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ABSTRACT: The Cerrado biome, the second largest biome in Neotropical region, consists of a mosaic
of different habitat types, ranging from open grasslands to dense woodlands and dry forests. An
intensive recent occupation process has transformed it into the most important region for cattle
ranching and intensive commodity crops in Brazil. In this study, a macroecological approach was used
to evaluate broad-scale spatial patterns of habitat loss in the Brazilian Cerrado, applying a series of
spatial autocorrelation and partial regression analyses to understand how the proportion of remaining
natural habitats is correlated with socio-economic variables, expressing different dimensions of human
occupation and climatic variation. On average, 59% of the area is occupied by natural remnants at the
spatial scale analyzed, although patterns of habitat loss are strongly spatially structured, with a
Moran’s [ spatial autocorrelation coefficient equal to 0.825 £ 0.055 (p < 0.001). The partial regression
analysis explains 89% of variation in percentage of natural remnants. The highest proportion of
variance is explained by the multiple overlap between human occupation, climatic variation and
geographic structure (67%), as well as by the climatically structured component of human occupation
(8%). Based on the space-time interactive process of human occupation in the biome, future scenarios
should be rather pessimistic. If the wave of human occupation continues towards the northern parts
of the biome, as expected, we can predict that percentages will decline rapidly including even stronger
losses of habitat at the biome scale.
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AGRICULTURA, PERDA DE HABITAT E PADROES ESPACIAIS DE
OCUPACAO HUMANA EM UM “HOTSPOT’ DE BIODIVERSIDADE

RESUMO: O bioma Cerrado ¢ o segundo maior da regido Neotropical e ¢ formado por mosaico de
diferentes tipos de hébitats, desde campos abertos até florestas densas. Um recente e intensivo
processo de ocupacdo humana tem transformado essa eco-regiado em uma das mais importantes regidoes
para agropecuaria no Brasil. Uma abordagem macroecolégica foi utilizada para elucidar padrdes em
amplas escalas espaciais de perdas de hébitat no Cerrado brasileiro, implementando técnicas de
autocorrelagdo espacial e analises de regressdo parcial para entender como a proporgdo de
remanescentes de vegetagdo natural esta correlacionada com varidveis socioecondmicas, expressando
diferentes dimensdes de ocupacdo humana e com variagdes climaticas. Em média, 59% da area ¢
ocupada por remanescentes de vegetacdo, na escala da analise, mesmo que os padrdes de perda de
habitat estejam fortemente estruturados no espago, com o coeficiente de autocorrelagao espacial de 7
de Moran igual a 0,825 + 0,055 (p <0,001). As analises de regressdo parcial explicaram 89% da variagao
no percentual de remanescente de vegetacdo. A maior propor¢do da variancia é explicada pela
sobreposicao multipla entre a ocupacdo humana, variacdo climatica e a estrutura geografica (67%),
bem como pelo componente estruturado climaticamente da ocupagdo humana (8%). Baseado no
processo interativo no tempo e no espaco da ocupagdo humana no bioma, cendarios futuros devem ser
mais pessimistas. Se o movimento de ocupagdo continuar em dire¢do a regido Norte do bioma, como
esperado, nés podemos predizer que as propor¢des de remanescente de vegetagdo natural irdo declinar
rapidamente, indicando assim uma forte perda da biodiversidade nas escalas do bioma.
Palavras-chave: MODIS, Cerrado brasileiro, autocorrelagdo espacial
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INTRODUCTION

Habitat loss and fragmentation, and the consequent
reduction of much of the Earth’s biodiversity, have
been caused by the increasing human population den-
sity and energy use, mainly after the XIX and XX cen-
turies (Sala et al., 2000; Fahring, 2003). Understand-
ing how habitats respond to human impacts at broader
geographical scales is a major research challenge, but
most studies are still performed at local scales or fo-
cusing on specific habitats (but see Balmford et al.,
2001).

The Cerrado biome, the second largest biome in
Neotropical region, consists of a mosaic of different
habitat types, ranging from open grasslands to dense
woodlands and dry forests (Ribeiro & Walter, 1998;
see Furley, 2007 for a review). The Cerrado is the rich-
est savanna ecosystem in the world, but the intensive
human occupation process has also transformed it into
one of the most important regions for cattle ranching
and commodity crops in Brazil. Because of these two
characteristics, the Cerrado was classified as one of
the world’s biodiversity hotspots (Myers et al., 2000).
The proportion of remaining habitats in the Cerrado
to vary from 39% to 55% (e.g., Mantovani & Pereira,
1998; Eva et al., 2004; Machado et al., 2004; Sano et
al., 2008). Recent (unpublished) data, generated by the
Cerrado Warning Deforestation System (SIAD)
(Ferreira et al., 2007a), indicate about 18,980 km® of
new deforestation between 2003 and 2007 (see
www.ufg.br/lapig). Regardless of whether one accepts
pessimistic or optimistic estimates of habitat loss,
which depend on methodological issues such as geo-
graphic limits and mapping scale, it is certain that true
conversion rates are high, have been increasing in time
and are spreading throughout the biome (Klink &
Machado, 2005; Ferreira et al., 2007b).

As these rapid human occupation processes are
very recent and complex, the losses are certainly
strongly structured in space and time. Here we used
a macroecological approach (see Kent, 2005; Gaston,
2000) to evaluate broad-scale spatial patterns of agri-
culture, habitat loss and climatic in the Brazilian
Cerrado, discussing a general model that may give
policy makers relevant scientific information for con-
servation planning at biome scale.

MATERIALAND METHODS

Data

Data on habitat loss were derived from the Cerrado
Remnant Vegetation Map, recently released within the
scope of the Brazilian Ministry of the Environment
Biodiversity Program (Brazilian Ministry of Environ-

ment - MMA), Conservation and Sustainable Use of
Brazilian Biodiversity Project - PROBIO), which is
freely available at <http://mapas.mma.gov.br/mapas/
aplic/probio/datadownload.htm?/>. This map, compris-
ing both a wide range of remnant physiognomies and
converted areas, was produced at the 1:250,000 scale.
It is relied on unsupervised classification (image seg-
mentation) and visual interpretation of 114 Landsat
scenes from 2002 (mostly from August, September,
and October), analysis of MODIS vegetation index tem-
poral datasets, ancillary landscape information from the
former RadamBrasil project, and ground truth (see
Sano et al., 2007 for details). As continued validation
initiatives have demonstrated, this map represents the
most detailed knowledge of the biome’s remaining veg-
etation and human induced changes currently available.
For this particular study, only the remnant physiog-
nomies, grouped into a single remnant class, were con-
sidered. Specifically, the vector limits of each remnant
vegetation patch were intercepted with a 1° resolution
vector grid, so that a % value was added to the re-
spective grid cell covering the Cerrado biome. This
Cerrado grid system used here is composed by 181
cells with 1° 3 1° of latitude and longitude (Figure 1A)
and was previously defined for biodiversity analyses
(see Diniz-Filho et al. 2005, 2006; Bini et al., 2006;
Pinto et al. 2007; Blamires et al., 2008). Grid cell size
was chosen as a compromise between omission and
commission errors when dealing with geographic dis-
tributions of species (see Luck, 2007; Heikkinen et al.,
2006).

Data on social and economic variables that are
likely to indicate human occupation were compiled
from the Brazilian Institute of Geography and Statis-
tics (IBGE) (see www.ibge.gov.br) and Institute of
Applied Economic Research (IPEA) (see
www.ipea.gov.br). In all, 23 variables were selected
to express both the general patterns of human occu-
pation (population size, growth rates, spatial subdivi-
sions of the agricultural space and size of the road net-
work) and the regional variations in agricultural and
agro-industrial characteristics, which mainly reflect a
contrast between more traditional and more capital-in-
tensive agricultural practices (see Table 1 and Rangel
et al., 2007 for a detailed description on the variables
used).

As there is also evidence that agricultural patterns
and human occupation are at least in part driven by
environmental suitability and climatic conditions (e.g.
Laurance et al., 2002), habitat remnants were also
modelled as a function of climatic variables usually ap-
plied to predict biodiversity patterns at broad spatial
scales (e.g. Rodriguez et al., 2005). We used five en-
vironmental variables related to ambient energy, mea-
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A)

Figure 1 - The Cerrado region in Central Brasil (A) and the Gabriel’s network linking the centroids of the 181 cells of 1° of latitude and

longitude covering the biome (B).
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Table 1 - Codes and meaning of socio-economic variables used in this study and resulted from Rangel et al. (2007).

Variable/code Description

Rural pop. Percentage of rural population

Workers Number of workers employed at rural establishments

Forests Percentage of rural areas conserved as natural or recovered forests
Pastures Percentage of rural areas used as planted pastures

Crops Percentage of rural areas used as crops

Areal00 Percentage of rural establishments with area p100 ha

Rice Land productivity of rice in tons

Corn Land productivity of corn in tons

Soy Land productivity of soybean in tons

Irrigation Percentage of irrigated establishments

Bovines Cattle/ha

AnimSum Total monetary value of animal production

VegeSum Total monetary value of vegetal production

Costs Percentage of costs involved agriculture and cattle ranching
Machines Density of farming machines (trucks, harvesting machines, tractors and automobiles) per unit of

Plague/weed control
Fertilization

Electric energy
Erosion control
Fecundity

Roads

Income

H2000

area (ha)

Percentage of rural establishments that use any resources against plagues or weeds
Percentage of rural establishments that use any sort of fertilizers
Percentage of rural establishments that use electric power

Percentage of rural establishments that use any measure against erosion

Expected number of children per woman

Road network size (km)

Income per capita

Human population in 2000 year
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sured by Potential EvapoTranspiration (PET) and mean
monthly annual temperature (TEMP), to water—energy
balance. They are expressed by annual Actual
EvapoTranspiration (AET) and by mean monthly an-
nual precipitation (PREC) and to ambient productiv-
ity, expressed by the MODIS Enhanced Vegetation In-
dex (EVI) (Huete et al., 2002). The EVI, a reliable sur-
rogate for plant canopy density and greenness, total
standing biomass, green leaf-area index, and percent
vegetation cover (Ferreira et al., 2003; Ratana et al.,
2005), was obtained as monthly averaged composites
for the years 2004-2005.

Data Analysis

As a first approach, we used a standard multiple
regression (OLS) (Sokal & Rohlf, 1995) to model the
influence of human occupation and climate on the per-
centage of natural remnants in each of the 181 cells,
focusing on the amount of variations in habitat rem-
nants that could be explained by these factors. Sec-
ondly, spatial patterns in response and predictor vari-
ables, as well as in model residuals, were assessed via
Moran’s I coefficients (Legendre & Legendre, 1998;
Diniz-Filho et al., 2003). The spatial relationship among
cells covering the Cerrado was based on a Gabriel’s
network (Figure 1b) (see Legendre & Legendre, 1998;
Vieira et al., 2008). In Gabriel network, two cells are
connected by an edge (are “linked”) if the circle whose
diameter links the two cell centroids does not include
any other centroid. Linked centroids are then assigned
as 1.0 in connectivity matrix (W), which is the core
of Moran’s I autocorrelation index, given as

]Zgﬁggaiaj(yi -f)(y,»z-f)wgg
¢S+ a,(v-7) :

where 7 is the number of samples (local populations),
y,and y, are the values of the allele frequencies (or any
quantitative trait) measured in the populations, i and j,
¥ is the average of y and w, is an element of the ma-
trix W. In W, the elements are equal to 1 if the pair i,/
of local populations is within a given distance class in-
terval (indicating populations that are “connected” in
this class), and w, = 0 otherwise. S indicates the num-
ber of entries (connections) in the W matrix. The value
expected under the null hypothesis of the absence of
spatial autocorrelation is -1 / (n-1).

Because significant spatial autocorrelation was de-
tected in the OLS residuals using Moran’s I
autocorrelation coefficient, statistical tests are not
strictly valid and this may create difficulties when in-
terpreting the effects of predictors on habitat remnants
(see Legendre & Legendre, 1998; Diniz-Filho et al.,

2003). Moreover, it indicates that there are spatial com-
ponents underlying variation in habitat remnants that
are not taken into account by environmental predic-
tors and human occupation, so that spatial regression
methods could be used to assess these components.
Here, an eigenvector-based spatial filtering approach
(see Griffith 2003; Diniz-Filho & Bini, 2005; Griffith
& Peres-Neto, 2006; Dormann et al., 2007), called
Spatial Eigenvector Mapping (SEVM) was applied to
model the spatial patterns in the amount of habitat rem-
nants. The idea of SEVM is to use the eigenvectors
associated with the positive eigenvalues of the double-
centered W connectivity matrix to express the rela-
tionship among cells covering the Cerrado at multiple
spatial scales. The first eigenvectors represent broad-
scale variation, whereas eigenvectors derived from
small eigenvalues represent fine-scale variation. These
vectors are then orthogonal variables that capture, at
different scales, the geometry of the grid covering the
Cerrado and thus can be incorporated into multiple re-
gression models in different ways. All spatial analyses
were performed in Spatial Analysis in Macroecology
(SAM) software (Rangel et al., 2006), freely available
at <www.ecoevol.ufg.br/sam>.

Another important issue is that all these datasets
(matrices of socio-economic variables H, climate con-
ditions C and spatial structure defined by eigenanalysis,
G) are probably strongly interconnected, so that a par-
tial regression approach was also used to partition the
spatial variation in the amount of habitat remnants per
cell into multiple components, as explained in detail in
Lobo et al. (2002). Table 2 summarizes the steps in-
volved in the estimation of shared effects of explana-
tory variables (spatial + climatic, spatial + human oc-
cupation and human occupation + climatic), as well
the effects attributed purely to space, climate and hu-
man occupation.

RESULTS

On average, 59% of the area in each cell (+ 27%,
standard deviation) is occupied by natural remnants.
However, patterns of habitat loss are strongly spatially
structured across the biome throughout the Gabriel
connection between cell centroids, with a Moran’s /
coefficient equal to 0.825 = 0.055 (p < 0.001). There
is a very large variation in the percentage of remnants,
ranging from an almost complete loss of natural veg-
etation in some cells in the southern part of the biome,
up to almost 100% of natural cover in the north (Fig-
ure 2).

The 23 socio-economic variables explained together
83% of the total variation on percentage of remnants;
whereas the 5 climatic variables explain 65.5% of the
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Table 2 - Detailed explanation of the calculations of partial components, based on Lobo et al. (2002), for three sets of
predictors. The three components analyzed here are 23 socio-economic variables expressing human occupation
(H), 5 climatic variables (C) and 15 eigenvectors extracted from geographical connectivity matrix W among cells,
expressing then spatial structure in our grid system (G). These three sets of predictors were used to explain
variation in percentage of natural remnants (Y) in Brazilian Cerrado. At each step, the response variable is
regressed against a group of predictors, so that the R? can be interpreted as fractions of total variance shown in
Figure 1. Some of the steps involve regressing all variables in one set of predictor against the other set and getting

the model residuals that will be used in a next step.

Step Response  Predictors Fractions Residual Intepretation of R?

1 Y G H, C a+tb+c+d+e+f+g total variance explained

2 Y G a+d+e+g explained by geography

3 Y H b+d+f+g explained by human occupation

4 Y C c+e+f+g explained by climatic variation

5 Y G H

6 Y G C

7 Y H, C

8 G H, C Giig

9 Y e a purely explained by G

10 C G H Can

11 Y e b purely explained by C

12 H G C Heo

13 Y Fles c purely explained by H

14 dte+g= (RZStep 2) - (RZStep 9)

15 d+f+g= (RZStep J - (sttep )

16 e+f+g= (RZStep 4) - (sttep 11)

17 d= (R, o) - (R 1) [(Rg, o) + (R, 1)l variation shared by G and H

18 €= (Rypo) - (R 16 [(Rge o) + (R 1)l variation shared by G and C

19 f= (Rypr) - (Rgg ) [(Rgg ) + (R 1] variation shared by H and C

20 9= (Rygp 1) - (Rg1r) - (Rgg 1) variation shared by G, H and C
spatial pattern (the two groups of variables together
explain 84.2% of the variation). However, in both mod-

e els there were significant spatial autocorrelation in the

Natural Cover
0.068 - 0.315
0.315-0.518

I 0.518 - 0.675
B 0.675 - 0.856

1 0.856 - 1

Figure 2 - Spatial patterns of proportion of natural remnants in
Brazilian Cerrado.

residuals (/= 0.233 £ 0.054 for socio-economic model
residuals, /= 0.436 + 0.053 for climatic model residu-
als, and 7 = 0.233 £ 0.056 for both sets of predictors
combined). Thus, spatial structures must be explicitly
taken into account in the model.

This was accomplished through a set of 87 eigen-
vectors with positive eigenvalues, extracted from the
double-centred W connectivity matrix based on
Gabriel’s network among cells. Out of these, 74
showed Moran’s / larger then 0.1, and then we suc-
cessively added these eigenvectors until the R* of the
multiple regression started to stabilize and the suppres-
sion of autocorrelation in the OLS model residuals (/
= 0.06; p > 0.05). Thus, the first 15 spatial eigenvec-
tors were retained for further analysis (as the matrix
G), although only eigenvectors one and four were sta-
tistically significantly correlated to the remnants’ per-
centage.
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After incorporating the 15 eigenvectors, the full
model (incorporating socio-economic, climatic vari-
ables and spatial eigenvectors) explained 89% of the
variation in percentage of the remnants across the
biome, and no significant residual autocorrelation re-
mained (/ = 0.033 + 0.054; p > 0.05). Highest partial
regression coefficients in the full multiple regression
model were found for corn production, percentage of
the rural establishments using electric energy, total ani-
mal production and herd size (see Rangel et al., 2007,
for details). However, because of the complexity of
overlap among socio-economic, climatic and geo-
graphical effects (see below), it is difficult to estab-
lish the individual contribution of each variable within
each set. Anyway, this suggests that habitat losses
were mainly related to, first, cattle ranching, and sec-
ond, agricultural activities. In terms of climatic vari-
ables, the only significant partial regression coefficient
appears for monthly annual precipitation, so that ar-
eas with higher amount of habitat loss are the driest
ones, after taking all other variables and spatial pat-
terns into account.

The partial regression analysis (Figure 3) revealed
that 7% of the variation in habitat loss along the
Cerrado biome can be explained by non-spatial, local-
ized effects of human occupation, after taking into ac-
count climatic variation. Unique geographical (i.e., geo-
graphic factors independent of climatic and human
occupation variables measured here) and climatic pat-
terns alone explain 5% and 2% of the variation in per-

Figure 3 - Visual representation of results from partial regression
analysis explaining the proportion of natural remnants,
showing the amount of total variation explained by
socio-economic, climatic and spatial variables and their
multiple overlaps.

centage of remnants, respectively. Actually, the high-
est proportion of variance in the response is explained
by the multiple overlap between G, H and C (67%),
as well as by the climatically structured component of
human occupation (8%). Both climatic and human oc-
cupation components, then, have a strong geographi-
cal trend that explains most of the variation in the per-
centage of habitat remnants.

DISCUSSION

At broad spatial scales, the percentage of natural
remnants in the Brazilian Cerrado is strongly spatially
structured, with a north-south and east-west gradient
of decreasing values. About 59% of the area in each
cell is occupied by natural remnants, indicating an av-
erage rate of habitat loss around 40%, closer to the
more optimistic recent estimates. However, differences
between these estimates and previous ones (e.g., Myers
et al., 2000; Jepson, 2005; Klink & Machado, 2005)
may be due to several issues, especially related to spatial
scales used here and problems in using moderate reso-
lution imagery to define natural vegetation and assess
human impacts.

Perhaps more important than the average values
observed and widely discussed in the literature, the
most striking point revealed here is that there is an enor-
mous spatial variation around these averages, ranging
from an almost complete loss of natural vegetation,
mainly in some cells in the southern part of the biome
(e.g. Durigan et al., 2007), up to almost 100% (at our
grid resolution) of natural cover in the northern areas.
Although the amount of habitat loss may be dependent
of data sources and techniques, it is unlikely that they
provide very different maps at the broad-scale resolu-
tion used in the analyses performed here. So, our main
conclusions would be qualitatively unaffected by these
estimates of habitat loss and fragmentation at local
scales. Moreover, although the classification of the
Cerrado as a biodiversity hotspot was due to high lev-
els of habitat loss and number of endemic plant spe-
cies, the link between the current conservation status
and threat levels may be more complex than revealed
by a single time slice analysis, because temporal trends
almost surely underlay the observed correlations. By
considering our knowledge on the human occupation
of the Cerrado region in the last 50 years (see Klink
& Moreira,, 2002; Klink & Machado, 2005; Bini et al.,
2000), it is possible to link spatial and historical pat-
terns to understand the relationships observed here to
explain the patterns of habitat loss.

There is a clear relationship between the spatial pat-
tern in frequency of natural remnants and current pat-
terns of human occupation in the Cerrado, which in
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turn is also a strongly spatially (and temporally) struc-
tured process. The full model explains almost 90% of
the variation in the Cerrado remnants, whereas local,
non-geographically structured human occupation and
climatic components independent of human occupa-
tion explain small parts of the total variation. As com-
monly observed in studies at broad spatial scales, most
of the variation cannot be entirely disentangled among
the components analysed, and the unique (not shared)
contribution of each set of predictors independently of
the others is usually very low. Indeed, the most im-
portant component explaining spatial variation in the
percentage of natural remnants is exactly the shared
variation among all sets of predictors analyzed (67%),
revealing the strong spatial component in both human
occupation and climatic variation affecting the amount
of habitat remnants. There is also a slightly larger pro-
portion of variation attributed to the association be-
tween climatic variation and socio-economic variables,
independent of all other factors, and between spatial
eigenvectors and socio-economic variables (i.e., ex-
pressing them the spatially-structured component of
human occupation).

These correlations make sense by considering the
spatio-temporal dynamics of the recent process of hu-
man occupation of the Brazilian Cerrado, which was
characterized by successive wave fronts of coloniza-
tion coming from the south and southeastern parts of
the country since the 18th century (Klink & Machado,
2005). There was a clear acceleration of this process
after the transference of the national capital from Rio
de Janeiro to Brasilia, in 1960. Besides, many govern-
mental programs were created to attract modern and
highly technological agriculture (see Klink & Moreira,
2002; Cavalcanti & Joly, 2002; Klink & Machado,
2005; Brannstrom et al., 2008). On the other hand,
fewer populated regions in the northern Cerrado are
still under a process of human occupation and scien-
tific-technological development.

Partial regressions also reveal relative large amounts
of explanation in the shared components between cli-
mate and human occupation (8%), and in the spatially-
structured human occupation (around 5%). The
amount of overlap between climate and human occu-
pation (independently of geographic space) may indi-
cate at least minor technological restrictions during the
agricultural expansion, in part supporting claims that
agriculture is better developed in favorable climatic re-
gions, especially in the absence of modern and expen-
sive technology (see Balmford et al., 2001). Also, fu-
ture climate changes are expected to affect agricultural
patterns. In this case, the complex relationships here
observed suggest that geographically-structured agri-
cultural expansion towards the northern part of the

biome, also favored by climatic shifts in this direction,
will promote even higher rates of habitat losses in the
northern part of the biome. These synergetic effects are
currently supported by the high amounts of variance
explained in the partial regression by the shared com-
ponents among the sets of predictors evaluated here.

Based on the relationship between current human
occupation and percentage of natural remnants, future
scenarios should be rather pessimistic (Scarano, 2007).
If the wave of human occupation continues towards
the northern parts of the biome, as expected, we can
predict those percentages will decline fast, inducing
even stronger habitat losses (and eventually of
biodiversity) at the biome scale.
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