 
valores intermediários do gradiente de solo. Os resultados indicam um forte contraste de características do solo 
entre o cerrado sentido restrito e a FED, assim como uma transição acentuada e espacialmente organizada quanto 
à distribuição de espécies arbóreas.
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remnants of old-growth dry forests downward on the 
slopes. We recorded woody species distribution and the 
soil gradient in a private legal reserve, with an undisturbed 
area of 4.5 ha (180 × 250 m; the central coordinates are 
18º10’03”S and 46º52’26”W) apart from watercourses, 
and representative of the interface between cerrado 
stricto sensu and dry forest physiognomies. In this area, 
we uniformly distributed 30 plots of 10 × 40 m distant 
10 m from each other, resulting in a 1.2 ha of surveyed 
area. Departing from the observed limit between the two 
physiognomies, we set three lines of plots toward their 
interiors, arranged to contain 15 plots in each physiognomy 
(the spatial distribution of plots is presented along with 
the results of topography and soil traits. In each plot, we 
sampled all woody individuals with diameter at the breast 
height (1.3 m) (DBH) ≥ 3.2 cm. We tagged the plants for 
control and recorded their DBH (precision ± 1 mm) and 
height (precision ± 0.5 m). For individuals with multiple 
branches, we measured each one and estimated one single 
DBH value (Scolforo and Mello, 1997). Individuals were 
identified or classified into morphospecies in the field, and 
plant material was collected for posterior identifications 
and inclusion in the Herbarium ESAL.

To evaluate soil chemical and physical properties, we 
collected eight 20 cm-depth soil subsamples per plot. We 
systematically and evenly distributed the eight subsamples 
within the plots, and then homogenized the subsamples 
of the same plot resulting in a total of 30 soil samples, one 
per plot. Following the Embrapa protocol (Claessen et al., 
1997), we evaluated texture, pH, nutrients (P, K, Ca, Mg, 
Fe, Mn, Cu, Zn, B), Al, available phosphorus, effective 
cation exchange capacity, potential acidity (H+Al), sum of 
bases, aluminum saturation, base saturation, and organic 
matter. We measured the topography with help of GPS, 
compass, and clinometer (cf. Carvalho et al., 2005) in 
10 points per plot systematically spaced 10 m from each 
other in the plot’s borders, totalling 300 points sampled 
in the 4.5 ha-study area.

2.2. Data analyses

We used a transformed based canonical redundancy 
analysis (tb-RDA) to test for associations between species 
distribution and soil traits, using the Hellinger-transformed 
abundance data of the woody species with 10 or more 
individuals in the sample (Legendre and Gallagher, 
2001). We estimated the adjusted R2 for the global model, 
which included all soil predictor variables, and computed 
the p-value with a permutation test. All analyses were 
performed with R Core Team (2017) version 3.4.3. The 
RDA, adjusted R2, and permutation tests were performed 
respectively with the functions “rda”, “RsquareAdj”, and 
“anova”, in the Vegan package (Oksanen et al., 2018). With 
the function “vif.cca” in this package, we also evaluated 
multicollinearity between predictor variables through the 
Variance Inflation Factor (VIF) (Borcard et al., 2018). We 
considered VIF ≥ 20 as highly collinear, and rearranged 
the set of variables to decrease the redundancy when 
predictors reached this value. We used a distance-based 
Moran’s Eigenvector Maps – dbMEM (Dray et al., 2006), 
performed with “dbmem” function in adespatial package 

encompasses a gradient from grasslands to woodlands, 
named campo limpo, campo sujo (grassy to scattered 
woody), cerrado stricto sensu, and cerradão (increased 
wood density) (Batalha and Martins, 2002; Neri et al., 
2012). Densely forested habitats in the Cerrado domain 
also include semideciduous forests, and distinctive 
deciduous forests (dry forests hereafter). In addition to a 
marked deciduousness, dry forests show closed canopies 
and harbour many shade tolerant tree species with C4 
grasses largely absent, whereas the savannas are mixed 
tree–C4 grass physiognomies with predominantly shade 
intolerant and evergreen tree species (Oliveira-Filho and 
Ratter, 1995, 2002; Lenza et al., 2015; Paiva et al., 2015). 
Regions where savannas and dry forests presently exist 
largely experienced interchanges of species through 
evolutionary time, which supposedly contributed for 
contemporary species adapted in some extent to both 
habitats, besides species that are distinct in each vegetation 
type (Bueno et al., 2016; Cordeiro et al., 2017). The last 
glacial period resulted in a vast expansion of the dry 
forests, followed by an extreme retraction throughout 
the present interglacial time (Pennington et al., 2000; 
Bueno et al., 2016). The dry forests currently constrained 
to small areas constitute refugia for several endemic taxa 
(Prado and Gibbs, 1993; Gentry, 1995; Gonzaga et al., 2016); 
however, they are also a topmost threatened ecosystem 
(Miles et al., 2006; Vieira and Scariot, 2006).

The general climate determines the vegetation types 
on a large scale, whereas soil physical properties and 
chemical composition prove an important driver of local 
plant assemblages (Ruggiero et al., 2002; Abreu et al., 
2012; Rajakaruna, 2018). In the Brazilian Cerrado, the 
physiognomies of savanna have been associated to 
dystrophic soils, with high aluminum and low calcium 
availability, while dry and semideciduous forests have been 
associated to richer soils with low aluminum concentration 
(De-Souza et al., 2007; Haridasan, 2008; Kilca et al., 2009). 
Therefore, one can expect that soil physical-chemical 
traits play an important role in determining plant species 
distribution across adjacent areas of cerrado stricto sensu 
and dry forest. Moreover, a sudden or more gradual turnover 
of plant species is expected to depend, respectively, on how 
abrupt or gradual the soil properties change spatially. In 
this study, we describe soil physical-chemical traits and 
woody species turnover across the transition between 
cerrado stricto sensu and dry forest. We asked how much soil 
traits differ between the physiognomies as we empirically 
observed a priori an abrupt vegetation shift, and tested 
for effects of soil traits on woody species distribution.

2. Material and Methods

2.1. Study site and data collection

The study was carried out in the Cerrado domain, 
Lagamar municipality, Minas Gerais State, Southeastern 
Brazil. The climate is classified as Cwa of Köppen, with 
dry winters and rainy summers; mean annual rainfall is 
1450 mm (Siqueira et al., 2006). The study area comprises 
cerrado stricto sensu on the highest lands along with vast 
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(Dray et al., 2018), for modelling the effect of spatial 
structure in our data. With this method, spatial eigenvectors 
are extracted from the Euclidean distance matrix of the 
sample sites. The first dbMEM variables describe spatial 
relationships between sites in broad scale and successive 
eigenvectors represent subsequent finer spatial scale 
(Borcard et al., 2004).

To select which variables most influence the woody 
community we used the protocol proposed by Borcard et al. 
(2018). We separately computed tb-RDA for testing 
the effects of edaphic traits, granulometry and spatial 
eigenvectors on the woody community. If observed a 
significant effect (p < 0.05), we performed a second 
stopping criterion for forward selection in which the 
process of inclusion of variables is limited by the adjusted 
R2 of the tb-RDA model. After selection of spatial and 
environmental variables, we performed partitioning of 
variance followed by a partial tb-RDA for testing the pure 
effects of spatial and environmental factors on the woody 
species distribution. We used the function “forward.sel” 
for forward selection in the adespatial package, and the 
function “varpart” for variance partitioning in the Vegan 
package. Finally, we spatialized the results of soil traits 
for the entire 4.5 ha-area using kriging method for data 
interpolation, with help of Surfer (Golden Software, 2002).

3. Results

In the 30 plots, we recorded 3038 individuals of 138 
species, 51 of them with 10 or more surveyed individuals. 
The total number of recorded species was 95 in the cerrado 
stricto sensu and 94 in the dry forest plots. The contents 
of Mg, K, Ca were highly correlated (r > 0.7) with organic 
matter (positively) and with Al and Fe (negatively). The 
tb-RDA performed with all nutrients presented several 
variables with VIF ≥ 20. In addition, the saturation of 
bases and the saturation of aluminum, which represent 
the availability of cations (Mg, K and Ca) and Al for the 
plants, respectively, were both highly correlated with 
the contents of Mg, K and Ca measured separately. Thus, 
we used only the saturation of bases and saturation of 
aluminum along with the pH and the nutrients (P, S, Mn, Cu, 
and B) in the final analysis; all variables presented VIF < 20 
in this arrangement. The final analysis showed significant 
effects of edaphic traits and spatial eigenvectors, and no 
significant effect of soil texture, on the species assemblages. 
In the forward process, base saturation, phosphorus soil 
nutrients, and two eigenvectors for spatial structure were 
selected. The partitioning of variance followed by partial 

tb-RDA showed a significant pure effect of soil nutrients 
and spatial structure (Table 1). The spatial structure played 
an important role for explaining species assemblage 
composition, and the shared contribution of soil and 
space was small (Table 1). The turnover of woody species 
was associated with the gradient of base and aluminum 
saturations and phosphorus (Figure 1).

The spatial variation of aluminum and base saturations 
markedly divided our study area in two major zones 
(Figure 2). The zone covered by dry forest plots presented 
less than 30% of aluminum saturation and more than 30% 
of base saturation, while the zone covered by cerrado 
stricto sensu showed an opposite tendency, aluminum 
saturation higher than 40% and base saturation lower 
than 30% (Figure 2). The intermediary values (30-50%) of 
aluminum and base saturations occurred near the limit 
between the physiognomies. Available P, however, showed 
a less marked tendency across the physiognomies due to 
differences among some plots in the same physiognomy 
(Figure 2).

Most of the 51 commonest woody species recorded 
across the soil gradient occurred toward one of the two 
physiognomies, being exclusive or most common in 
the high-aluminum/low-base saturation or in the low-
aluminum/high-base saturation part of the gradient, 
corresponding to the cerrado stricto sensu or dry forest plots, 
respectively (Figure 3). Some species, however, occurred 

Table 1. Edaphic and spatial variance portioning explaining the woody species composition variation across 30 plots in a savanna-dry 
forest transition.

Fraction Degrees of freedom Adj R2 p-value

Pure contribution of edaphic traits 2 0.08 0.019

Pure spatial contribution 12 0.36 0.001

Shared contribution 0.06

Residuals 0.49

Figure 1. Biplot of tb-RDA for woody species composition, and 
relationships with edaphic (P = phosphorous; A = aluminum 
saturation; B = base saturation) and spatial (M1 and M2) variables, 
among plots in cerrado stricto sensu (gray) or dry forest (black) 
physiognomies.



Brazilian Journal of Biology, 2023, vol. 83, e2432454/8

Paula, G.A. et al.

Figure 2. Topography and the gradients of aluminum saturation, base saturation, and phosphorus across 30 plots (rectangles, 10×40 m) 
in a 4.5 ha area of contact between the cerrado stricto sensu (SA) and dry forest (DF) physiognomies.
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Figure 3. Proportional occurrence of 51 woody species across 30 plots ordinated by the soil gradient of aluminum saturation and base 
saturation (RDA axis 1, see Figure 1) in a savanna-dry forest transition. Grey and black bars correspond to cerrado stricto sensu and dry 
forest plots, respectively.
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either widely across the entire gradient or narrowly at 
intermediary values of aluminum and base saturation, 
in both physiognomies (Figure 3).

4. Discussion

Our results support a spatial structure of woody species 
distribution that locally separates the cerrado stricto 
sensu and dry forest areas, and additionally show that 
soil chemical characteristics consistently differ between 
these two physiognomies. We nonetheless found a small 
pure effect of soil traits on species distribution when 
jointly accounting for spatial effect. This outcome needs 
caution as our sample arrangement allowed closer plots 
disposed in the same physiognomy, so a redundancy of 
spatial distances with soil features. Indeed, soil chemical 
traits have proved one important factor influencing woody 
species composition in transitional areas between other 
Cerrado physiognomies (Abreu et al., 2012; Neri et al., 
2012; Finger and Oestreich-Filho, 2014; but see Dantas 
and Batalha, 2011). Moreover, the narrow soil band with 
intermediary values of aluminium and base saturation 
outlines a sudden change of soil features, which agrees 
with our a priori observation of the two physiognomies 
and reinforces that soil features could be associated 
with such a discrete savanna-dry forest transition. The 
general results of soil composition also agree with the 
well-known occurrence of savanna physiognomies in 
dystrophic soils with high aluminium saturation and the 
occurrence of dry forests in fertile soils (e.g. Oliveira-
Filho and Ratter, 1995; Marimon-Junior and Haridasan, 
2005). The contrast between the high fertility in the areas 
occupied by dry forest and the toxicity due to aluminium 
in areas occupied by the savanna probably contributes 
to plant specializations to different edaphic conditions 
(Rajakaruna, 2018; Rehmus et al., 2018).

Our dry forest plots mostly included species known 
to predominate in fertile soils, such as Casearia rupestris 
Eichler, Rhamnidium elaeocarpum Reissek and Luehea 
paniculata Mart. (Bertani et al., 2001; Neri et al., 2012), 
which in turn were rare or absent in the cerrado stricto 
sensu. Likewise, species common in dystrophic soils, e.g. 
Connarus suberosus Planch., Byrsonima verbascifolia (L.) DC., 
Callisthene fasciculata Mart. and Leptolobium dasycarpum 
Vogel (Haridasan, 2008; Kilca et al., 2009), occurred in the 
cerrado stricto sensu. Therefore, abundance of these species 
seems associated with the differences in soil composition 
regarding aluminium saturation, base saturation, and 
phosphorus at our study site. High aluminum saturation 
has been related to the predominance of N-fixing legumes 
in the cerrado stricto sensu, which contribute to soil 
acidification by the increasing of Al+3 (Neri et al., 2012). 
However, we found a predominance of N-fixing legume 
species in both, the cerrado stricto sensu and dry forest 
plots, even in soils with lower values of aluminum content.

Woody species in both physiognomies are often 
heliophytes with xerophytic characteristics (Batalha 
and Martins, 2002; Bieras and Sajo, 2009), which might 
conduct to a more gradual savanna-dry forest turnover in 
the absence of the soil fertility-toxicity contrast observed 

here. Although soil traits are an important ecological factor 
known to affect woody species growth and reproduction 
(e.g. Fischer and Santos, 2001; Wright, 2002; Kraft et al., 
2008), interspecific competition is also expected to 
additionally explain similarities or dissimilarities of species 
composition between the cerrado stricto sensu and dry 
forests. On the one hand, soil of savanna can act as an 
environmental filter limiting the occurrence of species 
not adapted to withstand high aluminium saturation 
(Haridasan, 2008; Rajakaruna, 2018) and, on the other 
hand, occurrence of some woody species in fertile dry 
forest soils could depend on their competitive ability for 
available resources (Wright, 2002). In the absence of a major 
limiting environmental filter, as the aluminium toxicity in 
the cerrado stricto sensu, hence the interspecific competition 
might play an increased role in shaping relative abundances 
of species in the dry forest (Siqueira et al., 2009). Trees in 
the dry forest were taller and occurred in higher density 
than in the cerrado stricto sensu, which indicates a higher 
potential for competition between plants in the former 
(Tilman, 1988; Rajakaruna, 2018).

Some species were apparently unresponsive to the 
variation of soil conditions between cerrado stricto sensu 
and dry forest in our study site, such as Astronium urundeuva 
Engl., Handroanthus heptaphyllus (Vell.) Mattos, Astronium 
fraxinifolium Schott and Alibertia rotunda (Cham.) K.Schum. 
In fact, these species have been reported in different Cerrado 
physiognomies (Leite, 2002; Silva and Bates, 2002). The 
wide occurrence throughout the soil gradient at our study 
site places these species apart from those consistently 
occurring in one side of the gradient, cerrado stricto sensu 
or dry forest – e.g. Palicourea rigida Kunth and Luehea 
candicans Mart. that occurred toward cerrado stricto sensu, 
and Eugenia handroana D.Legrand and Cordia trichotoma 
(Vell.) Arrab. ex Steud. that occurred toward the dry forest. 
In addition, only Sebastiania brasiliensis Spreng., Eugenia 
sonderiana O.Berg, and Luehea grandiflora Mart., which 
are also found in semideciduous forests (Bertani et al., 
2001; Cardoso and Schiavini, 2002; Naves and van-den-
Berg, 2012), predominated in the intermediary values of 
the gradient of soil composition. Thus, only few species 
might especially benefit from this narrow ecotonal border 
between our studied physiognomies, highlighting the 
subtle change between the cerrado stricto sensu and dry 
forest areas.

In conclusion, we found contrasting conditions in 
terms of aluminium saturation and base saturation in the 
transition between cerrado stricto sensu and dry forest 
physiognomies, and a spatially structured distribution 
of the woody species. Most of the commonest species 
differed between our studied physiognomies and only a few 
occurred in both. Although a direct effect of soil traits on 
species assemblage is expected, it was low in our analyses 
likely because the variation of soil conditions was entangled 
to the spatial distance among our samples. Finally, other 
dry forest enclaves in the Cerrado may present different 
edaphic conditions, with distinctive woody vegetation 
as discussed by Gonzaga et al. (2016). Further studies 
involving different regions of savanna-dry forest interfaces 
are, therefore, important for clearly understanding the 
main drivers of physiognomic shifts across the Cerrado.
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