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Abstract

Aims
Climate and soil are among the most important factors determin-
ing variation in tree communities, but their effects have not been 
thoroughly elucidated to date for many vegetation features. In this 
study, we evaluate how climate and soil gradients affect gradients of 
vegetation composition, species diversity and dominance, structure 
and functional traits (seed mass and wood density) using over 327 
000 trees in 158 sites distributed along environmental gradients in 
the transitions among the Atlantic forest, Cerrado and Caatinga in 
Minas Gerais State (MG), Brazil (nearly 600 000 km2).

Methods
Gradients in species, genus and family abundance in addition to 
basal area, stem density, species diversity (Fisher’s alpha), domin-
ance percentage, seed mass and wood density were correlated using 
multiple regressions with environmental variables, as summarized 
in four principal component analysis axes (two climatic—precipi-
tation seasonality and temperature range—and two edaphic—soil 

fertility and soil moisture). Additionally, ordinary kriging maps were 
used to better illustrate the gradients.

Important Findings
Multiple regression models indicate that all variables but domin-
ance percentage were affected by one or more of the environmental 
gradients, but the average R2 was low (26.25%). Kriging maps rein-
forced the patterns observed in the regression models. Precipitation 
seasonality and soil moisture gradients were the most important gra-
dients affecting vegetation features. This finding suggests that water 
availability is an important determinant of vegetation features in 
these vegetation transitions.

Keywords: climate, environmental gradient, soil, southeastern 
Brazil, vegetation
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INTRODUCTION
One of the most important challenges facing plant ecology is 
to understand and predict the variations of plant communities 
across environmental gradients. By examining how species 
abundance, structure and functional traits vary across spa-
tial abiotic shifts, especially in broader scales, we can begin to 
unravel the processes driving such ecological transitions and 
provide more realistic scenarios in response to climate and 
land-cover change.

Vegetation transitions, or ecotones, are transitional bor-
der regions between communities, ecosystems or biomes, 
reflecting both local and regional changes in abiotic condi-
tions (Kark and van Rensburg 2006; Oliveras and Malhi 
2016). The transition between open vegetation physiogno-
mies and different forest types has been described in several 
regions of the Neotropics (Hirota et al. 2011; Hoffmann et al. 
2012a, b; Ratter 1992; Staver et  al. 2011; Staal and Flores 
2015). In central-eastern South America, a remarkable tran-
sition is found between vegetation belonging to the so-called 
‘open dry diagonal,’ or simply ‘dry diagonal’ (Prado and Gibbs 
1993; Werneck et al. 2012), and the Atlantic Forest (Oliveira-
Filho and Ratter 1995; Oliveira-Filho and Fontes 2000). 
The dry diagonal represents a complex vegetation transition 
between its two main components: (i) the Seasonally Dry 
Tropical Forests (SDTFs), following the concept of Murphy 
and Lugo (1986), present in Caatinga in northeastern Brazil 
and in Chaco in southwestern South America and as patches 
of deciduous and semideciduous Atlantic forests along the 
Paraguay-Paraná Basin (Pennington et  al. 2006; Werneck 
2011); and (ii) the Neotropical Savanna (Cerrado) in cen-
tral Brazil. The vegetation components of the “dry diagonal” 
share basic ecological conditions, being seasonally stressed by 
up to 10 months of drought (Dalmagro et al. 2014; Murphy 
and Lugo 1995; Pennington et al. 2006). Although these vege-
tation types are among the most fragmented and threatened 
ecosystems in the world (Miles et al. 2006), presenting a com-
plex mosaic-types distributions with high species endemism, 
they have received far less attention than tropical rainforest 
in recent decades (da Silva and Bates 2002; Werneck 2011).

Several controversial attempts to understand the ori-
gin and evolution of this biogeographic picture were made 
(Mayle 2004; Neves et al. 2015). The combined influences of 
Paleogene–Neogene geological processes and the Quaternary 
climatic-vegetation fluctuations are hypothesized to have 
generated the current range of Seasonally Dry Tropical Forest 
found in South America (Pennington et al. 2006). Therefore, 
the current patches of SDTF in South America may represent 
a relic of a wider seasonally dry forest biome that reached 
its maximum expansion during the driest phases of the 
Pleistocene covering the dry diagonal, the dry inter-Andean 
valleys in Peru and Ecuador (Prado and Gibbs 1993; Prado 
2000), and even possibly covering lands in the Amazon 
interior in areas of fertile soil (Pennington et  al. 2000). 
These authors interpret the findings of repeated patterns of 

fragmented populations as evidence that the current dry forest 
nuclei constitute remnants (i.e. refugia) of such former single 
formations, the Pleistocene Dry Forest Arc, split by vicariance 
after the subsequent climate and geological changes (for alter-
native hypotheses see Mayle 2004). As in South America, 
SDTFs grow under basically the same climatic conditions as 
the Cerrado, and recent adaptive shifts in the late Miocene 
(Cerling et al. 1997) driven by fire dynamics were identified 
as responsible by current Cerrado floristic and physiognomic 
distinctions from SDTFs (Dexter et al. 2015; Oliveira-Filho and 
Ratter 2002; Werneck et al. 2012).

In southeastern Brazil, Minas Gerais State harbors the tran-
sition among the Atlantic, Cerrado and Caatinga Brazilian 
domains. This transition represents a highly intricate mosaic 
of SDTFs, savanna and even rain forest in the extreme south-
ern part of the state. At a large scale, this transition seems to 
be climate-driven, taking for instance the transition from the 
rain forest in the south towards the SDTFs in the center, north 
and west (Oliveira-Filho and Fontes 2000). However, at a 
smaller scale, the edaphic influence is conspicuous, as patches 
of different biomes exist in each of these domains under simi-
lar climate conditions, but different soil conditions (e.g. gal-
leries and enclaves) (Oliveira-Filho and Ratter 1995; Ratter 
1992). Therefore, local boundaries between the forests and 
the open-formations (Cerrado) in such transitions are related 
to soil conditions, with forest roughly occurring on more fer-
tile soils and open-formation on dystrophic and well-drained 
soils (Coelho et al. 2016; Ratter 1992) and more frequent fires 
(Hoffmann et al. 2012b). These different drivers, acting sim-
ultaneously, result in a complex vegetation gradient that has 
been well-studied in terms of the occurrence of tree species 
but is poorly explored using abundance data. In this case, the 
use of species abundance data represents a step forward in 
the floristic understanding of these vegetation transitions by 
allowing a more accurate description of the vegetation pat-
terns (population distributions and community diversity) 
over gradients. Moreover, observing the relative abundance 
at different taxonomic resolutions (species, genus and family) 
makes it possible to evaluate the consistency of the environ-
mental drivers.

Among several structural parameters used to describe tree 
community patterns, stem density and basal area seem to be 
strongly climate-soil driven (Arellano et  al. 2014; Magnago 
et al. 2015; Toledo et al. 2011). In tropical forests, they tend 
to be higher with a shorter dry season (Murphy and Lugo 
1986; Toledo et al. 2011) and richer soils (Quesada et al. 2012; 
Wright et al. 2011). Therefore, in addition to providing a sense 
of the biomass and ecosystem productivity (Vieira et al. 2004), 
those parameters are also important to elucidate the outcomes 
of processes structuring a wide range of vegetation commu-
nities, and the main environmental drivers of such patterns 
(Toledo et al. 2011).

In addition to the composition and structural parameters, 
species functional traits allow us to understand the underlying 
determinants of species performance in a given environment 



Terra et al.     |     Water availability drives tree gradients in Brazil 805

and to estimate the importance of environmental filtering 
in determining the assembly of tropical forests (Poorter et al. 
2008). Traits such as seed mass and wood density seem to 
respond to environmental conditions and have been called 
‘functional response traits’ (Lavorel and Garnier 2002; Prado-
Junior et  al. 2016). Sources differ on how seed size should 
be affected by stress gradients because seed mass is thought 
to reflect a tradeoff between viability and dispersal (Kitajima 
2007). For instance, seeds are larger in the wetter areas or less 
dynamic forest in the Amazon (ter Steege et al. 2006), while 
larger seeds are also expected in stressful nutrient-limited 
environments (Lee and Fenner 1989; Mustart and Cowling 
1992), such as the Cerrado. For wood density, there is a con-
sensus on increasing density with environmental stress (King 
et  al. 2006; Poorter et  al. 2008; Reich 2014; Santiago et  al. 
2004).

In this study, we hypothesize that two main abiotic gra-
dients drive current vegetation transition patterns in Minas 
Gerais, Brazil (approximately 600 000 km2): (i) one related to 
climate seasonality, which increases towards the north, and 
(ii) one relative to soil fertility, which decreases towards the
northwestern part of the state. We address the implications of
these gradients for the relative abundance of tree taxa (spe-
cies, genera and families), diversity, species dominance, struc-
ture (basal area and stem density) and community-weighted
mean (CWM) functional traits of seed mass and wood dens-
ity. We expect patterns of composition, diversity, structure
and functional traits in tree communities in Minas Gerais to
be consistent with the shifts in soil and climate. More specif-
ically, we expect tree species diversity, basal area and density
to increase towards the south of the state mainly due to the
decrease of stressful climatic conditions (shortened drought
period), and seed mass and wood density to be higher in the
north in response to increasing drought and fertility.

MATERIALS AND METHODS
Data collection

Our dataset included 158 vegetation sites in Minas Gerais 
State, Brazil (Fig. 1) from three main sources: the Minas Gerais 
Forest Inventory (Scolforo et al. 2008), the Federal University 
of Lavras (CONFLORA group) and the Federal University of 
Uberlândia. Our dataset covered three Brazilian vegetation 
domains (Atlantic Forest, Cerrado and Caatinga) and six vege-
tation types (Rain Forest – RF, Seasonally Dry Tropical Forest 
semideciduous—SDTF_SD, Seasonally Dry Tropical Forest 
deciduous—SDTF_D, Cerrado sensu stricto—CE, Cerradão—
CD and Swamp—SW) (online supplementary Table S1). The 
sample area in those inventories varied from 0.12 to 17.2 ha 
(average 1.9 ha). The minimum diameter at breast height 
(DBH) of the trees recorded was 5 cm. Taxonomy was stand-
ardized to family, genus and species according to TNRS (Boyle 
et al. 2013; http://tnrs.iplantcollaborative.org). The total num-
ber of trees recorded was 354 956, but we worked with a final 
number of 327 606 by not including unidentified trees.

Environmental gradients

From the coordinates at each site, we obtained 19 WorldClim 
bioclimatic variables and site altitudes (Hijmans et al. 2005; 
http://www.worldclim.org/bioclim). Two depths (0–5  cm 
and 5–15 cm) of soil data—cation exchange capacity (CEC), 
Sand content (Sand), Clay content (Clay), Silt content (Silt), 
pH, and Organic Carbon (ocarbon)—were extracted from 
ISRIC—World Soil Information (Hengl et al. 2017). To con-
firm the existence of the environmental gradients we ran 
principal component analysis (PCA) for both climate and alti-
tude (PCA Climate) and soil (PCA Soil) variables. We used 
the rda function of vegan R package (Oksanen et al. 2016) for 
running principal component analyses and both PCAs were 
scaled to unit variance. We considered the first two axes 
of each PCA as summaries of the variation in these abiotic 
components.

Composition, diversity and structure variables

To access the turnover in species relative abundance we car-
ried out detrended correspondence analysis (DCA) at dif-
ferent taxonomic resolutions (species, genera and families). 
We calculated Fisher’s alpha (Fisher et  al. 1943) as a diver-
sity index for each site and a dominance index (%Dom) as 
the number of individuals of the most abundant species in 
a site divided by the total number of individuals in this site. 
Structure was addressed in terms of basal area per hectare 
and the stem density (individuals per hectare). We used vegan 
R package (Oksanen et al. 2016) for diversity and ordination 
analyses.

Community-weighted mean traits

We evaluated two functional traits that are important for 
responses as environmental conditions: community-weighted 
mean seed mass (CWM seed mass) and community-weighted 
mean wood density (CWM wood density). When calculating 
site scores for the functional tree traits, we followed ter Steege 
et al. (2006) and all individuals were counted. For seed mass, 
individuals were scored by genus and the trait values were 
obtained from SID-Kew (SID 2015). Eighteen genera (4.04% 
of the genera) were not found in this database. Wood density 
(oven-dried weight divided by green volume) was also scored 
by genus and the data were obtained from a global wood 
density database (Zanne et  al. 2009; Global Wood Density 
Database, available online), which provided data for all gen-
era recorded in the area.

Multiple regression and ordinary kriging

To investigate the effects of the environmental gradients 
on vegetation composition gradients, species diversity and 
dominance, structural and functional variables, we used 
linear multiple regression. The four main environmental 
gradients (axes from the PCAs) were used as explanatory 
variables (tested by t-test) and each vegetation parameter as 
a response variable. To ensure that the models would be free 
of multicollinearity, the models were tested by the variance 

http://academic.oup.com/jpe/article-lookup/doi/10.1093/jpe/rty017#supplementary-data
http://tnrs.iplantcollaborative.org
http://www.worldclim.org/bioclim
https://www.google.co.in/search?q=global+wood+density+database+pdf&oq=Global+Wood+Density+Database&aqs=chrome.3.0l4.1134j0j7&sourceid=chrome&ie=UTF-8
https://www.google.co.in/search?q=global+wood+density+database+pdf&oq=Global+Wood+Density+Database&aqs=chrome.3.0l4.1134j0j7&sourceid=chrome&ie=UTF-8
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inflation factor (VIF). Explanatory variables with VIF lower 
than or equal to 10 are considered non-collinear (Dormann 
et al. 2013).

Finally, to better illustrate the variation in the vegetation vari-
ables, we mapped all variables using geostatistical interpolation 
(ordinary kriging). We checked for spatial dependency via an 
empirical semivariogram and fitted the Gaussian, Exponential 
and Spherical spatial models (Journel and Huijbregts 1978) 
using weighted least squares. Thus, the selection of the best 
spatial model was based on the cross-validation measurements 
(mean standardized error and root-mean-square standardized 
error) (Vieira 2000). The set of parameters of the best model 
for each variable were then used to proceed with the mapping 
(with a pixel size of 1 km2) by ordinary kriging.

We used geoR R package (Ribeiro and Diggle 2001) and 
ArcGis 10.1 (ESRI 2010) for geostatistical analysis.

RESULTS
Environmental gradients

The first axis of the PCA Climate explained 67.83% of the 
total variation and was regarded as a proxy for precipitation 
seasonality and total precipitation, separating the sites in rain 

forest and deciduous forest (online supplementary Fig. S1a). 
The second axis explained far less variation (12.12%) and was 
determined mainly by the temperature (annual and diurnal) 
range, separating, for instance, semideciduous sites in the 
south from semideciduous sites in the Jequitinhonha (north-
eastern) region. The first axis of PCA Soil explained 43.85% 
of the total variation in the soil data and is related to soil 
fertility and the second one explained 28.68% (online sup-
plementary Fig. S1b). The second component was taken as a 
proxy of soil moisture, as it is related to soil texture and sepa-
rated the deciduous sites from the rain forests in our dataset 
(see the PCA scores in online supplementary Tables S2 and 
S3). Therefore, the four main axes of the PCAs will hereafter 
be referred as Precipitation seasonality, Temperature Annual 
Range, Soil Fertility and Soil Moisture, respectively.

Composition gradients

The first axis of the DCA species level analysis was long 
(eigenvalue = 0.7809) and represented the species turnover 
over a gradient between Cerrado and the deciduous forest 
in Caatinga. The second axis of the DCA (0.5175) reflected 
the variation within Deciduous and Semideciduous Forests 
in the Atlantic and Caatinga domains. The genus level DCA 
(eigenvalues: 0.6017 and 0.5503) displayed an approximation 

Figure 1:  location of the 158 sites in Minas Gerais State and their vegetation type classification. (Rain Forest—RF, Seasonally Dry Tropical Forest 
semideciduous—SDTF_SD, Seasonally Dry Tropical Forest deciduous—SDTF_D, Cerrado sensu stricto—CE, Cerradão—CD and Swamp—SW).

http://academic.oup.com/jpe/article-lookup/doi/10.1093/jpe/rty017#supplementary-data
http://academic.oup.com/jpe/article-lookup/doi/10.1093/jpe/rty017#supplementary-data
http://academic.oup.com/jpe/article-lookup/doi/10.1093/jpe/rty017#supplementary-data
http://academic.oup.com/jpe/article-lookup/doi/10.1093/jpe/rty017#supplementary-data
http://academic.oup.com/jpe/article-lookup/doi/10.1093/jpe/rty017#supplementary-data
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between Cerrado and SDTF_D, and at the family level (0.3391 
and 0.3295), we observed that the three main groups (Cerrado, 
deciduous and semideciduous) were closer along the first 
axis. Atlantic forest was the most heterogeneous group in all 
scenarios and Cerrado the most homogeneous. The two main 
axes of the three DCAs will hereafter be referred to as species 
gradient (1 and 2), genus gradient (1 and 2), and family gra-
dient (1 and 2), respectively (Fig. 2) (see the PCA scores in 
online supplementary Table S4).

Regression and ordinary kriging

All the regressions between vegetation and environmental 
gradients were significant (F-test; P  <  0.05), except for the 
%Dom (Table 1). The average coefficient of determination (R2) 
was 26.25%, with the composition gradients (DCA axes) and 
Fisher’s alpha having the highest values and the structural and 
functional trait variables the lowest ones. The models were 
free of multicolinearity as the VIF for the four explanatory var-
iables (precipitation seasonality, temperature range, soil fertil-
ity and soil moisture) were lower than 10 (1.89, 1.04, 1.1 and 
1.83, respectively). Precipitation seasonality and Soil moisture 
were more important for vegetation than Temperature Annual 
Range and Soil fertility according to the t-test.

All of the variables displayed spatial dependency fitted by 
different spatial models (see the semivariograms in online 
supplementary Fig. S2). The range of the fitted spatial models 
varied from 70 to 900 km. Longer ranges were found for the 
differentiation in species abundance (composition gradients) 
and diversity. On the other hand, basal area, stem density, 
seed mass and wood density displayed greater variances at 
shorter distances (shorter ranges) but maintained a pattern 
at longer distances. Especially for the functional traits, the 
maps displayed something of a ‘bull’s-eye’ effect due to the 
shorter ranges of the spatial dependency. Overall, the kriging 
maps (Fig. 3) reinforced the results of the regressions, since 
the vegetation spatial patterns roughly coincide with the most 
important environmental variables (Precipitation seasonality 
and Soil moisture).

A combination between the regressions and maps led to 
the scheme presented in Fig. 4.

DISCUSSION
This study aimed to evaluate to what extent patterns in vege-
tation attributes are driven by climate and soil in southeastern 
Brazil by correlating the attributes of diversity, structure and 
functional traits of tree communities in different vegetation 
types with abiotic environmental gradients (climate and soil). 
Our results showed the different roles played by the envir-
onmental drivers in each feature of the vegetation in Minas 
Gerais displaying highly complex patterns.

Environmental gradients

Precipitation seasonality clearly displayed a gradient of sites 
of rain forests, semi-deciduous forests, Cerrado and deciduous 

forests and its map illustrates this gradient, which has a north-
south pattern (stronger seasonality in the north). Secondarily, 
temperature annual and diurnal range seemed to be respon-
sible for variations along longitude, as one can see in the 

Figure  2:  detrended correspondence analysis (DCA) ordination 
plots of the relative abundance of tree species (A), genera (B) and 
families (C) at 158 sites in southeastern Brazil. (Rain Forest—RF, 
Seasonally Dry Tropical Forest semideciduous—SDTF_SD, Seasonally 
Dry Tropical Forest deciduous—SDTF_D, Cerrado sensu stricto—CE, 
Cerradão—CD and Swamp—SW).

http://academic.oup.com/jpe/article-lookup/doi/10.1093/jpe/rty017#supplementary-data
http://academic.oup.com/jpe/article-lookup/doi/10.1093/jpe/rty017#supplementary-data
http://academic.oup.com/jpe/article-lookup/doi/10.1093/jpe/rty017#supplementary-data
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kriging map. The lower class  in the temperature range map 
(the black one) coincided with the Espinhaço Range (altitude 
up to 1 700 m) (Fernandes et al. 2014), suggesting the effect 
of this mountain range on the regional climate, especially on 
the temperature ranges, which are higher in this region. In 
addition, the general pattern of the temperature range map 
roughly coincided with the Köppen climate classification for 
MG, with the two ‘Tropical Zones’ (Köppen’s ‘A’) separated 
by a ‘Humid Subtropical Zone’ (Köppen’s ‘C’) (Alvares et al. 
2013). Soil fertility caused major a differentiation between 
deciduous forest—more fertile soils (de Albuquerque et  al. 
2012; Apgaua et  al. 2014)—and Cerrado—more dystrophic 
soils (Coelho et al. 2016; da Silva and Batalha 2008). Soil mois-
ture was responsible for differentiating the extremes of rain—
higher soil moisture (Oliveira-Filho and Fontes 2000)—and 
deciduous forest—well-drained soils (Apgaua et al. 2014; de 
Albuquerque et al. 2012)—in the ordination.

Composition and diversity gradients

Gradients in taxon composition (relative abundance) had dif-
ferent patterns for different taxonomic resolutions (species, 
genus and family). At the species level, we found a major dif-
ferentiation between Cerrado and Deciduous forests, and the 
rain and semideciduous forests interleaved between them. 
The DCA first axis scores at the species level varied accord-
ing to the precipitation seasonality and soil moisture. As the 
major differences were between Cerrado and dry forest, and 
they share some basic climatic conditions, subtle differences in 
the length of the dry season (slightly greater at deciduous for-
est) might contribute to differentiate them. Rain distribution 
acts as a selective force influencing the reproductive behavior 
of the plants and causing differential germination and mor-
tality in the plant populations, especially in deciduous for-
est, with the predominant period of germination occurring 
during the rainy season (Araújo et al. 2007; dos Santos et al. 

Table 1:  linear multiple regression analysis (standardized coefficients) of vegetation composition gradients, species diversity and 
dominance, vegetation structure, and community-weighted mean functional traits variables against environmental variables (climatic and 
soil gradients) for 158 sites in southeastern Brazil. (Variables shaded in gray were significant—confidence level of 95%).

Precip. seasonality
Temp. 
range

Soil 
fertility

Soil
moisture R2 P-value (F-test)

Spp. grad. 1 0.504 −0.004 0.203 0.243 15.45 3.393E−05

P-value (t-test) 2.11E−06 0.953 0.010 0.017

Spp. grad. 2 0.718 −0.152 −0.007 0.269 35.20 1.077E−13

P-value (t-test) 2.51E−13 0.023 0.924 0.003

Genus grad. 1 0.777 −0.038 0.184 0.193 42.71 < 2.2e−16

P-value (t-test) <2e−16 0.540 0.005 0.021

Genus grad. 2 0.326 −0.016 −0.175 −0.315 39.27 8.386E−16

P-value (t-test) 2.38E−04 0.803 0.009 3.09E−04

Family grad. 1 0.855 −0.059 0.049 0.153 57.21 <2.2e−16

P-value (t-test) <2e−16 0.275 0.382 0.035

Family grad. 2 0.010 −0.039 −0.289 −0.372 22.71 5.059E−08

P-value (t-test) 0.920 0.591 1.53E−04 1.63E−04

Basal area 0.139 −0.031 0.044 −0.275 14.72 6.290E−05

P-value (t-test) 0.179 0.680 0.571 0.007

Tree density 0.275 0.021 −0.123 −0.123 16.39 1.530E−05

P-value (t-test) 0.008 0.777 0.115 0.222

Fisher’s alpha 0.241 −0.038 −0.038 −0.344 29.32 6.930E−11

P-value (t-test) 0.011 0.589 0.594 2.57E−04

%Dom −0.072 −0.094 −0.078 0.122 4.03 0.176

P-value (t-test) 0.512 0.247 0.346 0.256

Seed mass −0.247 −6.42E−04 0.198 −0.252 9.97 0.003

P-value (t-test) 0.021 0.994 0.015 0.016

Wood density −0.279 0.183 0.183 0.047 17.23 7.370E−06

P-value (t-test) 0.007 0.016 0.019 0.638

(Precip. seasonality: precipitation seasonality; Temp. range: temperature range; Spp. grad. 1: species gradient—first axis of the DCA for species 
relative abundance; Spp. grad. 2: species gradient—second axis of the DCA for species relative abundance; Genus grad. 1: genus gradient—first 
axis of the DCA for genus relative abundance; Genus. grad. 2: genus gradient—second axis of the DCA for genus relative abundance; Family 
grad. 1: Family gradient—first axis of the DCA for family relative abundance; Family. grad. 2: Family gradient—second axis of the DCA for fam-
ily relative abundance; %Dom: percentage of dominance—the number of individuals of the most abundant species in a site divided by the total 
number of individuals in this site; Seed mass: community-weighted mean seed mass; Wood density: community-weighted mean wood density).
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2007; de Albuquerque et al. 2012). Regarding the soil, Cerrado 
is known as a soil climax vegetation (Pinheiro and Monteiro 
2010), occurring mainly in well-drained soil with high Al lev-
els (Ratter and Dargie 1992). Conversely, we have deciduous 
forest occurring in dry but highly fertile soils in northern MG 
(Apgaua et al. 2014). Those soil differences certainly filter spe-
cies. For instance, many widespread dominant Cerrado genera, 
such as Qualea and Eugenia (Terra et al. 2017), are Al accumula-
tors (Haridasan 2008; Jansen et al. 2002). In addition, the plant 
phylogenies presented by Simon et  al. (2009) showed that 
Cerrado lineages are strongly associated with recent (4 Mya or 
less) adaptations to fire. Therefore, the synergistic interaction 
of all these factors (especially soil and fire) might be causing the 
differences observed here at the species level by selecting the 
species adapted to local conditions (da Silva and Batalha 2008).

The variation within deciduous and semideciduous forests 
and between semideciduous and rain forests at the species level 
(species gradient 2) are related to the temperature range and to 

Figure 3:  ordinary kriging interpolation maps of the variables con-
sidered in this study and the interval values for each class in the maps. 
(The class values of climate, soil and composition gradients represent 
site scores in the PCA and DCA analyses, respectively).

Figure 4:  schematic diagram illustrating the relationships between 
the vegetation parameters and environmental gradients in southeast-
ern Brazil. The length of the arrow represent the magnitude of the 
impact of the environmental gradient on each vegetation parameter.
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soil moisture. These forests present more idiosyncrasies related 
to altitude variation—especially semideciduous and rain for-
est (Eisenlohr and de Oliveira-Filho 2015; Oliveira-Filho and 
Fontes 2000)—and punctual soil and geological variation—
mainly dry forest (Apgaua et al. 2014; Santos et al. 2012)—har-
boring a great species turnover. These ‘internal’ differences do 
not appear to reach Cerrado, which exhibits less species turn-
over, and they behave in a more stable way in regard to climate 
and soil moisture leading to a minor beta-diversity compared to 
forests in our dataset. Having less beta-diversity does not mean 
having little beta-diversity, as all three systems are reported to 
have great beta-diversity (Apgaua et al. 2014; Bridgewater et al. 
2004; Françoso et al. 2016).

Despite all the differences shown at the species levels, the 
mutual influence between forest and savanna throughout the 
evolutionary history in our study region has been reported in 
the literature as occasional occurrences of species from a cer-
tain formation in another formation to which the species is 
less tolerant are not rare, especially in the edges and transitions 
(da Silva and Batalha 2008; de Albuquerque et al. 2012; Forni-
Martins and Martins 2000; Simon et al. 2009). At the genus and 
family level, the three main vegetation types (Cerrado, semide-
ciduous and deciduous) are closer, and we observed an approxi-
mation between Cerrado and Deciduous Forest in the DCA’s fist 
axis. Simon et al. (2009) reported the existence of sister groups 
between the Cerrado and largely fire-free nearby wet forest, 
seasonally dry forest, subtropical grassland or wetland vege-
tation. For instance, the semideciduous forests are known for 
having strong links with the Cerrado at the genus and family 
levels, sharing important families such as the Rubiaceae and 
Melastomataceae (Oliveira-Filho and Fontes 2000). On the other 
hand, the relative importance of families such as the Myrtaceae 
and Fabaceae approximates the Cerrado and Deciduous forest at 
these taxonomic levels (Mendonça et al. 1998; Pennington et al. 
2006; Ratter et al. 2003). The Mytaceae and Fabaceae are also 
important in semideciduous forests, especially at low altitudes 
(Fabaceae) (Oliveira-Filho and Fontes 2000).

A review of studies across environmental gradients found 
that the most common pattern is increasing species richness 
with gradients of water availability (Cornwell and Grubb 
2003). We corroborate this pattern as the gradient in diver-
sity (Fisher’s alpha) was highly correlated with the gradients 
of water availability in terms of both climate (the lower the 
precipitation seasonality, the higher the tree diversity) and 
soil (the higher the soil moisture, the higher the diversity). 
Therefore, in MG we observed a ‘counter-latitudinal’ pattern 
of tree species diversity. In the north of MG, drought can be 
interpreted as a strong environmental filter selecting species, 
as has been shown for other Neotropical regions (Esquivel-
Muelbert et al. 2017). In the south, in less seasonal and more 
‘favorable’ environments, more species can become estab-
lished, leading to higher diversity. In addition, the internal 
variation in the south caused mainly by the topography may 
create more local niche opportunities (Leigh et  al. 2004), 
increasing the diversity. Such patterns have an evolutionary 

influence, since Atlantic forest, although contracted, remained 
forested throughout dry glacial times (Werneck et al. 2011), 
and this has potentially increased its relative diversity.

The percentage of dominance has not followed any envir-
onmental gradient, but the interpolations clearly show two 
regions of major dominance (white class in the interpolation 
map). The western one represents the effect of Myracrodruon 
urundeuva Allemão in patches of deciduous forest and the 
eastern one is Eremanthus incanus (Less.) Less. occurring in the 
region. Both of these species are among the most abundant 
tree species in these regions (Terra et al. 2017). In addition, 
it is possible to see a background trend of local dominance 
increasing towards the north, following the diversity pattern.

Structure gradients

We observed vegetation structure patterns consistent with the 
literature. We found, in general, more basal area per hectare 
in the humid south and less in the dry north. The increase 
of basal area towards the west in the region better known as 
‘Triângulo Mineiro’ is due to the existence in such regions of 
the Cerradão, a forest-like face of the Cerrado (Oliveira and 
Marquis 2002). The Cerradão is physionomically a forest but 
its species composition is related to Cerrado. Additionally, the 
Cerradão is one of the reasons we found a basal area signifi-
cantly related to soil conditions, as this vegetation type has 
more basal area than Cerrado sensu stricto and typically occurs 
at dystrophic to mesotrophic soils (Neri et  al. 2013; Oliveira 
and Marquis 2002). Another reason for the pattern presented 
is that deciduous forests up north, which have lower basal area 
per hectare, mainly as an effect of climate limitation (precipi-
tation seasonality), occur in fertile soils (Apgaua et al. 2014).

With regard to density, we observed punctual differences 
within a general decreasing pattern towards the deciduous 
forest in the north. We found this pattern to be correlated to 
precipitation seasonality. Seasonally Dry forests usually have 
fewer individuals per area than humid ones (Murphy and 
Lugo 1986), mainly because the period of seedling recruit-
ment is strongly restricted to the rainy period (de Albuquerque 
et  al. 2012). The occurrence of a region of higher density in 
the northeast of MG is due to the effect of the transition from 
the Atlantic forest of coastal Bahia from evergreen to semi-
deciduous, and then to deciduous forests up to a distance of 
200–250 km inland (Saiter et  al. 2015; Thomas et  al. 2008). 
The occurrence of areas of lower density in the south is pos-
sibly due to anthropogenic interference. Human interference 
certainly produces long-lasting and complex effects on natural 
vegetation. Fragmentation (Santo-Silva et al. 2016) and human 
impacts (Pereira et al. 2015) might have masked some natural 
differences, especially in the Atlantic semideciduous and rain 
forests. For instance, Pereira et al. (2015) studying 20 areas in 
southeastern Brazil reported that forest structural parameters 
(basal area and tree density) are affected by cattle and outer 
roads. The presence of cattle in the forest fragments studied by 
Pereira et al. (2015) has a direct relationship with the trees that 
had larger diameters, suggesting that recruitment was affected 
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by trampling by livestock causing damage to smaller plants. In 
addition, outer roads lead to landscape changes and had a sig-
nificant impact on the basal area and densities of less high trees.

Functional traits gradients

We expected the CWM seed mass to increase towards the sites 
with lower precipitation seasonality, but instead, apparently, 
in semideciduous and rain forests where the environmental 
filter is weaker, we have a mix of seed sizes. Our results noted 
differences in the seed ecology between Cerrado and forest 
(semideciduous, deciduous and rain), with the CWM increas-
ing towards Cerrado. Additionally, we found that CWM seed 
mass was related to both climate and soil conditions, with 
higher CWM seed mass in more seasonal sites and with lower 
soil fertility and soil moisture.

At a broader scale, our results seem to support experimental 
evidence (Lee and Fenner 1989; Mustart and Cowling 1992) 
that larger seeds enhance species fitness in nutrient-limited 
soil (Cerrado). Regarding the relationship of seed mass with 
soil fertility, Dainese and Sitzia (2013) also documented that 
seed mass decreases from low-fertility grasslands to high-fer-
tility grasslands, which roughly explains the lower average in 
Atlantic forests and the higher values in the Cerrado region. 
Species with higher seed mass have larger seed reserves, 
which allows them to make large, robust seedlings that face 
fewer problems caused by defoliation and drought (Leishman 
et al. 2000; Paz et al. 2005; ter Steege 1994) and enhancing 
their fitness in stressful environments.

The interpolation map showed several areas occurring in 
the extremes (rain and deciduous forest) sharing the same 
class, the one with smaller seeds, and a major tendency to 
increase to towards the west. Both small and large seeds can 
be advantageous in stressful environments (Coyle et al. 2014; 
Leishman 2001; Moles and Westoby 2004). Again, the lower 
seed mass in the south can be a consequence of the fragmen-
tation that led to proliferation of fast-growing pioneer species 
(Santo-Silva et al. 2016) which in general have lighter seeds. 
Hanley et al. (2007) recommended caution in attempting to 
link such traits as seed size to wider patterns of plant commu-
nity ecology. The authors asserted that habitat-specific differ-
ences in regeneration conditions and/or evolutionary history 
may influence the role that seed size plays in dictating how 
seedlings of different species respond to nutrient shortage. 
Functional groups may be filtered by different traits, imply-
ing that processes of community assembly operate differently 
depending on the functional group (Hoffmann et  al. 2004), 
which might explain the convergence between deciduous and 
rain forests regarding this trait.

We found that CWM wood density was also related both to 
climate gradients and soil fertility (higher CWM wood dens-
ity in sites with higher precipitation seasonality, tempera-
ture range and soil fertility). The interpolation map showed 
a broader north-south variation but also a great variation 
in smaller scales. Low water and nutrient availability in a 
stressful environment favors high resource use efficiency 

and resistance to embolism, leading to high wood density 
(Barajas-Morales 1987; Coyle et al. 2014; Hacke et al. 2001; 
Martinez-Cabrera et al. 2009; Markesteijn et al. 2011), as we 
could see in our dry forests in the north. On the other hand, 
competition favors fast growth and consequently low-wood-
density species (Coyle et al. 2014; Hacke et al. 2001; Martinez-
Cabrera et  al. 2009), so we found lighter wood averages in 
the rain forest in the south. This might be enhanced by the 
increase in short-lived pioneer species in these forests (Santo-
Silva et al. 2016). Chave et al. (2006) also found higher mean 
wood density for dry forest (Cerrado, deciduous and semide-
ciduous) in South America compared with other Neotropical 
vegetation and attributed this pattern to the fact that higher 
wood density can better resist drought-induced embolism.

CONCLUSIONS
Finally, in this report, we present evidence for a pattern that 
at a regional scale, variations in tree communities in tropical 
regions are related mainly to water and energy availability and 
energy–water balance (Oliveira-Filho and Fontes 2000; Pausas 
and Austin 2001; Qian 2013; Toledo et al. 2011). Precipitation 
seasonality and soil moisture were the most important driv-
ers of vegetation parameters. Precipitation seasonality and soil 
moisture together determine tree water availability, which 
seems to be the key factor in vegetation ecology in MG. As cli-
mate change scenarios predict an increase in summer precipita-
tion over southeastern South America and reduction of winter 
precipitation over most of the continent (Vera et al. 2006), we 
may expect potentially large changes in the structure, diversity 
and functioning of these and other tropical forests. Moreover, 
further studies are necessary in order to insert the effect of frag-
mentation and land use/cover on these vegetation parameters.

SUPPLEMENTARY MATERIAL
Supplementary material is available at Journal of Plant Ecology 
online.
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