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Abstract. Changes in the vegetation of Brazilian Cerrado may occur over time. However, long-term dynamics
are not fully understood yet, especially woody plant encroachment (WPE). The objective of this study was to
examine changes in vegetation structure in a preserved area in Triângulo Mineiro region, within the southern
Brazilian Cerrado domain, over 32 years (1987, 2005, and 2019). We based the study on field and literature
surveys, as well as satellite imagery, and hypothesized that, due to the absence of periodic fires or grazing,
Cerrado open formations (i.e., grassland or savanna) tend to become denser due to WPE. Shrubby grassland cover
assessed in 1987 disappeared in the following periods (from 30.0 % to 0.0 % in 2019) while forest formations
increased (from 7.0 % in 1987 to 11.0 % in 2019). Changes between 2005 and 2019 occurred within the stricto
sensu cerrado subdivisions, with reduction of sparse cerrado (from 34.2 % to 7.7 %) and an increase in dense
cerrado (from 6.9 % to 39.8 %). Normalized difference vegetation index (NDVI) applied for similar periods
indicates a progressive increase of values over time (from 1986 (0.61± 0.10) to 2004 (0.65± 0.06) and 2018
(0.78± 0.05)) and corroborates the WPE process. These patterns imply the loss of biodiversity in open plant
formation. Another major consequence was the reduction of wetlands and possible impact on water supply. Such
patterns are important to support plant management plans for the threatened Cerrado open plant formations.

1 Introduction

Covering ca. 20 % of the Earth’s surface and home to one-
fifth of the human population, savanna biomes contribute to
30 % of terrestrial net primary production and are consid-
ered to be increasingly important to the terrestrial carbon cy-
cle (Stevens et al., 2017). Research in conservation of forest
ecosystems and government programs around the world have
been increasing in the last decades (Börner et al., 2020) while
savanna policies have been focused mainly on fire (Durigan
and Ratter, 2016; Schmidt and Eloy, 2020; Van Wilgen et
al., 2004). In this sense, there has been much less attention
to the conservation of non-forest ecosystems, although the
loss of biodiversity seems to be occurring more quickly in
these (Overbeck et al., 2015; Veldman et al., 2015). Cerrado
is a Brazilian biome dominated by savanna formations lo-
cated mainly in the central highlands, comprising approxi-
mately 2×106 km2 and constituting the second largest biome

of the country (∼ 22 % of the national territory) (Klink and
Machado, 2005; Oliveira et al., 2014). As other tropical sa-
vanna regions in the world (Mistry and Beradi, 2014), it in-
cludes different plant formations such as forests (i.e., pre-
dominance of arboreal species with canopy formation), sa-
vannas (i.e., with trees and shrubs sparsely growing over
a gramineous stratum), and grasslands/fields (i.e., predom-
inantly ground vegetation and sparse shrubs). Each vege-
tation type has its dynamics as well as its own associated
species pool (Ribeiro and Walter, 2008). This diversity of
complex landscapes associated with biodiversity loss makes
the Brazilian savanna 1 of the 34 conservation hotspots in the
world (Myers et al., 2000; Sawyer, 2019).

Changes in the vegetation structure of tropical savannas
commonly occur due to fire, anthropogenic actions, and cli-
mate change (Lehmann et al., 2014; Strassburg et al., 2017).
Nevertheless, long-term changes in the Cerrado vegetation
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have been observed also due to woody plant encroachment
(WPE), an increase in cover, density, and biomass of woody
species on open plant formations, usually linked to absent or
reduced fires but also due to other possible factors (Stevens
et al., 2017). Thus, studies assessing continuous changes in
the Cerrado vegetation, especially in areas of diverse plant
formations, can improve the understanding of vegetation dy-
namics and their drivers, providing information to minimize
environmental damage and to implement better conservation
policies in the Cerrado (Gomes et al., 2018).

In the present study, we aimed to investigate the vegeta-
tion dynamics in the largest preserved area in the Triângulo
Mineiro. This is a region between the Paranaíba and Grande
River, two of the main tributaries of the Paraná–Plata water
basin, in the southern Cerrado. This area has been preserved
for over 30 years, and here we hypothesize that conservation
management, possibly due to reduced fires and grazing, fa-
vored WPE and denser plant formations, as observed in other
Cerrado areas further south. By using a set of traditional and
well-defined Cerrado plant formation categories (Ribeiro and
Walter, 2008), we compared differences between our data
and those from previous surveys (see Schiavini and Araújo,
1989; Cardoso et al., 2009). Furthermore, we used satellite
imagery and NDVI (normalized difference vegetation index)
for those sampled years to confirm the amplitude of WPE
and landscape changes in the reserve.

2 Methods

2.1 Study area

The Panga Ecological Station (PES) is a private natural her-
itage reserve that belongs to the Universidade Federal de
Uberlândia (UFU). It was created in 1987 as an area of
natural vegetation for research and preservation (Vascon-
celos et al., 2014), located in the municipality of Uber-
lândia, Minas Gerais, Brazil. The area includes the largest
fragment (409 ha) of preserved Cerrado in the entire Triân-
gulo Mineiro region. The PES shelters many of the Cer-
rado savanna plant formations (Schiavini and Araújo, 1989;
Cardoso et al., 2009) but also gallery forest areas appar-
ently linked to the Atlantic Forest biome (Oliveira-Filho and
Fontes, 2000, Ribeiro and Walter, 2008). The climate in the
region is Aw (Alvares et al., 2013), characterized by a rainy
and warmer summer season and a dry and cooler winter. The
average annual temperature in PES is 22.8 ◦C, and the aver-
age annual rainfall is 1482 mm3 (Cardoso et al., 2009). Al-
though climate parameters fluctuate in the region (e.g., Lima
and Campanedo, 2020) there was no verified climate change
trend for the region during the study period.

2.2 Vegetation classification

We marked 74 control points mainly along paths inside the
ecological reserve (Santos and Zuza, 2010) trying to cover

the diversity of plant formations. The points were established
cumulatively from 2017 to 2019 using a Garmin GPSMAP®
64, during the rainy seasons. Then, we discriminated the
type of plant formation at every point according to Ribeiro
and Walter (2008), Schwieder et al. (2016), and Neves et
al. (2019). They used percentage of woody cover, height of
wood canopy, and seasonal flooding, and even some floris-
tic elements (such as Mauritia flexuosa palm trees) to char-
acterize plant formations in the region. Ribeiro and Walter
(2008) also provide a key to identify Cerrado plant forma-
tions, and we used their criteria to define the type of plant
formation during field work. Throughout the paper, we used
“Cerrado” (in capital letters) to refer to the biome and “cer-
rado” to refer to savanna-like formations within the biome.
A base map of the study area was based on Google Earth
archives, which stores multispectral images of the SPOT-6
satellite with a spatial resolution of 2.5 m and a radiometric
resolution of 8 bits. We accessed the RGB satellite images
from these archives and selected that closest to the period
we sampled the vegetation (21 August 2019). We used this
image and control points to build a plant formation distri-
bution map. We created the polygons of each vegetation type
based on the marked points, image interpretation, and supple-
mentary fieldwork. We initially used an automatic classifica-
tion supervised by maximum likelihood (MAXVER) avail-
able on QGIS 2.18 Semi-Automatic Classification Plugin.
MAXVER is a pixel-based classification method that uses
the spectral information of each pixel to find homogeneous
regions and performs the classification using Bayes’ theo-
rem of decision making (Aguilera et al., 2011). Afterwards,
we post-processed the classification manually adjusting the
polygons and confirming vegetation types which were not
clearly differentiated from each other (e.g., evergreen forest
from gallery forest, see Table 1) by revising images and con-
ducting supplementary fieldwork. Also, as an accuracy as-
sessment, we sampled at random 100 points inside our study
area and checked them by using image interpretation and
field experience, if each one of the points was in the right
polygon of vegetation type.

We compared the percentages of each plant formation in
2019 with data reported in previous surveys in 1987 (Schi-
avini and Araújo, 1989) and 2005 (Cardoso et al., 2009).
To reduce any methodological bias, we followed similar
procedures to those previous studies. Schiavini and Araújo
(1989) used image interpretation of aerial photogrammetry
with 2.5 m resolution and collected the data walking all over
the station in weekly fieldwork from May 1986 to May 1987,
covering all seasons in the PES. Cardoso et al. (2009) used
image interpretation from the QuickBird satellite with 2.4 m
resolution and marked 36 control points around the reserve
from 2001 to 2005. In addition to using similar image res-
olution (2.5 m), we increased the number of control points
in our study in both seasons (74) in an attempt to offset the
longer fieldwork time of Cardoso et al. (2009).
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For the analysis, we used traditional Cerrado plant forma-
tion classification published both in Portuguese and English
language. However, we incorporated cerrado field (campo
cerrado in Portuguese) data from 1987 and 2005 into sparse
cerrado (sensu Neves et al., 2019), both within stricto sensu
cerrado traditional classification (Ribeiro and Walter, 2008),
since cerrado field is not usually used. We also reclassified
the semideciduous forest, used in the previous surveys, into
the evergreen forest, since the traditional classification (sensu
Ribeiro and Walter, 2008) does not distinguish between these
types of forest.

We classified the PES plant formations into shrubby grass-
land (campo sujo), palm swamp (vereda), wet grassland
(campo úmido), dense cerrado woodland (cerradão), stricto
sensu cerrado, evergreen forest (mata sempre verde), gallery
forest (mata de galeria), and anthropized area. Stricto sensu
cerrado was further divided into sparse cerrado (cerrado
ralo), typical cerrado (cerrado típico), and dense cerrado
(cerrado denso) (sensu Ribeiro and Walter, 2008). For statis-
tical analysis and discussion, we incorporated vereda palm
swamp and wet grasslands as wetlands, since previous sur-
veys (i.e., Schiavini and Araújo, 1989; Cardoso et al., 2009)
also used both plant formations aggregated. Based on this
classification, we characterized the main features of each
plant formation (Table 1).

As the previous approach is based on somewhat subjec-
tive vegetation categorization, we also used a normalized dif-
ference vegetation index (NDVI) to quantify the dynamics
of WPE in the PES. For this analysis we used the Land-
sat 4/5 TM images for 1986 (24 November) and 2004 (25
November) and Landsat 8 OLI images for 2018 (18 Decem-
ber). These images were chosen based on cloud-free condi-
tions in the closest period from the data collection. We then
extracted the NDVI for all pixels of the image for each year.
Due to the difference of reflective wavelength between satel-
lites, we performed a correction based on Roy et al. (2016).

2.3 Statistical analyses

We investigated if the amount of area occupied by the distinct
plant formations differed among the three periods by running
a chi-squared test. We computed p values by Monte Carlo
simulation (sensu Hope, 1968), with 10 000 iterations. After
obtaining a statistically significant result, we performed post
hoc pairwise tests of independence among the periods using
the package rcompanion (Mangiafico, 2019). The Bonferroni
correction was applied to avoid type I error. We then per-
formed another chi-squared test (with Monte Carlo simula-
tion; 10 000 iterations) to evaluate changes among plant for-
mations of the stricto sensu cerrado complex between 2005
and 2019.

To investigate NDVI differences between years, we fit a
generalized linear mixed model (GLMM) with gamma distri-
bution and log link in the lme4 package (Bates et al., 2020).
We set NDVI as our response variable and the time periods as

our fixed effect while pixel identity was treated as a random
effect. We used the likelihood ratio test to attain significance
for the fixed effect (i.e., comparing the model with the vari-
able of interest included (full model) against that without it
(null model) to assess its p value) (Zuur et al., 2009). We
then calculated the proportion of variance explained by both
fixed and random effects (conditional R2) and by the fixed
effect alone (marginal R2) (sensu Nakagawa and Schielzeth,
2013) using the package MuMIn (Bartoń, 2020). To assess
differences between the three sampled periods we performed
post hoc analysis using the Tukey multiple comparison test
in the package emmeans (Lenth et al., 2019). Analyses were
conducted in R software version 3.6.0 (R Core Team, 2019).

3 Results

The PES had in 2019 many of the plant formations observed
in the Cerrado biome (Figs. 1 and 2). Among the 74 surveyed
points, 5 were marked in palm swamp, 1 in wet grassland, 10
in dense cerrado woodland, 47 in stricto sensu cerrado, 4 in
evergreen forest, and 6 in gallery forest. The shrubby grass-
land areas were not found in PES anymore. We found almost
no open plant formation areas in the PES in 2019. Most ar-
eas were similar to dense cerrado or dense cerrado woodland
(Fig. 1e–h), while sparse cerrado and other open plant forma-
tion (Fig. 1a–d) were harder to find. Altogether, the number
of control points marked were 48 for forest formations and
only 19 for open plant formations. Even in the wetlands (i.e.,
vereda and wet grassland areas), where we marked six con-
trol points, we found signs of structural changes (Fig. 2a and
b) and WPE.

When we compared the recent survey with those pre-
vious ones carried out in the PES, we noticed the WPE
trends associated with the reduction of open plant forma-
tions. There were statistically significant differences among
the frequencies of plant formation types (χ2

= 292.37; df=
10; p < 0.001; Fig. 3a), with 1987 differing from both 2005
(p = 0.002) and 2019 (p = 0.002), while these latter two
did not differ significantly from each other (p = 0.74). The
shrubby grasslands, for example, which were fairly common
in 1987 (ca. 30 %, Fig. 3a), disappeared during the follow-
ing periods (0.4 % and 0.0 % in 2005 and 2019 respectively).
Similarly, the area occupied by wetlands decreased during
the three periods of time: from 9.0 % to 5.8 % and then to
3.7 %, respectively. On the other hand, the area occupied
by woody plant formations such as stricto sensu cerrado,
dense cerrado woodland, and gallery forests increased during
the period. Stricto sensu cerrado (49.9 % in 1987) increased
in 2005 (77.8 %) and 2019 (78.8 %) (Fig. 3a). Forest areas
represented only 7.0 % in 1987, increasing to 11.4 % and
11.0 % in 2005 and 2019, respectively. The woody density
in stricto sensu cerrado also differed between 2005 and 2019
(χ2
= 165.11; df= 2; p < 0.001; Fig. 3b). Sparse cerrado

decreased from 34.2 % to 7.7 %, and dense cerrado increased
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Table 1. Vegetation classification of PES and their respectively characteristics (according to Ribeiro and Walter, 2008; Neves et al., 2019;
Schwieder et al., 2016).

Vegetation type Vegetation categories Plant formation Tree canopy height (m) Tree cover (%)

Open plant formations
Wetlands

Vereda from 10 to 15 m from 5 % to 10 %
Wet grassland from 0 to 2 m from 0 % to 5 %

Stricto sensu cerrado
Sparse cerrado from 2 to 3 m from 5 % to 20 %
Typical cerrado from 3 to 6 m from 20 % to 50 %

Closed plant formations

Dense cerrado from 5 to 8 m from 50 % to 70 %

Forest
Dense cerrado woodland from 8 to 15 m from 50 % to 90 %
Evergreen forest from 20 to 30 m from 70 % to 95 %
Gallery forest from 20 to 30 m from 70 % to 95 %

Figure 1. Plant formations of the PES: sparse cerrado (a, d; average height (AH): 2–3 m, tree cover (TC): 5 %–20 %); typical cerrado (b, e;
AH: 3–6 m, TC: 20 %–50 %); dense cerrado (c, f; AH: 5–8 m, TC: 50 %–70 %); dense cerrado woodland (g, h; AH: 8–15 m, TC: 50 %–90 %);
evergreen forest (h, k; AH: 20–30 m, TC: 70 %–95 %); gallery forest (i, l; AH: 20–30 m, TC: 70 %–95 %).
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Figure 2. Vereda palm swamp formation (a; average height: 12–
15 m, tree cover: 5 %–10 %). Vereda of the PES with the outstanding
presence of the buriti palm (Mauritia flexuosa) in permanent wet
soil. Dead palm trees and Miconia albicans invasive shrubs (typical
of savanna formations) evince structural changes and wood plant
encroachment (WPE) in the Vereda surrounding areas (b).

from 6.9 % to 39.8 % (Fig. 3b). The proportions of typical
cerrado remained similar between 2005 and 2019 (36.8 %
and 31.3 % respectively).

These landscape trends were corroborated by the
NDVI value analysis (χ2

= 15921; df= 2; p < 0.001;
R2

conditional = 0.73; R2
marginal = 0.48; Fig. 3c). NDVI values

increased over time from 1987 (mean±SD: 0.61± 0.10) to
2005 (0.65± 0.06) and then to 2019 (0.78± 0.05) (Figs. 3c
and 4), which were all different from each other (p < 0.001).
The 2019 distribution map of plant formations shows that
the reserve is nowadays occupied by stricto sensu cerrado
(78.8 %), followed by forests (11.0 %), wetlands (3.7 %;
vereda: 3.2 %, wet grassland: 0.6 %), dense cerrado wood-
land (3.5 %), and then anthropized areas (0.6 %) (Fig. 5). The
accuracy assessment points consistently returned the correct
plant formation.

Figure 3. Vegetational changes in the PES over time. (a) Compar-
ison of all plant formations showing their percentage of surface oc-
cupied in 1987, 2005 and 2019; (b) the percentage of surface oc-
cupation among stricto sensu cerrado categories in 2005 and 2019;
and NDVI differences among 1986, 2004 and 2018 surveys. (c) Dif-
ferent letters indicate significant statistical differences at 0.05 level.

4 Discussion

Here, we show through plant surveys and landscape analyses
that the vegetation of the PES has changed markedly over
the last three decades. Open plant formations gave place to
denser cerrado and forest formations, a process apparently
resulting from WPE, which affected even wetlands. We show
important trends in the largest preserved area in the Triân-
gulo Mineiro region, which may be used for decision-making
about management of Cerrado environments and as a back-
ground for future assessments and hypothesis testing. We dis-
cuss below the impact and consequences of these trends for
the conservation of Cerrado preservation areas.
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Figure 4. Visual assessment of WPE based on NDVI values of the
Panga Ecological Station in 1986, 2004, and 2018.

Long-term studies suggest that the floristic composition
of Cerrado changes over time (Libano and Felfili, 2007;
Almeida et al., 2014). Although wildfires and deforestation
have been seen as the main threats to Cerrado conserva-
tion (Klink and Machado, 2005; Strassburg et al., 2017) and
Neotropical environments as a whole (Pinto-Ledezma and
Rivero-Mamani, 2014; Manchego et al., 2017), in many Cer-
rado areas, the main changes have been linked to WPE in
more open plant formations, which tend to become denser
cerrados or even forests (Pinheiro and Durigan, 2009). In the
current long-term study, we provide evidence about Cerrado
vegetation dynamics in a diverse plant formation area. We
demonstrated that during the first interval (18 years), shrubby
grassland formations virtually disappeared, giving place to
denser plant formations such as sparse and typical cerrados.
Also, the area occupied by forest formations increased. Dur-
ing the second interval (14 years), there were no marked
changes among grassland, savanna, and forest formations.
However, within the stricto sensu cerrado complex, possibly
due to WPE, we observed a change from sparse to typical
cerrado, and then to denser cerrado. Similar trends have been
observed in other Cerrado areas, especially further south
(Libano and Felfili, 2007; Pinheiro and Duringan, 2009),
and have been linked to fire protection policies (Duringan
and Ratter, 2016). The structural changes result from an in-
crease in woody species dominance, biomass, and shading,
possibly excluding plant and animal species adapted to more
sparse plant formations (Moreira, 2000; Miranda et al., 2002;
Gomes et al., 2018).

Since the structural changes may be viewed as based on a
somewhat subjective vegetation categorization, we also used
a normalized difference vegetation index (NDVI) to quantify
WPE dynamics in PES. NDVI is the closest assessment to
estimate vegetation cover and a proxy of biomass increment.
The increment of NDVI values over time corroborated WPE
trends and biomass accumulation in PES reserve, which can

be associated with loss of open vegetation types, such as
shrubby grassland, wetlands, and sparse cerrado. This phe-
nomenon was already investigated as a threat to savanna
biodiversity, leading to the establishment of invasive plants
(Alofs and Fowler, 2013; Ratajczak et al., 2012). For in-
stance, in PES, this can be shown by the increasing domi-
nance of Miconia albicans, an apomictic and putatively inva-
sive species (Dias et al., 2018), in typical and dense cerrado
formations.

WPE is widespread in savanna biomes across the world
and is not related simply to annual precipitation, but rather
to the continent where they are located (Stevens et al., 2017).
The geographical separation may cause differences in func-
tional traits of woody species, such as the ability to fix N,
which affects WPE, but fire has been seen as a main driver to
the process (Durigan and Ratter, 2016; Stevens et al., 2017),
and grazing exclusion is also often associated with WPE
(Stevens et al., 2017). For instance, on average, the WPE rate
of Brazilian savannas is respectively 3 and 7 times greater
than that of African and Australian savannas (Stevens et al.,
2017), a fact that can be explained, to a certain extent, by
the Brazilian conservation policies, commonly suppressing
fire and cattle-grazing (Klink and Machado, 2005; Duringan
and Ratter, 2016). Over time, dead plant biomass, especially
fine fuel, is accumulated in the soil and periodic fires keep
the carbon cycle (Bowman et al., 2009; Gomes et al., 2020).
In the Cerrado, fire periodicity is estimated to be from 3 to
6 years (Pereira et al., 2014). When periodic fires are sup-
pressed and grazers are removed, commonly there is an in-
crease of biomass that may over-accumulate, and the exclu-
sion of grazers makes removal of these fine fuels compli-
cated, resulting in uncontrollable fires which lead to negative
impacts on biodiversity (Silveira et al., 1999; Miranda et al.,
2002). Post-fire regeneration of dense vegetation without pe-
riodic fires for a long time may cause rapid regeneration into
even denser formations, without taking the community to
previous successional stages (Briske, 2017). This occurs be-
cause periods much longer than the usual cycle of fire lead to
the loss of herb and grass propagules in the soil accompanied
by the dominance of woody species, which may shade and
outcompete herbaceous elements. Denser habitats have dif-
ferent profiles of light incidence, temperature, humidity, and
soil properties, which exclude many plant and animal species
from the community (Nilsson et al., 1997; Vale et al., 2013;
Saldan and Fahrig, 2017; Raymundo et al., 2019). In this
sense, the WPE process causes loss of diversity associated
with open plant formations (e.g., grassland and sparse cer-
rado), since there are endemic species of such environments
that do not adapt to denser shaded habitats (e.g., forests and
dense cerrados; Moreira, 2000). Although we cannot link di-
rectly to fire suppression or grazing exclusion, we showed
that WPE is widespread across the PES Reserve and has been
occurring rapidly after protection, and exclusion of fire and
grazing, as in other areas of savanna (Mitchard et al., 2009;
Stevens et al., 2017).
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Figure 5. Occurrence of plant formation types in the PES. (a) Map of plant formations based on photo interpretation and fieldwork; (b) con-
trol points marked during fieldwork; and (c) location of the studied area in Brazil.

Finally, one of the major consequences of WPE in the
studied area is related to the disappearance of the wetlands.
These are special environments in which the water table
emerges, feeding subsequently streams and rivers (Boaven-
tura, 2007). These wetlands in central Brazil comprise a
unique pool of species, many of them endemic (Araújo et al.,
2002), and serve as ecological corridors for fauna and flora
(Boaventura, 2007). The increasing depth of the water table
(Meirelles et al., 2004) causes the invasion of woody species
in this formation, which changes soil and species composi-
tion (Cardoso et al., 2009; Deus and Oliveira, 2016; Silva
et al., 2016), affects water availability (Honda and Durigan,
2016), and harms conservation of surrounding natural areas
and even the local agriculture-based economy. There is evi-
dence that denser cerrado areas may use water more inten-
sively and affect soil water content (Duringan and Ratter,
2016; Oliveira et al., 2017). A progressive reduction of wet-
lands over the years may also be caused by changes in pe-
riodic fire regimes, since they are important to the mainte-
nance of wetland vegetation structure (Araújo et al., 2013).
Wetland reduction may be also related to changes caused by
anthropogenic impacts, such as deforestation and fertilizer
application, in the surrounding matrix. These activities re-
duce water permeation in the soil and may decrease water
table levels, leading to changes in neighbor wetland commu-
nities (Van Auken, 2009; Silva et al., 2016). The shrinkage
of wetlands highlights the importance of management plans
for these ecologically and economically important environ-
ments.

5 Conclusions

Long-term studies on the dynamics of tropical savannas may
provide insights on conservation strategies. Here we showed
that during 30 years the PES lost most of its open plant for-
mations and wetlands. This corroborates a trend of WPE, as
already described for other Cerrado areas elsewhere in Brazil
and for savannas in other continents. The loss of open plant
formations may threat herbaceous plants and other organisms
adapted to open environments. Altogether, our results rein-
force that a revision of conservation policies based on fire
and grazing suppression in the Cerrado biome is required.
This may help decision-making about how to manage such
environments with controlled periodic fires as well as the
preservation of surrounding areas.
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