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Clearing tropical vegetation impacts biodiversity, the provision of ecosystem
services, and thus ultimately human welfare. We quantified changes in land
cover from 2000 to 2015 across the Cerrado biome of northern Minas Gerais
state, Brazil. We assessed the potential biophysical and socio-economic drivers
of the loss of Cerrado, natural regeneration and net cover change at the muni-
cipality level. Further, we evaluated correlations between these land change
variables and indicators of human welfare. We detected extensive land-
cover changes in the study area, with the conversion of 23 446 km? and the
natural regeneration of 13 926 km?, resulting in a net loss of 9520 km?. The
annual net loss (—1.2% per year) of the cover of Cerrado is higher than that
reported for the whole biome in similar periods. We argue that environmental
and economic variables interact to underpin rates of conversion of Cerrado,
most severely affecting more humid Cerrado lowlands. While rates of Cerrado
regeneration are important for conservation strategies of the remaining biome,
their integrity must be investigated given the likelihood of encroachment.
Given the high frequency of land abandonment in tropical regions, secondary
vegetation is fundamental to maintain biodiversity and ecosystem services.
Finally, the impacts of Cerrado conversion on human welfare likely vary
from local to regional scales, making it difficult to elaborate land-use policies
based solely on socio-economic indicators.

This article is part of the themed issue “Tropical grassy biomes: linking
ecology, human use and conservation’.

1. Introduction

Land-use and -cover changes (LUCC) are among the most pervasive of human
impacts on ecosystems, with complex direct and indirect consequences across
spatial and temporal scales [1,2]. In tropical regions, the most important land-
cover change is the agricultural conversion and consequent degradation of
natural ecosystems [3,4], with drastic impacts for biodiversity and ecosystem
function, in turn affecting the provision of ecosystem services that support
human well-being [2,5]. On the other hand, clearing of natural vegetation can
be, to a degree, mitigated by natural regeneration, a process frequently neglected
in LUCC studies [6], and conservation research and policies [3,7]. However,
specific programmes and funds to both protect biodiversity and promote ecosys-
tem recovery are usually focused or even restricted to tropical forests with higher
carbon stocks [8,9].

The intensity of tropical land conversion and rates of regeneration varies
both spatially and temporally as influenced by a range of biophysical and
human drivers, from local soil properties, density of paved roads and manage-
ment practices [10-12] to the global demand for commodities [13,14]. Although
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Figure 1. Limits of the north of the Minas Gerais state, Brazil, with its most important cities.

LUCC in the tropics is frequently related to population growth
[5,15], the underlying causes of this process are mainly political
and socio-economic [1,15,16]. Indeed, government develop-
ment and environmental policies are crucial determinants of
rates of LUCC in tropical countries [15,17], and, in turn, such
policies are strongly influenced by national and international
economic factors [13,14]. In Latin America, rates of land con-
version currently track the international markets for soya
bean and meat products [3,18]. In Brazil, over the recent dec-
ades, rates of LUCC have been strongly influenced by
China’s economic growth and high demand for mineral and
agricultural commodities [19], and internal and European
demand for biofuels [13,20].

One common argument to support decision-making
towards land conversion to agriculture is that the resulting
economic activity will generate jobs, taxes and productive
chains that ultimately increase population income and welfare
[21,22]. Although there are examples of increase in the gross
domestic product (GDP) of some counties or regions at the
expense of natural vegetation [17,23], deforestation was demon-
strated to increase income concentration correlated with social
inequalities [24,25], and to exacerbate social-environmental
conflicts [26,27]. Also, land clearing has been related to the out-
break of disease vectors and epidemics [28]. In Brazil, this
‘developmentalist” discourse has been frequently used to justify
the relaxation of environmental laws, such as the forest code
[29]. The relationship between land clearing and poverty
alleviation is context-dependent [17,25] and should be analy-
sed at the appropriate scale in order to inform sustainable
government land-use policies.

While much attention has been placed on the Brazilian
Amazon, the land-conversion pressure in the Cerrado is
higher [9]. The Cerrado covers approximately 2 million km?,
forming a mosaic of many physiognomies including grass-
lands, woodlands, rupestrian fields and riparian forests [30],
which comprise a complex and heterogeneous landscape.
According to the Brazilian Ministry of the Environment, until
2010 the accumulated clearing of the Cerrado was approxi-
mately 990 000 km?, almost 50% of total area, mainly due to
agricultural expansion for crops, such as soya bean, and pas-
turelands for beef production [16,31,32]. In 2009 alone, the

Cerrado lost 0.32% of its cover, more than twice the rate
observed in the Amazon (0.14%) in the same year [33]. The
Cerrado harbours 30% of the Brazilian species richness [34],
with high levels of endemism, being considered one of the
world’s hotspots of biodiversity [35]. However, the legal pro-
tection under the Brazilian environmental legislation is low
compared with forest biomes, as well as the area protected
by conservation units [9,31,34].

We sought to understand LUCC in the Brazilian Cerrado
between 2000 and 2015, using the northern Minas Gerais
state as a case study. This large region, approximately
128 000 km?, represents the colonization and socio-economic
processes characteristic of the broader Cerrado biome. This
region experiences high rates of LUCC caused by cattle ranch-
ing, agriculture, charcoal production and silviculture. The
north of Minas Gerais is a large transitional zone between the
Cerrado, the Caatinga and the Atlantic Rain Forest, harbouring
a rich but understudied biodiversity [36]. We examined the
following questions: (i) how has the Cerrado extent changed
from 2000 to 2015 and how has this been influenced by
government policies? (ii) What are the main biophysical and
socio-economic drivers of the clearing of Cerrado and also of
regeneration? (iii) Do land-cover changes correlate with metrics
of human welfare in the Cerrado region?

2. Material and methods
(a) Study area

The north of Minas Gerais state is a politically defined meso-region
constituting 89 municipalities [37], situated in the Sao Francisco
River Basin (figure 1). This region is in the confluence of three
large Brazilian biomes: the Cerrado to the south and west, the
Caatinga to the north and the Atlantic Rain Forest to the east
(figure 1). The predominant climate is tropical semiarid, with
dry winters (May—September) and rainy summers (November—
March; Aw in Koppen’s classification), with average annual
precipitation ranging from 700 to 1200 mm and average tempera-
ture between 21°C and 25°C [38]. The Cerrado biome dominates
this region, originally covering approximately 113500 km?
(88%). Topography is generally flat, with altitudes ranging from
400 to 700 m, with the exception of the Espinhaco mountain
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Figure 2. Land-cover change in the north of the Minas Gerais state, Brazil, from (a) 2000 to (b) 2015.

chain at the east, with altitudes up to 1760 m (figure 1). Cerrado
soils are usually Oxisols with low fertility, high aluminium levels
and acidity [39]. The population of the north of Minas Gerais
state is 1.5 million people, and is one the poorest regions of the
state, with a low Human Development Index (HDI = 0.625; the
whole state = 0.731; Brazil = 0.727) [37].

(b) Image acquisition and processing

For the determination of LUCC, we obtained Landsat 5
(Thematic Mapper—TM sensor, 30-m spatial resolution) imagery
for the North of Minas Gerais for the year 2000, and Landsat 8
(Operational Land Imager—OLI sensor, 30-m spatial resolution)
for 2015 (figure 2). We used images from the dry period (June-
August) because it is easier to distinguish the Cerrado from the
neighbouring deciduous forests, and cloud cover is usually
absent or sparse. These images were obtained from the Instituto
Nacional de Pesquisas Espaciais—INPE (http://www.dgi.inpe.
br/CDSR/) and the United States Geological Survey—USGS
(http://earthexplorer.usgs.gov/). The scenes were reprojected
to Geographic Coordinate System (GCS) Datum SAD 1969, in
order to keep compatibility with the shapefiles from the Brazilian
Institute for Geography and Statistics (IBGE) that were used
in this study to obtain environmental and socio-economic par-
ameters. The band composite of 2000 and 2015 images was
performed, and this mosaic construction used 10 orbit/point
compositions from each reference year, observing that the
scenes from 2000 were first submitted to geometric correction,
because they were not obtained with geometric distortions
already corrected as in the case of Landsat 8 [40]. Then, following
the protocol proposed by Kennedy ef al. [41], the mosaic for the
year 2000 was performed, using the mosaic from 2015 as refer-
ence. Finally, nine ground control points (GCPs) were collected
and second-degree polynomial transformation was carried out,
resulting in a RMSE below 30 m. All these procedures were
conducted with ArcGIS v. 10.2.1 (ESRI Inc., USA).

(c) Image classification

The method adopted for land-cover classification was the super-
vised algorithm Decision Tree [42], using the software ENVI
4.5 [43]. The Digital Elevation Model from Shuttle Radar
Topographic Mission—SRTM (1:250.000 scale) was employed
for deriving slope and for height control as an input dataset in
the decision tree. In addition, the following indices were also
used as variables for the classification: Normalized Difference
Vegetation Index (NDVI), Soil Adjusted Vegetation Index

(SAVI) and Leaf Area Index (LAI). We defined three land-cover
classes: Cerrado lato sensu (with no differentiation between physio-
gnomies), silviculture (pinus and eucalyptus plantations) and other
(natural vegetation other than Cerrado, croplands, pasturelands,
urban and burned areas, roads, bare soils and water). The Cerrado
lato sensu included grassland formations with sparse shrubs and
trees, such as ‘campos sujos’ and ‘veredas’. However, we decided
to merge natural open grasslands (i.e. ‘campo limpo’) and planted
pastures (mostly exotic grasses) into the class ‘other” for two
reasons: first, they are difficult to reliably spectrally separate using
Landsat images [44]; and second, natural grasslands in the Cerrado
are predominantly used for cattle raising outside protected areas (all
PAs were included in the Cerrado class). According to Scolforo &
Carvalho [45], ‘campo limpo” formations constitute approximately
8.7% of the Cerrado remnants in the north of Minas Gerais. For these
reasons, we consider that this procedure does not undermine our
conclusions, given that the ultimate goal of the study is to determine
drivers of land-cover change to support policy decisions. Although
fire is a natural phenomenon in the Cerrado, we did not quantify
burned areas in the study region, including them in the ‘other’
class. We performed a visual interpretation and classification for
the vectorization of roads, river channels, and eucalyptus and
pinus plantations. Validation was conducted with field trips and
determination of 42 GCPs in the studied region.

(d) Drivers of land-cover change

The biophysical parameters used in the analyses of LUCC in the
Cerrado were determined from land-use maps. The following vari-
ables were obtained per municipality: total area (km?), average
declivity (%), river density (km km™?), road extension (paved
and non-paved together; km), area covered by eucalyptus
and pinus plantations (including areas under preparation for
plantation—hereafter ‘silviculture’) and the area protected by
two different categories of PAs—integral protection and sustain-
able use (km?). Delimitations of PAs and the year of their
establishment were obtained from the State Forestry Institute
[46]. We also determined the climate for each municipality based
on climate data generated for the Minas Gerais state using the
Thornthwaite’s Moisture Index (TMI) [47]. Four climate classes
occur in the north of Minas Gerais, with increasing TMI: semiarid
(—66.7 to —33.3), dry sub humid (—33.3 to 0), sub humid (0-20)
and humid Bl (20-40). Thus, we created an interval variable
(a humidity index) by assigning a proportional value to each cli-
mate class (1, 2, 2.6, 3.2, respectively). When a municipality area
was covered by more than one climate class, we calculated the
average humidity index using this interval variable.
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We determined conversion and regeneration rates for the Cer-
rado biome in the north of Minas Gerais with no discrimination
between its constituent physiognomies. Semi-deciduous (includ-
ing riparian vegetation) or deciduous forests (i.e. tropical dry
forests) that occur in the middle of the Cerrado were excluded
from the analyses. Conversion was considered as the change in
land cover from Cerrado to the classes ‘other’ (except natural veg-
etation) and ‘silviculture’. Regeneration means the natural
regrowth of Cerrado vegetation in areas where it was destroyed
in a previous period. In terms of image classification, these are Cer-
rado areas (forest ecosystems excluded) that had a LAT < 7 in 2000
and LAI > 7 in 2015. No further details on the ecological integrity
of such secondary stands were obtained. In this case, the possible
colonization of natural grasslands (campo limpo) by shrubs and
trees was also considered as regeneration, although we recognize
that this encroachment process may have negative impacts on
grassland biodiversity and ecosystem services [48]. We calculated
the net area change as the balance between conversion (area
loss) and regeneration (area gained), and the annual rate of net
area change was determined for the whole region using the
interest-rate formula [49].

Socio-economic parameters were obtained for each municipal-
ity from two censuses conducted by the IBGE. We used the
demographic censuses (fully released at the end of each decade)
for the years 2000 and 2010 [37] to obtain population density
(people km %) and the Gini Inequality Index. The HDI was
obtained from the United Nations Development Programme
[50]. We used a disaggregated version that considers income, the
IDH-R (‘fndice de Desenvolvimento Humano-Renda’” in Portu-
guese), because it more directly reflects the economic gains at the
municipality level. The complete HDI also considers education
and life expectancy, parameters strongly affected by federal and
state development policies. The GDP (standardized for the year
2000) for 2000 and 2012 were also obtained from the IBGE data-
bases [50]. The agricultural censuses of IBGE were used to obtain
size of the cattle herd, crop area and charcoal production for the
years 2000 and 2014 [51].

(e) Statistical analyses

To determine the drivers of land clearing and regeneration, we cal-
culated the total Cerrado area lost and gained, and the net area
change per municipality between 2000 and 2015 (three response
variables). Thirteen explanatory variables were considered: we
expect that the total municipality area (i) and Cerrado area in the
beginning of the period (ii) would be directly related to Cerrado
loss, as the greater the area available, the greater the conversion.
The same trend is expected for humidity index (iii) and the oppo-
site for average declivity (iv), due to more favourable conditions
for agriculture. River density (v) would also correlate positively
with rates of Cerrado conversion, as water availability facilitates
both human settlements and the establishment of irrigated agricul-
ture. The total change in road extension (vi), area of silviculture
(vii), crop area (viii) and the per cent change in population (ix)
and livestock density (x) and charcoal production (xi) generally
expand at the expense of natural vegetation. Finally, we expect
that the total change in PAs of integral protection (xii) and sustain-
able use (xiii) (two different variables) would decrease rates of
Cerrado conversion. The opposite trends are expected for Cerrado
area gained and net area change.

First, we used the paired t-test based on permutations to test
whether the above response and explanatory variables differed
between 2000 and 2015, with the exception of total municipality
area, humidity index, average declivity and river density. We
undertook the same analyses for the human welfare indicators
(Gini Inequality Index, GDP and IDH-R; discussed later). We
used a paired t-test because sampling was temporally dependent,
thus we separated the treatment effect (i.e. the variable tested)

Table 1. Land-cover change in northern Minas Gerais from 2000 to 2015.

land-use
dass

Cerrado 55 256.05 4317 45 732.04 35.73
silviculture 4652.84 3.63 57151 4.46
other 68 091.11 53.20 76 552.85 59.81

and the spatial autocorrelation (SAC) effect [52]. The SAC was
estimated using spatial filters (MEMs, Moran’s eigenvector
maps; [53]) that were selected progressively. For this analysis,
we followed the R code by Eisenlohr [54].

We tested for significance in the data of 13 potential correlates
of LUCC on the three response variables using multiple linear
regressions through generalized linear models (separate GLM for
each response variable). The variance inflation factor (VIF) was
used as measure of multicollinearity, where a VIF > 5 can indicate
strong collinearity [54]. Our data indicate VIF-tolerant values
(below 2.5 for all variables), thus all predictor variables were main-
tained in the complete models. The complete GLM models with
Gaussian error distribution were built (i.e. adjusted for log-link
function whenever necessary), followed by stepwise comparisons
(backward selection), with the removal of non-significant
variables. The models were adjusted for orthogonal partitioning
of variance (type III sum of squares), to verify the proportion
of variance explained attributed to each variable regardless of
sequential order of the explanatory variables in the models. The
minimal adequate models were submitted to residual analysis to
verify the adequacy of the error distribution. These GLM models
were performed using the software R v. 2.15 [55]. We checked
for spatial independence in the residuals of both the complete
and minimal adequate GLMs using correlograms, with Moran’s
I coefficient as an indicator of SAC. The correlograms were con-
structed in SAM 4.0 [56], and the number and size of distance
classes followed the defaults for SAM. The significance of SAC
for each correlogram was verified by sequential Bonferroni criteria
[57]. We tested the spatial independence of the residuals of the
minimal adequate GLMs and no SAC was detected.

To evaluate the correlations between land-cover change and
human welfare, we calculated the per cent change in the Gini
Inequality Index and IDH-R per municipality between 2000 and
2010, and in the GDP between 2000 and 2012. Each parameter
was considered as a response variable in a GLM containing the
total Cerrado area lost and gained and the net area change as expla-
natory variables. We followed the same procedures described
previously for multiple linear regressions through GLMs.

3. Results
(a) Regional-level changes

The Cerrado in the north of Minas Gerais experienced extensive
land-cover change between 2000 and 2015, with conversion of
23 446 km® to other cover types and the natural regeneration
of 13926 km?, resulting in a net loss of 9520 km?2. All sub-
regions were cleared, especially the northeastern and the
south. On the other hand, the northwest sub-region showed
the greatest extension of Cerrado regeneration (figure 2).
There was a slight increase in the silviculture area, especially
in the northeastern sub-region, whereas conversion to other
land-cover types was more intense in all the north of Minas
Gerais (figure 2 and table 1).
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Table 2. Cerrado area, drivers of land-cover change and welfare indicators in the north of Minas Gerais state, Brazil, for the years 2000 and 2015. Statistically [}
significant differences (p < 0.05) are in ltalic. Average values for 89 municipalities were calculated for each variable (+s.e.) and values at regional level are

given in parentheses. The Gini Inequality Index and the Human Development Index (for income only; IDH-R) are not available at the regional level. g
g
%—’
source change (%) paired t-test ?;
Cerrado area (km?) 620.85 + 73.65 513.84 + 67.08 —17.24 4.07 <0.001 g
potential drivers §
silviculture (km?) 52.28 + 1258 64.22 + 1451 +22.83 —1.98 <005 .
crop area (km?) 35.22 + 3.34 (3135) 33.50 £ 4.19 (2981) —4.88 0.61 >0.05 i
ivestock density (cattle ki) 194 + 134 (16.8) 2470 + 155 (2132) 12731 —64 <0001 =
population density (people km™?) 13.36 + 1.52 (11.9) 14.15 4+ 1.67 (12.6) +5.91 —4.92 <0.05 :
charcoal production (t) 1912.26 + 335.35 (170 191) 370.10 + 55.78 (32 939) —80.64 6.11 <0.001 =
road density (km km ™) 0.21 + 001 (27 432)° 0.25 + 0.01 (28 729)° +19.04 —10.67 <0.005 ;
(Us of integral protection (km?) 24.17 4+ 9.0 (2151) 4598 + 11.25 (4093) +90.23 —3.50 <0.05 :
(Us of sustainable use (km?) 69.75 + 35.65 (6207) 133.75 4 60.24 (11 904) +91.75 —255 <0.05 §
welfare indicators » ‘ ‘ ‘ ‘ . ‘ - §
Gini Inequality Index 0.57 4+ 0.01 0.49 4+ 0.01 —14.03 9.63 <0.05
GDP (thousand BRL) 45,50 + 16.58 (4050) 18490 + 1616 (16 456)  +40637  —50.54 <0001
IDH-R® 0.50 + 0.01 0.58 + 0.01 +16.0 —24.02 <0.001

®Some variables were collected in years close to 2000 and 2015. See text for details.

PRegional values represent total road extension and are given in kilometres.

‘IDH-R is a disaggregated version of the HDI that only considers the per capita income. See text for details.

There was a slight increase in population density (5.8%)
between 2000 and 2015, and in road density between 1996
and 2010 (4.7%), whereas livestock density showed a more
pronounced increase (29.8%) (table 2). On the other hand,
the area of crops decreased 4.9%, but the most remarkable
change during the studied period was in charcoal pro-
duction, which decreased 80.6%. The area under integral
protection is much smaller than that in PAs of sustainable
use, but both almost doubled in expanse during the period
(90.26% and 91.76%, respectively) (table 2). As a whole, the
economic activity in the north of Minas Gerais increased sub-
stantially, as shown by a fourfold increase in the GDP from
2000 to 2012, which is similar to that observed for the whole
state (438%) and for Brazil (407%) in the same period [50].

(b) Municipality level change

All 89 municipalities from the north of Minas Gerais had
some Cerrado area in 2000, although a few of these municipa-
lities are embedded in areas dominated by tropical dry forest.
Only eight municipalities had less than 50 km? of Cerrado in
2000. On average, the net change in the Cerrado area for the
municipalities of the north of Minas Gerais was —17.24%
between 2000 and 2015 (table 2). All variables changed
significantly over the time period, with the exception of
crop area. The trends at the municipality level were consistent
with those observed at the regional level (table 2). As a whole,
32 municipalities (35.9%) had an increase in the Cerrado area
and 57 (64.1%) had net area loss from 2000 to 2015. Silvicul-
ture was not recorded in 28 municipalities during the time
period (38 municipalities did not have silviculture in 2000
and 33 in 2015), indicating that this economic activity is

concentrated in some parts of the region (see also figure 2).
PAs are spatially concentrated: only 17 municipalities had
some protected area in 2000, increasing to 34 in 2015. Popu-
lation density decreased in 21 municipalities, the same
occurring with livestock density in 18 municipalities.

The stepwise linear regression analysis indicated that six
variables significantly correlated with Cerrado clearing
between 2000 and 2015. These were, in decreasing order of rel-
evance (i.e. based on deviance explained): initial cerrado area,
humidity index, declivity and changes in cattle density, silvicul-
ture area and road extension (table 3). Except for the declivity,
the Cerrado area lost was positively related to the other five
above-listed variables (figure 3). Cerrado regeneration was
affected only by the municipality area (figure 44), and the net
area change was affected only by the original area of Cerrado
remnants (figure 4b). Municipalities with larger area showed
higher regeneration, and those with larger Cerrado extent
showed higher net area change during the analysed period
(table 3 and figure 4).

Regarding the welfare indicators, IDH-R increased 16%
during the study period, more than that observed for the state
of Minas Gerais (7.35%) and for Brazil (6.79%), and it occurred
in all 89 municipalities (table 2). GDP also increased signifi-
cantly in all municipalities but at a rate comparable with that
observed at the state and country levels, as mentioned before
(table 2). The Gini Inequality Index decreased 14% (table 2),
more than that observed for the state (8.9%) and for the whole
country (6.6%), although no change was observed across 10
municipalities. These results indicate that the improvement in
the economic activity of the municipalities was followed by a
reduction in social inequality. However, none of these welfare
indicators were related to Cerrado conversion, regeneration
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Table 3. Analyses of deviance of the generalized linear models (GLMs, type Ill sum of squares) showing the effects of multiple drivers on total Cerrado area n
lost and gained, and on the net area change per municipality between 2000 and 2015 (n = 89 for each model). We used a log-link function for the Cerrado
area lost and gained models, and a Gaussian-link function for net area change. Asterisks indicate significant variables retained in the minimal adequate model
after stepwise selection (backward). *p << 0.05; **p < 0.01; *** p <0.001.

land-cover change

area gained (km?) net area change (km?)

area lost (km?)

TG estimate deviance estimate deviance estimate deviance
average dedlivity (%) —0.070 12.78%** +1.493 0.001 —26.469 296 742
humidity index 1835 20,9445 —0.190 11.488 47071 117 504
municipality area (km?) +0.001 143 +1.339 23.421*** +0.095 633 054
initial Cerrado area (km?) 0001 2173 0,001 103203 —00005  944902%*
river density (km? km ) +-0.030 0.97 +-0.0001 0.002 +5.678 1975
change in road extension (km) 10019 259 40095 4963 —3240 76480
change in population density (%) +4-0.021 0.12 —0.028 2.030 +-4.657 106 191
change in PAs—integral protection (km?) —0003 080 40034 0403 —0176 1264
change in PAs—sustainable use (km?) —+0.007 1.20 +0.0002 2.057 +0.173 7344
change in crop area (km?) +0.005 147 —0002 269 +0615 19050
change in cattle density (%) +0.238 4.72%* +0.007 1.407 +2.748 43 625 v
change in silviculture area (km?) —0.010 4,48+ 10012 539 ~1106 70980
change in charcoal production (%) —0.001 0.31 —0.010 0.649 +0.014 19081

and net area change per municipality between 2000 and 2015
(electronic supplementary material, table S1).

4. Discussion
(a) Change in land use and land cover

We detected extensive land-cover changes in the Cerrado at the
north of Minas Gerais state, affecting more than 37 300 km? of
this vegetation (almost 33% of the original cover in that
region). Most studies addressing LUCC in the Cerrado quantify
land clearing using the net change in total cover [32,33,58], and
estimates of Cerrado natural regeneration are seldom directly
informed (e.g. [59]). Examination of net change alone can under-
estimate the extent of land clearing in the Cerrado. In our study
region, the net change in Cerrado cover was 9520 km?, repre-
senting a loss of 17.2% of this biome in that region in 15 years.
However, the area deforested was much larger: 23 446 km?,
which accounts for 42.4% of the original extent in the year
2000. This result highlights the importance of natural regener-
ation for the preservation of the integrity of the Cerrado, as
more than half the deforested area (13 926 km? —25.2% of the
total extent in 2000) was regenerating as secondary savannah
in the same period.

Our quantification of the extent of Cerrado regeneration
may be slightly overestimated, as our classification con-
sidered the transition from natural grasslands to other
Cerrado phytophysiognomies (i.e. encroachment) as regener-
ation. However, our estimates corroborate that of other
studies that have detected similar levels of regeneration in
other parts of the Cerrado. A recent assessment by Beuchle
et al. [59] estimated that 72 170 km? of Cerrado recovered
from 2000 to 2010 (see also [3,60]). Jepson [6] detected that,

between 1986 and 1999, 50% of the previously converted
Cerrado in Mato Grosso state regenerated, indicating the
need for accurately assessing this process in land-use and
climate-change policies. However, frequently, secondary
savannah does not fully recover original vegetation structure
and ecosystem function. The importance of secondary habi-
tats to biodiversity conservation has increasing recognition
[7], although investigation of the ecosystem health and diver-
sity of secondary savannahs are few (see [61]). In any case,
LUCC analyses of the Cerrado would benefit from improved
assessment of both the processes driving encroachment and
its extent, which usually results from fire suppression and
has raised serious conservation concerns [48].

The annual net loss (—1.2%) of Cerrado cover in the study
region is higher than that reported for the Cerrado as a whole
over a similar period. Beuchle et al. [59] reported an annual
cover change of —0.60% from 2000 to 2010 for the Cerrado, a
value which is similar to that detected by the Brazilian Ministry
of the Environment (—0.69% per year) from 2002 to 2008 [33].
Thus, the north of Minas Gerais experienced intensive clearing
of the Cerrado over the last 15 years. Indeed, this region con-
centrates most of the preserved Cerrado in the state, and is
an agricultural frontier as evidenced by the change in livestock
over the time period. In addition, although the proportion of
the Cerrado contained within PAs has increased substantially
in the north of Minas Gerais during the study period, PAs of
integral protection account for only 4.8% of the region’s area
(higher than the 3.1% in the Cerrado in the whole country),
and most of them lack effective management, being ‘paper
parks’ in practice [62].

On the other hand, the extent of Cerrado regeneration
observed during the study period is high. It is likely that the
majority of regenerating areas are abandoned pasturelands
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Figure 3. Relationship between the Cerrado area loss in 89 municipalities of Minas Gerais state, Brazil, and the following drivers: (a) initial area of Cerrado remnants,
(b) average declivity, (c) humidity index, and changes in (d) road extension, (e) cattle density and (f) silviculture area. These explanatory variables were retained in
the minimal adequate model (p << 0.05) after stepwise selection (n = 89). Humidity index reflects the following climate types: semiarid (1), dry sub humid (2),

sub humid (2.6) and humid B1 (3.2). See text for details.

and former plantations. Recent studies indicate that up to 60%
of Cerrado pasturelands are degraded [63], reaching 87.6%
under the drier conditions of the north of Minas Gerais [64].
According to the IBGE [65], the extension of pasturelands in
the region decreased 27.6% from 1996 to 2006, from 37 712 to

27318 km®. Degraded pasturelands are usually abandoned
and frequently regenerate naturally. However, depending on
the degree of degradation, these areas can suffer desertification
processes, an increasing problem in the Brazilian semiarid
regions [66].
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Figure 4. Relationship between (a) the Cerrado area gain and municipality
area, and (b) the Cerrado net area change and the initial area of Cerrado
remnants, between 2000 and 2015 (n = 89).

(b) Drivers of change in Cerrado extent

Multiple drivers have impacted the rate of gross area loss in
the Cerrado across the north of Minas Gerais. We found that
municipalities with a greater extent of Cerrado in the year
2000 were most likely to experience both gross area loss and
net area change. Aide et al. [3] made a similar finding in an
assessment of drivers of land-cover change across biomes in
Latin America. These authors point out that this is an expected
relationship, given that municipalities with a large land area of
Cerrado are prone to land transformation. However, this does
not clarify the underlying causes of land-use change in a given
municipality. Four of the other drivers that significantly
affected gross area loss are directly related to agricultural
potential, and in particular to cattle ranching: humidity
index, declivity and changes in livestock density and silvicul-
ture area (figure 3). Thus, our results demonstrate that land
clearing occurs predominantly in lowlands with higher humid-
ity index and is mainly caused by increasing cattle herd and
plantation forestry. A key driver of conversion in the Cerrado
biome at the national scale, soya bean production has increased
in the study region, but affected only a relatively small area
(figure 5). However, the opposite trend is observed for charcoal
production, one of the most important drivers of Cerrado clear-
ing in the north of Minas Gerais (figure 5), and we link this to
the observed extent of Cerrado regeneration.

Cattle raising for beef production is the main economic
activity in the north of Minas Gerais state and the size of the
cattle herd increased from 2.2 to 2.8 million head of cattle
from 2000 to 2014, peaking at 3.3 millions in 2011 (figure 5).
This activity is most intensively experienced in flat areas,
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Figure 5. Economic activities in the study region (north of Minas Gerais state,
Brazil) over the period 2000—2015. (a) Cattle herd; (b) soya bean area and
(c) charcoal production.

where mechanized clearing and sowing of productive exotic
grasses is facilitated, and in municipalities with a more humid
climate. Indeed, at a broader scale, cattle ranching is well recog-
nized as responsible for high rates of LUCC across Brazilian
biomes, mainly due to the poor management of pasturelands
[67]. In our semiarid study region, where most municipalities
have 800-1100 mm of rain per year [38], poor management
quickly causes pasture degradation and abandonment,
followed by the clearing of new areas of Cerrado.

Finally, we also found that of the extent of Cerrado gross
area loss was correlated with an increase in the number and
types of roads. Over the period of observation, the expansion
of the road network was fostered by two state government
programmes (‘ProAcesso’, launched in 2004; and ‘Caminhos
de Minas’, launched in 2010) aimed at constructing and
paving state roads. Road construction has direct impacts on
LUCC, but important effects are indirect, specifically by per-
mitting ease of access to remote areas where vegetation has
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been historically preserved [10], and this in turn correlates with
changes in other drivers of LUCC. For example, Rada [16]
found that a 1% improvement in paved-road density in the
Cerrado region led to an increase of more than 1% in both
livestock and crop production. Thus, it is highly likely that
environmental and economic factors interact to determine
rates of Cerrado clearing in Minas Gerais.

Cerrado regeneration (i.e. gross area gained) was correlated
only with municipality area, most likely because, as we outline
above, larger municipalities have converted greater areas, and
that this in turn leads to larger areas to regenerate after aban-
donment. Surprisingly, we found no correlation between an
increase in PAs and Cerrado regeneration at a municipality
level. The concentration of PAs in only a few municipalities
in the northwestern sub-region likely underpins this trend.
Indeed, three municipalities (Januaria, Bonito de Minas and
Chapada Gaticha) that contain several PAs of sustainable use
accounted for approximately 2300 km? of the total regeneration
observed. Cerrado conversion is also concentrated in a limited
number of municipalities (12 municipalities lost greater than
500 km? of Cerrado in 15 years). We suggest that investigating
regeneration and conversion processes in these highly dynamic
municipalities is important to gain insight to the under-
lying drivers of LUCC and to improve policies addressing
sustainable land use.

(c) Socio-economic consequences

From 2000 to 2015, there was a positive trend of change in
human welfare indicators, including income distribution.
At the municipality level, we found no correlation between
welfare indicators and the rates of Cerrado clearing, regener-
ation or net area change. Indeed, the nexus between
environmental degradation and human welfare is controver-
sial, with contrasting results depending on socio-economic
and historical factors, environmental setting and public pol-
icies. The relationship between degradation and welfare is
frequently explained using a Kuznets environmental (inverted
U-shaped) curve, which describes an increase in per capita
income with increasing vegetation loss, until a turning point
isreached. After that, further increases in income are associated
with reductions in land clearing and even with an increase in
reforestation [25,68]. In the case of the north of Minas Gerais
(and likely the Cerrado biome as a whole), the relationship
between the loss of Cerrado over time and human welfare
seems scale-dependent. Although none of the land-cover
change variables were correlated with socio-economic indi-
cators at the municipality level, substantial improvement in
welfare was observed at a regional scale (table 2), despite
high levels of gross area loss. However, these results should
be interpreted with caution, as regional-level indicators also
reflect a marked improvement in Brazilian socio-economic con-
ditions from 2004 to 2014. This improvement was a
consequence of a period of high economic growth and of fed-
eral government development policies, which substantially
increased the minimum wage and invested in programmes of

References

1. Lambin EF et al. 2001 The causes of land-use and

land-cover change: moving beyond the myths. Glob. 3780(01)00007-3)

Environ. Change 11, 261-269. (doi:10.1016/50959- 2.

income transfer [69]. A longer time-series analysis with
regional scale replicates is needed to understand the develop-
ment trajectory of the Cerrado region and any relationship
between changes in welfare and rates of LUCC.

5. Conclusion

Recent land-cover changes in the Brazilian Cerrado have been
extensive. The case study of the north of Minas Gerais demon-
strates this, where 37327 km? of the Cerrado have been
impacted by LUCC from 2000 to 2015. Our results highlight
the importance of secondary savannah to counterbalance inten-
sive rates of Cerrado clearing, especially to pastureland.
Sustainable land-use policies in this region must involve a
reduction in rates of land conversion rates, which are twice
that observed across the Cerrado as a whole, and promoting
regeneration. Given the high frequency of land abandon-
ment in tropical regions, allowing vegetation regrowth and
protecting secondary ecosystems is a fundamental strategy
to maintain biodiversity and ecosystem services in such dynamic,
human-modified landscapes. Low-impact cattle ranching
techniques and increasing agricultural productivity through sus-
tainable intensification (where possible given social and
biophysical constraints) [67], and avoiding pasture degradation
will reduce rates of land-use conversion. Given that lowlands
with higher humidity levels are more severely affected, these
areas must be prioritized in land-use planning. Policies should
be considered to promote the natural regeneration of abandoned
pasturelands, but the ecological success of such initiatives
depends on: (i) assessing the quality of regenerated areas;
and (ii) accurate mapping and determination of the previous
natural cover of the region to be recovered, to avoid woody
encroachment and the loss of natural grasslands. Finally, the
relationship between conversion of the Cerrado and human wel-
fare vary from local to regional scales, making it difficult to
elaborate conservation strategies based solely on its conse-
quences to socio-economic indicators. Land-use policies should
also consider the ethical and cultural reasons to preserve the
Cerrado’s biodiversity, along with ecosystem services such as
water provision, soil quality and food production, which may
not be directly and readily translated into measurable indicators.

Data accessibility. Data on land-cover changes are available in the Dryad
Digital Repository: http://dx.doi.org/10.5061/dryad.53h16 [70].
Authors” contributions. M.M.E.-S., M.E.L., R.S.B. and F.C.A. conceptual-
ized the article; M.E.L. and A.M.R. obtained and processed satellite
imagery; all authors contributed to data acquisition; J.O.S.,, M.MLE.-S.
and M.G.V.D. analysed the data; all authors contributed to data
interpretation and to article drafting.

Competing interests. We declare we have no competing interests.
Funding. Conselho Nacional de Desenvolvimento Cientifico e Tecno-
logico (CNPq), Fundagao de Amparo a Pesquisa de Minas Gerais
(FAPEMIG) and Interamerican Institute for Global Change Research
(TAL CRN 3035).

Acknowledgements. Conceptualization of this study benefited from early
discussions with Alex Pfaff.

DeFries R, Bounoua L. 2004 Consequences of land
use change for ecosystem services: a future unlike

SEPOSLOT (LLE g 0§ Y "supil Jiyd  biobuiysigndfiaposiedorgiss H


http://dx.doi.org/10.5061/dryad.53h16
http://dx.doi.org/10.1016/S0959-3780(01)00007-3
http://dx.doi.org/10.1016/S0959-3780(01)00007-3
http://rstb.royalsocietypublishing.org/

Downloaded from http://rstb.royalsocietypublishing.org/ on September 28, 2016

the past. GeoJournal 61, 345—351. (doi:10.1007/
510708-004-5051-y)

Aide TM et al. 2013 Deforestation and reforestation
of Latin America and the Caribbean (2001-2010).
Biotrapica 45, 262—271. (doi:10.1111/j.1744-7429.
2012.00908.x)

Houghton RA. 2012 Carbon emissions and the
drivers of deforestation and forest degradation

in the tropics. Curr. Opin. Environ. Sustain. 4,

597 -603. (doi:10.1016/j.cosust.2012.06.006)

Foley JA et al. 2005 Global consequences of land
use. Science 309, 570—574. (doi:10.1126/science.
1M11772)

Jepson WA. 2005 A disappearing biome?
Reconsidering land-cover change in the Brazilian
savanna. Geogr. J. 171, 99—111. (doi:10.1111/j.
1475-4959.2005.00153.%)

Chazdon RL. 2008 Beyond deforestation: restoring
forests and ecosystem services on degraded lands.
Science 320, 1458 1460. (doi:10.1126/science.
1155365)

Strassburg BBN, Rodrigues ASL, Gusti M, Balmford
A, Fritz S, Obersteiner M, Turner RK, Brooks TM.
2012 Impacts of incentives to reduce emissions from
deforestation on global species extinctions.

Nat. Clim. Change 2, 350—355. (doi:10.1038/
nclimate1375)

Overbeck GE et al. 2015 Conservation in Brazil needs
to include non-forest ecosystems. Divers. Distrib. 21,
1455—1460. (doi:10.1111/ddi.12380)

Pfaff AS. 1999 What drives deforestation in the
Brazilian Amazon?: evidence from satellite and
socioeconomic data. J. Environ. Econ. Manage. 317,
26-43. (doi:10.1006/jeem.1998.1056)

Rudel TK, Defries R, Asner GP, Laurance WF. 2009
Changing drivers of deforestation and new
opportunities for conservation. Conserv. Biol. 23,
1396—1405. (doi:10.1111/.1523-1739.2009.01332.x)
Lopez-Barrera F, Manson RH, Landgrave R. 2014
Identifying deforestation attractors and patterns of
fragmentation for seasonally dry tropical forest in
central Veracruz, Mexico. Land Use Policy 41,
274-283. (doi:10.1016/j.landusepol.2014.06.004)
Sawyer D. 2008 Climate change, biofuels and eco-
social impacts in the Brazilian Amazon and Cerrado.
Phil. Trans. R. Soc. B 363, 1747-1752. (doi:10.
1098/rsth.2007.0030)

Arima EY, Barreto P, Aratijo E, Soares-Filho B. 2014
Public policies can reduce tropical deforestation:
lessons and challenges from Brazil. Land Use Policy 41,
465-473. (doi:10.1016/j.landusepol.2014.06.026)
DeFries RS, Rudel T, Uriarte M, Hansen M. 2010
Deforestation driven by urban population growth
and agricultural trade in the twenty-first century.
Nat. Geosci. 3, 178—181. (doi:10.1038/nge0756)
Rada N. 2013 Assessing Brazil's Cerrado agricultural
miracle. Food Policy 38, 146—155. (doi:10.1016/j.
foodpol.2012.11.002)

Bhattarai M, Hammig M. 2001 Institutions and the
environmental Kuznets Curve for deforestation: a
crosscountry analysis for Latin America, Africa and
Asia. World Dev. 29, 995-1010. (doi:10.1016/
$0305-750X(01)00019-5)

18.

19.

20.

21.

22.

23.

24,

25.

26.

2].

28.

29.

30.

31

32.

Gasparri NI, Grau HR, Gutiérrez Angonese J. 2013
Linkages between soybean and neotropical
deforestation: coupling and transient decoupling
dynamics in a multi-decadal analysis. Glob. Environ.
Change 23, 1605—1614. (doi:10.1016/j.gloenvcha.
2013.09.007)

Coelho MS, Resende FM, Fernandes GW. 2013
Chinese economic growth: implications for Brazilian
conservation policies. Nat. Conserv. 11, 88-91.
(doi:10.4322/natcon.2013.014)

Tscharntke T, Clough Y, Wanger TC, Jackson L, Motzke
I, Perfecto I, Vandermeer J, Whitbread A. 2012 Global
food security, biodiversity conservation and the
future of agricultural intensification. Biol. Conserv.
151, 53-59. (doi:10.1016/j.biocon.2012.01.068)
Bravo-Ortega C, Lederman D. 2005 Agriculture and
national welfare around the world: causality and
international heterogeneity since 1960. World Bank
Policy Research Working Papers 3499.

Chaddad FR, Jank MS. 2012 The evolution of
agricultural policies and agribusiness development
in Brazil. Choices 21, 85-90.

Celentano D, Sills E, Sales M, Verissimo A. 2012 Welfare
outcomes and the advance of the deforestation frontier
in the Brazilian Amazon. World Dev. 40, 850 864.
(doi:10.1016/j.worlddev.2011.09.002)

Kaimowitz D, Thiele G, Pacheco P. 1999 The effects
of structural adjustment policies on deforestation
and forest degradation in lowland Bolivia. World
Dev. 27, 202-205. (doi:10.1016/50305-750X
(98)00146-6)

Meyer AL, van Kooten GC, Wang S. 2003
Institutional, social and economic roots of
deforestation: a cross-country comparison. Int. Forest
Rev. 5, 29-37. (doi:10.1505/IFOR.5.1.29.17427)
Hall AL. 1989 Developing Amazonia: deforestation
and social conflict in Brazil's Carajds programme.
Manchester, UK: Manchester University Press.
Oliveira JAP. 2008 Property rights, land conflicts and
deforestation in the Eastern Amazon. Forest Policy Econ.
10, 303-315. (doi:10.1016/j.forpol.2007.11.008)
Myers SS, Gaffikin L, Golden (D, Ostfeld RS, Redford
KH, Ricketts TH, Turner WR, Osofsky SA. 2013
Human health impacts of ecosystem alteration. Proc.
Natl Acad. Sci. USA 110, 18 753—18 760. (doi:10.
1073/pnas.1218656110)

Sparovek G, Bernardes G, Barretto AGDOP, Klug ILF.
2012 The revision of the Brazilian Forest Act:
increased deforestation or a historic step towards
balancing agricultural development and nature
conservation? Environ. Sci. Policy 16, 65—72.
(doi:10.1016/j.envsci.2011.10.008)

Ribeiro JF, Walter BMT. 1998 Fitofisionomias do
bioma Cerrado. In Cerrado: Ambiente e Flora (eds
SM Sano, SP Almeida), pp. 91—166. Brasilia, Brasil:
EMBRAPA.

Klink CA, Machado RB. 2005 Conservation of the
Brazilian cerrado. Conserv. Biol. 19, 707—713.
(doi:10.1111/j.1523-1739.2005.00702.x)

Rocha GF, Ferreira LG, Ferreira NC, Ferreira ME. 2011
Deteccdo de desmatamentos no bioma Cerrado
entre 2002 e 2009: Padrdes, tendéncias e impactos.
Rev. Bras. Cartogr. 3, 341-349.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4,

45.

46.

47.

MMA-Ministério do Meio Ambiente. 2014 Plano de m

Acdo para Prevengdo e Controle do Desmatamento e
das Queimadas no Cerrado — PPCerrado - 2° Fase
(2014-2015). Brasilia, Brazil: Ministério do Meio
Ambiente.

Frangoso R, Branddo R, de Campos Nogueira C,
Salmona Y, Machado RB, Colli GR. 2015 Habitat loss
and the effectiveness of protected areas in the
Cerrado biodiversity hotspot. Nat. Conserv. 13,
35-40. (doi:10.1016/j.ncon.2015.04.001)

Myers N, Mittermeier RA, Mittermeier (G, da
Fonseca GAB, Kent J. 2000 Biodiversity hotspots for
conservation priorities. Nature 403, 853 —858.
(doi:10.1038/35002501)

Drummond GM, Martins (S, Machado ABM, Saibo
FA, Antonini I. 2005 Biodiversidade em Minas Gerais:
um atlas para sua conservacdo. Belo Horizonte,
Brazil: Fundacdo Biodiversitas.

IBGE. 2010 Censo Demogrdfico. Rio de Janeiro, Brazil:
Fundagdo Instituto Brasileiro de Geografia e Estatistica.
Antunes FZ. 1994 Caracterizagdo climatica do Estado
de Minas Gerais: climatologia agricola. Inf.
Agropecu. 17, 9-13.

Motta PEF, Curi N, Franzmeier DP. 2002 Relation of
soils and geomorphic surfaces in the Brazilian
Cerrado. In The Cerrados of brazil ecology and
natural history of a neotropical savanna (eds PS
Oliveira, RJ Marquis), pp. 13—32. New York, NY:
Columbia University Press.

USGS-United States. Geological Survey —
EarthExplorer. http://earthexplorer.usgs.gov/
(accessed 21 October 2015).

Kennedy RE, Cohen WB, Kirschbaum AA, Haunreiter
E. 2007 Protocol for landsat-based monitoring of
landscape dynamics at north coast and cascades
network parks. U. S. Geological Survey techniques
and methods 2-G1. See http:/pubs.usgs.gov/tm/
2007/tm2g1/pdf/tm2g1.pdf.

Pal M, Mather PM. 2003 An assessment of the
effectiveness of decision tree methods for land cover
classification. Remote Sens. Environ. 86, 554—565.
(doi:10.1016/50034-4257(03)00132-9)

Exelis Visual Information Solutions. 2014 ENVI
classic tutorial: decision tree dassification. See
http://www.exelisvis.com/portals/0/pdfs/envi/
Decision_Tree.pdf.

Sano EE, Rosa R, Brito JL, Ferreira LG. 2010 Land
cover mapping of the tropical savanna region in
Brazil. Environ. Monit. Assess. 166, 113—124.
(doi:10.1007/510661-009-0988-4)

Scolforo JRS, Carvalho LMT. 2006 Mapeamento e
inventdrio da flora nativa e dos reflorestamentos
de Minas Gerais. Lavras, Brazil: Editora UFLA.

Base Vetorial Unidades de Conservagdo. Inventdrio
Florestal de Minas Gerais. http://geosisemanet.
meioambiente.mg.gov.br/inventarioFlorestal/
(accessed 4 November 2015).

Carvalho LG, Oliveira MS, Alves MC, Vianello RL,
Sediyama GG, Castro-Neto P, Dantas AAA. 2008
(lima. In Zoneamento Ecoldgico Econdmico de Minas
Gerais (eds JR Scolforo, AD Oliveira), pp. 89—102.
Belo Horizonte, Brazil: Universidade Federal de
Lavras - UFLA.


http://dx.doi.org/10.1007/s10708-004-5051-y
http://dx.doi.org/10.1007/s10708-004-5051-y
http://dx.doi.org/10.1111/j.1744-7429.2012.00908.x
http://dx.doi.org/10.1111/j.1744-7429.2012.00908.x
http://dx.doi.org/10.1016/j.cosust.2012.06.006
http://dx.doi.org/10.1126/science.1111772
http://dx.doi.org/10.1126/science.1111772
http://dx.doi.org/10.1111/j.1475-4959.2005.00153.x
http://dx.doi.org/10.1111/j.1475-4959.2005.00153.x
http://dx.doi.org/10.1126/science.1155365
http://dx.doi.org/10.1126/science.1155365
http://dx.doi.org/10.1038/nclimate1375
http://dx.doi.org/10.1038/nclimate1375
http://dx.doi.org/10.1111/ddi.12380
http://dx.doi.org/10.1006/jeem.1998.1056
http://dx.doi.org/10.1111/j.1523-1739.2009.01332.x
http://dx.doi.org/10.1016/j.landusepol.2014.06.004
http://dx.doi.org/10.1098/rstb.2007.0030
http://dx.doi.org/10.1098/rstb.2007.0030
http://dx.doi.org/10.1016/j.landusepol.2014.06.026
http://dx.doi.org/10.1038/ngeo756
http://dx.doi.org/10.1016/j.foodpol.2012.11.002
http://dx.doi.org/10.1016/j.foodpol.2012.11.002
http://dx.doi.org/10.1016/S0305-750X(01)00019-5
http://dx.doi.org/10.1016/S0305-750X(01)00019-5
http://dx.doi.org/10.1016/j.gloenvcha.2013.09.007
http://dx.doi.org/10.1016/j.gloenvcha.2013.09.007
http://dx.doi.org/10.4322/natcon.2013.014
http://dx.doi.org/10.1016/j.biocon.2012.01.068
http://dx.doi.org/10.1016/j.worlddev.2011.09.002
http://dx.doi.org/10.1016/S0305-750X(98)00146-6
http://dx.doi.org/10.1016/S0305-750X(98)00146-6
http://dx.doi.org/10.1505/IFOR.5.1.29.17427
http://dx.doi.org/10.1016/j.forpol.2007.11.008
http://dx.doi.org/10.1073/pnas.1218656110
http://dx.doi.org/10.1073/pnas.1218656110
http://dx.doi.org/10.1016/j.envsci.2011.10.008
http://dx.doi.org/10.1111/j.1523-1739.2005.00702.x
http://dx.doi.org/10.1016/j.ncon.2015.04.001
http://dx.doi.org/10.1038/35002501
http://earthexplorer.usgs.gov/
http://earthexplorer.usgs.gov/
http://pubs.usgs.gov/tm/2007/tm2g1/pdf/tm2g1.pdf
http://pubs.usgs.gov/tm/2007/tm2g1/pdf/tm2g1.pdf
http://pubs.usgs.gov/tm/2007/tm2g1/pdf/tm2g1.pdf
http://dx.doi.org/10.1016/S0034-4257(03)00132-9
http://www.exelisvis.com/portals/0/pdfs/envi/Decision_Tree.pdf
http://www.exelisvis.com/portals/0/pdfs/envi/Decision_Tree.pdf
http://www.exelisvis.com/portals/0/pdfs/envi/Decision_Tree.pdf
http://dx.doi.org/10.1007/s10661-009-0988-4
http://geosisemanet.meioambiente.mg.gov.br/inventarioFlorestal/
http://geosisemanet.meioambiente.mg.gov.br/inventarioFlorestal/
http://geosisemanet.meioambiente.mg.gov.br/inventarioFlorestal/
http://rstb.royalsocietypublishing.org/

48.

49.

50.

51.

52.

53.

54.

55.

56.

Downloaded from http://rstb.royalsocietypublishing.org/ on September 28, 2016

Durigan G, Ratter JA. 2016 The need for a consistent
fire policy for Cerrado conservation. J. Appl. Ecol. 53,
11-15. (doi:10.1111/1365-2664.12559)

Puyravaud JP. 2003 Standardizing the calculation of
the annual rate of deforestation. For. Ecol. Manage.
177, 593-596. (doi:10.1016/50378-1127(02)
00335-3)

PNUD - Programa das Nacdes Unidas para o
Desenvolvimento. 2015 Atlas do Desenvolvimento
Humano. Brasilia, Brazil: PNUD.

IBGE 2015. Produto Interno Bruto Municipal, 1999 a
20172. Rio de Janeiro, Brazil: Fundacdo Instituto
Brasileiro de Geografia e Estatistica.

IBGE 2015 Produgdo Agricola, Pecudria, Extracdo
Vegetal e Silvicultura. Rio de Janeiro: Fundagdo
Instituto Brasileiro de Geografia e Estatistica.

Dray S, Legendre P, Peres-Neto P. 2006 Spatial
modeling: a comprehensive framework for principal
coordinate analysis of neighbor matrices (PCNM).
Ecol. Model. 196, 483—493. (doi:10.1016/].
ecolmodel.2006.02.015)

Eisenlohr PV. 2014 Persisting challenges in multiple
models: a note on commonly unnoticed issues
regarding collinearity and spatial structure of
ecological data. Braz. J. Bot. 37, 365—371. (doi:10.
1007/540415-014-0064-3)

R Development Core Team. 2013 R: a language and
environment for statistical computing. Vienna: R
Foundation for Statistical Computing.

Rangel TFLVB, Diniz-Filho JAF, Bini LM. 2010 SAM: a
comprehensive application for spatial analysis in

57.

58.

59.

60.

62.

63.

macroecology. Ecography 33, 46— 50. (doi:10.1111/
j-1600-0587.2009.06299.x)

Fortin MJ, Dale MRT. 2005 Spatial analysis: a guide
for ecologists. Cambridge, UK: Cambridge University
Press.

Brannstrom C, Jepson W, Filippi AM, Redo D, Xu Z,
Ganesh S. 2008 Land change in the Brazilian
Savanna (Cerrado), 1986—2002: comparative
analysis and implications for land-use policy. Land
Use Policy 25, 579—595. (doi:10.1016/j.landusepol.
2007.11.008)

Beuchle R, Grecchi RC, Shimabukuro YE, Seliger R,
Eva HD, Sano E, Achard F. 2015 Land cover changes
in the Brazilian Cerrado and Caatinga biomes from
1990 to 2010 based on a systematic remote sensing
sampling approach. Appl. Geogr. 58, 116—127.
(doi:10.1016/j.apge0q.2015.01.017)

Hansen MC et al. 2013 High-resolution global maps
of 21st-century forest cover change. Science 342,
850—853. (doi:10.1126/science.1244693)

. Veldman JW. 2016 Clarifying the confusion:

old-growth savannahs and tropical ecosystem
degradation. Phil. Trans. R. Soc. B 371, 20150306.
(doi:10.1098/rsth.2015.0306)

Lima GS, Ribeiro GA, Gongalves W. 2005 Avaliacao
da efetividade de manejo das unidades de
conservagao de protecao integral em Minas Gerais.
Rev. Arvore 29, 647—653. (doi:10.1590/50100-
67622005000400017)

SOMABRASIL 2015. Sistema de observagao e
monitoramento da agricultura no Brasil. Empresa

64.

65.

66.

67.

68.

69.

70.

Brasileira de Pesquisa Agropecudria-EMBRAPA. See m

http:/mapas.cnpm.embrapa.br/somabrasil/webgis.
html.

Ministério da Agricultura, Pecudria e Abastecimento —
MAPA. 2015 Estado da arte das pastagens em Minas
Gerais. Brasilia, Brazil: MAPA.

IBGE 2006 Censo Agropecudrio. Rio de Janeiro, R):
Fundagdo Instituto Brasileiro de Geografia e Estatistica.
Sousa FP, Ferreira TO, Mendonga ES, Romero RE,
Oliveira JG. 2012 Carbon and nitrogen in degraded
Brazilian semi-arid soils undergoing desertification.
Agric. Ecosyst. Environ. 148, 11-21. (doi:10.1016/j.
agee.2011.11.009)

Strassburg BB, Latawiec AE, Barioni LG, Nobre (A,
da Silva VP, Valentim JF, Vianna M, Assad ED. 2014
When enough should be enough: improving the use
of current agricultural lands could meet production
demands and spare natural habitats in Brazil. Glob.
Environ. Change 28, 84—97. (doi:10.1016/j.
gloenvcha.2014.06.001)

Koop G, Tole L. 2001 Deforestation, distribution and
development. Glob. Environ. Change 11, 193-202.
(doi:10.1016/50959-3780(00)00057-1)

Medeiros M, Britto T, Soares F. 2007 Transferéncia
de renda no Brasil. Novos Estud. CEBRAP 79, 5-21.
(doi:10.1590/50101-33002007000300001)
Espirito-Santo MM, Leite ME, Silva JO, Barbosa RS,
Rocha AM, Anaya FC, Dupin MGV. 2016 Data from:
understanding patterns of land-cover change in the
Brazilian Cerrado from 2000 to 2015. Dryad Digital
Repsoitory. (doi:10.5061/dryad.53h16)


http://dx.doi.org/10.1111/1365-2664.12559
http://dx.doi.org/10.1016/S0378-1127(02)00335-3
http://dx.doi.org/10.1016/S0378-1127(02)00335-3
http://dx.doi.org/10.1016/j.ecolmodel.2006.02.015
http://dx.doi.org/10.1016/j.ecolmodel.2006.02.015
http://dx.doi.org/10.1007/s40415-014-0064-3
http://dx.doi.org/10.1007/s40415-014-0064-3
http://dx.doi.org/10.1111/j.1600-0587.2009.06299.x
http://dx.doi.org/10.1111/j.1600-0587.2009.06299.x
http://dx.doi.org/10.1016/j.landusepol.2007.11.008
http://dx.doi.org/10.1016/j.landusepol.2007.11.008
http://dx.doi.org/10.1016/j.apgeog.2015.01.017
http://dx.doi.org/10.1126/science.1244693
http://dx.doi.org/10.1098/rstb.2015.0306
http://dx.doi.org/10.1590/S0100-67622005000400017
http://dx.doi.org/10.1590/S0100-67622005000400017
http://mapas.cnpm.embrapa.br/somabrasil/webgis.html
http://mapas.cnpm.embrapa.br/somabrasil/webgis.html
http://mapas.cnpm.embrapa.br/somabrasil/webgis.html
http://dx.doi.org/10.1016/j.agee.2011.11.009
http://dx.doi.org/10.1016/j.agee.2011.11.009
http://dx.doi.org/10.1016/j.gloenvcha.2014.06.001
http://dx.doi.org/10.1016/j.gloenvcha.2014.06.001
http://dx.doi.org/10.1016/S0959-3780(00)00057-1
http://dx.doi.org/10.1590/S0101-33002007000300001
http://dx.doi.org/10.5061/dryad.53h16
http://rstb.royalsocietypublishing.org/

	Understanding patterns of land-cover change in the Brazilian Cerrado from 2000 to 2015
	Introduction
	Material and methods
	Study area
	Image acquisition and processing
	Image classification
	Drivers of land-cover change
	Statistical analyses

	Results
	Regional-level changes
	Municipality level change

	Discussion
	Change in land use and land cover
	Drivers of change in Cerrado extent
	Socio-economic consequences

	Conclusion
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References




