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Abstract
Predictive  models  for  the  detection  landscape  change  have  been  widely-used  as  an  important  tool  for  environmental  planning  and  analysis.  The
approach that combines Markov Chains with cellular automata has been shown to produce results with excellent calibration and validation for the
simulation of changes in land use and cover.  The present study focused on the hydrographic basin of the Pântano River,  located in the Brazilian
Cerrado savanna, which has been impacted by a number of major projects, including a hydroelectric dam, and the world’s largest paper and pulp
industries. The study simulated the changes in land cover and use for the year 205. Evaluating the spatial effects of the expansion of forestry into the
Cerrado  in  the  context  of  its  different  degrees  of  natural  potential  fragility.  To  predict  the  future  scenario,  the  cellular  automata  Markov  Chain
method was combined with a multicriteria analysis using AHP logic. The model validation indicated excellent results (Kappa index greater than 0.9)
for the predictions of the 2050 scenario. The model revealed a strong overall tendency for the substitution of livestock by forestry by 2050, with a
predominance of expansion into areas of medium environmental fragility. 

Keywords: Dynamic modeling, Watershed, GIS, Geotechnologies. 

Resumo / Resumen
PREDIÇÃO  DE  CENÁRIO  FUTURO  UTILIZANDO  AUTÔMATOS  CELULARES  E  CADEIAS  DE  MARKOV  EM  ÁREA  DE
EXPANSÃO DA SILVICULTURA SOBRE O CERRADO BRASILEIRO 

Os modelos preditivos para detecção de mudanças na paisagem tem sido utilizados como instrumento relevante de aporte ao planejamento e análise
ambiental.  O  método  que  combina  as  Cadeias  de  Markov  com  os  autômatos  celulares  tem  demonstrado  resultados  excelentes  de
calibração/validação  para  simulação  de  mudanças  no  uso  e  cobertura  da  terra.  Adotou-se  como  objeto  de  estudo  a  bacia  hidrográfica  do  Rio
Pântano,  situada  em  área  do  Cerrado  brasileiro,  impactada  por  grandes  projetos:  hidrelétrico  e  pelas  maiores  indústrias  de  papel  e  celulose  do
mundo.  O objetivo  deste  trabalho  foi  simular  as  mudanças  no  uso  e  cobertura  da  terra  para  o  ano  de  2050,  avaliando  espacialmente  o  efeito  da
expansão da silvicultura em área de Cerrado sobre os diferentes graus de fragilidade potencial natural. Para predição do cenário futuro utilizou-se do
método  Cadeias  de  Markov  e  autômatos  celulares  acoplados  a  análise  multicritério  através  da  lógica  AHP.  A  validação  do  modelo  apresentara
excelentes  resultados  (índice  Kappa  superior  a  0.9)  para  realizar  predições  para  2050.  O  modelo  revelou  a  forte  tendência  de  substituição  da
pecuária pela silvicultura para o ano de 2050, com predomínio da expansão para as áreas de média fragilidade ambiental. 

Palavras-chave: Modelagem dinâmica, Bacia Hidrográfica, SIG, Geotecnologias. 

PREDICCIÓN DEL ESCENARIO FUTURO UTILIZANDO AUTOMÁTICOS Y CADENAS MÓVILES MARKOV EN EL ÁREA DE
EXPANSIÓN FORESTAL SOBRE EL CERRADO BRASILEÑO 

Los modelos predictivos para la detección de cambios en el paisaje son utilizados como instrumentos relevantes para la planificación y el análisis
ambiental. El método que combina las Cadenas de Markov con los Autómatas Celulares ha mostrado excelentes resultados de calibración/validación
para la simulación del cambio del uso y la cobertura de la tierra. El objeto de estudio fue la cuenca del río Pantano, ubicada en el Bioma de Cerrado,
y que ha sido impactada por grandes proyectos: hidroeléctricos y el establecimiento de fabricas para la producción de celulosa, de las más grandes
del mundo. El objetivo de este trabajo fue simular los cambios en el uso y la cobertura de la tierra para el año 2050, evaluando espacialmente el
efecto de la  expansión de las  plantaciones forestales  (Eucalyptus)  en áreas  con diferentes  grados de fragilidad potencial  natural.  Para  predecir  el
escenario futuro, se utilizó la combinación de las Cadenas de Markov y los Autómatas Celulares apoyados en el Análisis Multicriterio utilizando la
lógica AHP. Los resultados de la validación del modelo mostraron excelentes resultados (Indice de Kappa mayor de 0.9) para hacer pronósticos al
año 2050. Revelando finalmente el modelo una fuerte tendencia de sustitución de las áreas de pastos por las plantaciones de eucaliptus, para el año
2050,  con  un  predominio  de  dicha  expansión  en  areas  de  fragilidad  ambiental  media.por  la  forestry  para  el  año  2050,  con  un  predominio  de  la
expansión a areas de fragilidad environmental media. 

Palabras-clave: Modelado Dinámico, Cuenca Hidrográfica, SIG, Geotecnologías. 
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INTRODUCTION 
Land  cover  and  use  have  a  significant  influence  on  climate  change,  as  indicated  by  the  report

published recently by the Intergovernmental Panel on Climate Change (IPCC, 2019), which found that
approximately 23% of emissions of greenhouse gases were derived from anthropogenic changes in land
use,  in  particular,  farmland  and  forestry.  The  recent  report  of  the  Food  and  Agriculture  Organization
(FAO, 2016) concluded that 80% of the deforestation which occurred in Brazil between 1990 and 2005
was  related  to  the  expansion  of  cattle  pasture,  a  much  higher  rate  than  those  recorded  in  neighboring
countries,  such  as  Argentina  (45%)  and  Peru  (41%).  These  changes  in  land  cover  and  use  are  also
associated with  shifts  in  the  conservation of  the  topsoil,  which is  degraded by a  number  of  processes,
such  as  erosion  and  compaction,  leading  to  the  loss  of  an  estimated  25–40  billion  tons  of  topsoil  per
annum, with drastic results for agricultural productivity in many areas (FAO, 2015). 

Authors such as Forman (1995), Turetta (2011), and Pertille (2018) have emphasized the need for
the systematic investigation of the transformations in land cover in order to establish a sound database
for  the  evaluation  of  impacts  and  effective  decision-making  for  the  planning  and  implementation  of
mitigatory measures. Any such transformation is determined by a complex interaction of physiographic
processes  and  socioeconomic  factors,  together  with  other  drivers,  such  as  public  policy,  agrarian
organization, and macroeconomic phenomena. 

In  the  1970s,  the  Cerrado  savanna  biome  of  central  Brazil  became  the  focus  of  an  agricultural
frontier, which expanded into a number of areas, and integrated the region into the ongoing development
of the Brazilian agribusiness sector. This resulted in the extensive environmental degradation of biome,
through excessive deforestation, which provoked problems such as the compaction of the soil, erosion,
siltation  of  rivers,  the  contamination  of  underground  water  sources,  and  the  loss  of  biodiversity
(CUNHA et al., 2008). 

In  this  context,  the  hydrographic  basin  of  the  Pântano  River  (HBPR),  which  is  located  in  the
“Bolare” rural territory, an area of Cerrado in the Brazilian state of Mato Grosso do Sul, is characterized
by the inadequate (or nonexistent) planning of the occupation and use of land. This process resulted in
extensive  environmental  damage  across  the  state,  resulting  from  the  degradation  of  the  soil  caused
primarily  by  the  adoption  of  inadequate  farming  practises  (BORLACHENCO;  GONÇALVES,  2017).
The  landscape  of  the  Pântano  basin  has  undergone  a  series  of  transformations,  beginning  with  the
installation of the Ilha Solteira hydroelectric dam on the Paraná River in the late 1960s. At the present
time, the region in which the Pântano basin is located is affected primarily by the ongoing expansion of
eucalyptus plantations. 

Given  the  ongoing,  dynamic  changes  in  land  cover  and  use  within  the  region,  the  progressive
degradation of the environment over the past 50 years, and the current shift in focus toward a eucalyptus
monoculture, it is increasingly important to understand how and where future changes in land cover and
use will occur within the region. This is the focus of the present study, which applies an approach that
combines the Cellular Automata Markov Chain (CA-Markov) model with multicriteria analysis for the
prediction of future scenarios of land cover and use within the region. 

A  number  of  studies  have  successfully  applied  the  CA-Markov  approach  to  the  prediction  of
changes in land cover and use (KAMUSOKO et al., 2009; HALMY et al., 2015; MONDAL et al., 2016;
GASHAW et  al.,  2018;  FU et  al.  2019),  although only  a  few studies  have focused specifically  on the
expansion  of  forestry,  and  its  influence  on  the  different  degrees  of  fragility  of  natural  environments
within the Cerrado biome (ROSS, 1994; ROSS, 2012). In this context, the principal focus of the present
study was to evaluate the spatial effects of the expansion of forestry on the different degrees of natural
potential  fragility  of  the  HBPR  based  on  a  simulation  of  the  changes  in  land  cover  and  use  by  2050
using a CA-Markov approach, combined with a multicriteria analysis. 

STUDY AREA 
The hydrographic basin of the Pântano River (HBPR) covers an area of 1349 km², with a mean

slope  of  5.72%  and  altitudes  varying  from  300  to  549  meters  above  sea  level,  including  parts  of  the
municipalities of Selviria, Aparecida do Taboado, and Inocência in the Brazilian state of Mato Grosso
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do Sul (see Figure 1). Beef ranching is the principal economic activity of the three municipalities of the
Pântano  basin,  although  the  profile  of  the  region  has  become  more  diversified  in  recent  years,  in
particular  following  the  implantation  of  a  cellulose  pulp  factory  in  the  municipality  of  Três  Lagoas
(MELO;  SILVA,  2016),  which  stimulated  the  expansion  of  eucalyptus  forestry  in  the  neighboring
municipalities  of  Selviria  and  Inocência,  while  the  sugarcane  sector  has  expanded  in  Aparecida  do
Taboado and the neighboring municipality of Paranaíba. 

Figure 1 – Location of the hydrographic basin of the Pântano River (HBPR). 

The  geological  formations  found  in  the  HBPR  are  the  Santo  Anastácio  formation  of  the  Caiuá
group  and  the  Vale  do  Rio  do  Peixe  formation  of  the  Bauru  group  (DA  SILVA,  et  al.,  2014;
FERNANDES, COIMBRA, 2000). The local relief includes degraded buried pediplain (plaining model);
Fluvial  Terrace  and  Plain,  Fluvial  Terrace  (accumulation  model);  Convex  Top  –  Homogeneous  or
Differential  Dissection,  Tabular  Top  –  Homogeneous  or  Differential  Dissection  (dissection  model)
(BRASIL,  1980,  1983).  Four  principal  types  of  soil  are  found  within  the  HBPR
(MACROZONEAMENTO GEOEnvironmental,  1989) – Dystrophic Red Latosols, covering an area of
321.9 km², Dystrophic Red Acrisol (154.7 km²) and Red-Yellow Acrisol (47.9 km²), and Planosol (47.6
km²).  The  climate  of  the  study  region  is  tropical,  with  mean  annual  precipitation  of  1,445  mm,  with
well-defined  seasons  determined  by  the  tropical  Atlantic  air  mass,  with  the  rains  being  concentrated
during  the  austral  spring-summer,  and  a  marked  dry  period  during  the  austral  winter  (ZAVATINNI,
2009). 

METODOLOGIA 
AThe procedures adopted for the compilation of the CA-Markov future scenario simulation model

of  the  future  scenario  of  changes  in  the  land cover  and use  in  the  HBPR are  shown in  Figure  2.  This
procedure  was  based  on  five  stages:  (i)  Pre-Processing  of  the  Images,  (ii)  Segmentation,  (iii)
Classification, (iv) Validation, and (v) Predictive Model of the changes in land cover and use. 
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Figure 2 – Protocol for the application of the CA-Markov method. 

Digital Image Processing 
Landcover  and  use  in  the  HBPR  was  classified  using  the  Geographic  Object-Based  Image

Analysis  (GEOBIA)  approach  (BLASCHKE,  et  al.,  2014),  applied  to  a  temporal  series  of
Landsatimages  from  the  TM  and  OLI  sensors,  obtained  on  07/11/1984,  08/12/2007,  07/27/2013,  and
07/28/2017.  This  analysis  was  run in  eCognition 9.2®(DELFINS,  2012).  The GEOBIA approach was
found  to  have  an  excellent  capacity  for  the  classification  of  land  cover  and  use  in  comparison  with
pixel-by-pixel  classifiers,  even  when  processing  images  of  medium  spatial  resolution  (PLATT;
RAPOSA, 2008; BENZ et al., 2004). 

Pre-Processing 
The digital pre-processing of the images (MOREIRA, 2007) was run in ENVI, version 5.3®. The

images were first  corrected radiometrically,  and the results were used as the input for the atmospheric
correction  using  the  Fast  Line-of-sight  Atmospheric  Analysis  of  Spectral  Hypercubes  (FLAASH)
correction module, which is based on the MODTRAN4 algorithm (KRUSE, 2004; ARIAS et al., 2014). 

Multiresolution Segmentation 
The  Multiresolution  Segmentation  algorithm  is  the  most  widely-used  for  the  segmentation  of

images  in  the  GEOBIA approach  (BAATZ;  SCHAPE,  2000).  The  segmentation  process  is  influenced
directly  by  three  parameters,  Scale,  Shape,  and  Compactness.  The  scale  parameter  is  defined  by  the
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operator, and is influenced by the heterogeneity of the pixels. The compactness parameter balances the
homogeneity  between  the  color  and  shape  of  the  segment,  while  the  shape  parameter  balances
simultaneously  the  criteria  of  the  smoothness  of  the  edge  and  the  compactness  of  the  object
(WILLHAUCK  et  al.,  2000;  WHITESIDE;  AHMAD,  2005).  The  values  of  the  Scale,  Shape,  and
Compactness parameters obtained using the trial-and-error approach are shown in Table 1. 

Table 1 – Values adopted for the segmentation of the images 

Nearest Neighbor Classification 
The  images  were  classified  using  the  Nearest  Neighbor  (NN)  algorithm,  which  provides  good

results  for  the  analysis  of  Landsat  images  (SMITS  et  al.,  1999),  and  has  been  used  in  a  number  of
GEOBIA  studies  due  to  its  simplicity  and  flexibility  (LI  et  al.,  2016).  In  addition  to  the  spectral
information  on  the  samples  selected  for  each  class  of  land  use  and  vegetation  cover  mapped,  the  NN
classifier  allows  the  user  to  define  parameters  such  as  the  shape  and  standard  deviation  of  the  bands,
which contribute to the quality of theclassification (see table 2). 

Table 2 – Parameters applied in the NN classification. 

Thematic Classes of land cover and use 
The thematic classes defined for the mapping of the land cover were based on the GeoMS Project

(SILVA, et al. 2011) and the technical manual of the IBGE (2012), as shown in table 3. 
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Table 3 – Thematic classes mapped in the HBPR. 

The  number  of  classes  was  then  reduced  (see  table  4)  to  decrease  the  complexity  of  the  model
during the calibration and simulation stages. 

Table 4– Classes used in the simulation of the future scenario of the HBPR for the year 2050. 

Statistical Validation: Global Accuracy and Kappa Statistic 
Mapping  accuracy  was  verified  by  creating  a  file  in  shapefile  format  containing  300  true  earth

points,  of  which,  70 were established through fieldwork,  with the other  230 being obtained from high
resolution  images  available  on  the  free  Google  Earth  Pro  platform (SULLIVAN,  2009).  A number  of
different  methods  have  been  used  to  evaluate  the  precision  of  this  approach,  with  the  most
frequently-used being derived from confusion matrices,  such as the Global Accuracy (CONGALTON,

Mercator, Fortaleza, v.18 , e18026, 2019. ISSN:1984-2201 
6/22

http://www.mercator.ufc.br


PREDICTION OF THE FUTURE SCENARIO OF THE EXPANSION OF AREAS OF FORESTRY INTO THE BRAZILIAN
CERRADO USING A CELLULAR AUTOMATA MARKOV CHAIN MODEL 

1991)  and  the  Kappa  index  (FOODY,  2002)  with  the  qualification  parameters  defined  by  Landis  and
Koch (1977), which were applied in the present study. 

The  Cellular  Automata  Markov  model  for  the  simulation  of  land
cover and use 

Markov  chains  permit  the  construction  of  an  extremely  efficient  empirical  model  for  the
formulation  of  predictions  through  the  description  of  stochastic  processes  (PEDROSA;  CÂMARA,
2004; PONTIUS; MALANSON, 2005), based on ∏(t+1) = P^n.∏(t) 

Where ∏(t) the state of the system at time t,∏(t+1) he state of the system at the end of the interval
t+1 and P^n other states that may arise, and which are presented in a transition matrix. The future state
of the system depends only on its present state and the transition possibilities, and is unconnected to the
processes that determined its present state, being determined by what is known as a first order Markov
Chain (PEDROSA; CÂMARA, 2004). 

The prediction of  a  future scenario of  land cover and use for  the HBPR was obtained using the
CA  Markov  tool  in  TerrSet,  the  Geospatial  Monitoring  and  Modeling  software,  with  the  objective  of
simulating the expansion of the eucalyptus plantations, in five stages, as shown by Mitsova et al. (2011)
and Bacani et al. (2016). 

1st  Stage:  the first  procedure consisted of  the compilation of  a  probability  matrix of  Markovian
transition  between  2007  and  2013  for  each  class  of  land  cover,  which  was  used  as  the  input  for  the
modeling of changes. MarkovChains are a stochastic process whose output is based on the probability of
change,  Pij,  between  classes  of  land  cover  (i  and  j).  Given  this,  in  a  landscape  composed  of  different
types of land use and cover, the probability of the transition Pij will be the probability that one class of
land cover i (pixel) at time t0 will change to use type j at time t1, as described in 
∑pij= 1 i= 1,2, ..., m. 

The  transition  probabilities  are  estimated  through  the  analysis  of  the  elements  of  transition
(pixels) during a specific time interval. These probabilities are represented in a P matrix (ADHIKARI;
SOUTHWORTH, 2012): 
(Vi x Pij) = ( V1,V2,V3,...,Vn) X (P11, P12, P13, P21, P22, P23, Pm1, Pm2, ...P1m ...P2m...Pmn) 

where Pijthe proportion de land cover in the final year (in the present case, 2013); Pijthe  land
cover transition probability matrix; Vi  the  proportion  de  land  cover  in  the  initial  year  (here,  2013);
represents the type of land cover in the initial year; represents the type of land cover in the final year;i
the  probability  that  land  cover  type  1  in  the  first  year  (2007)  will  change  to  land  cover  type  1  in  the
second year  (2013);  the  probability  that  land cover  type  1  in  the  first  year  (2007)  will  change to  land
cover type 2 in the second year (2013), and so on; m=the number of different types of land cover found
in the study area. 

There is, however, a limitation to the use of the Markovchain. While the results that are produced
using the transitionprobability or  Markovian matrices enable the prediction of  the future land cover at
time t2, at this stage, the location of these changes is not defined (ADHIKARI; SOUTHWORTH, 2012).

2nd  Stage:  Production  of  the  maps  of  adequacy  and  the  location  of  changes,  given  that,  as
mentioned above, the Markov process does not establish where the transitions in land use will occur. In
this context, Multi Criteria Evaluation (MCE) techniques, based on Analytic Hierarchy Process (AHP)
and fuzzy associationfunctions (EASTMAN, 1999; HE et al., 2013; MOGDHADAM, HELBICH, 2013)
were used to produce the adequacy maps, which can be referred to as agents of modification that help to
explain the areas with tendencies for the expansion of eucalyptus plantations. The following explanatory
variable  were  used  to  delimit  the  areas  with  the  greatest  probability  of  the  expansion  of  eucalyptus
plantations:  (i)  the  areas  of  transition  between  the  classes  Pasture  and  Eucalyptus  between  2007  and
2013, (ii) the distance to the drainage network, (iii) the distance to access roads, and (iv) the size of the
properties (Figure 3). 
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Figure 3 – Examples of the variables used to assess the adequacy of the transition probability of the
Forestry class. 

I: Areas of transition between the classes Pasture and Eucalyptus; II: Size of the properties in the HBPR;
III: Fuzzy classification of the roads in the HBPR; IV: Fuzzy classification of the distance to the

drainage network. 

3rd  Stage:  Here,  the  adequacy  maps  were  combined  with  the  Markovian  transition  matrix  to
determine the CA filters, with a total of four iterations being adopted for the simulation of future years
(from  2013  to  2017).  Finally,  a  5  x  5  contiguity  filter  was  adopted  for  the  CA,  which  is  the  normal
standard for this procedure. 

4th Stage: Calibration of the model of land cover changes, which requires a series of reliable and
coherent maps (BACANI et al., 2016), which were used as the database for 2017. Here, the scenario of
2017 was simulated based on the mapping of 2007 and 2013. For this the ERRMAT TerrSet tool was
used to determine the precision of the prediction by comparing the scenario mapped in 2017 with that
simulated from the maps of the previous years. 

5th  Stage:  the  final  step,  following  the  calibration  of  the  model,  was  the  determination  of  the
number of  iterations necessary for  the projection of  future tendencies.  The map of  land cover in 2017
was used as the starting point, with 33 iterations being selected.. 

Potential Fragility 
Potential  Fragility  was  determined  based  on  the  approaches  proposed  by  Ross  (1994),  Ross

(2012),  and  Crepani  et  al.  (2001).  For  this,  the  variables  Soil,  Slope,  Priority  Areas  for  Biodiversity
Conservation, Intensity of Rainfall, and Floodplain were combined in ArcGis 10.6® using the pondered
overlap  method  based  on  map  algebra,  with  weightings  of  1–5  being  used  to  represent  the  varying
degrees of fragility of the environment: 1) Very low fragility; 2) Low fragility; 3) Medium fragility; 4)
High fragility; 5) Very high fragility. 
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Soils:  For  this  variable,  data  were  obtained  from  the  IBGE  (2018)  maps  SE.22  and  SF.22  of
natural resources on a 1:250,000 scale. The files were imported from ArcGis 10.6® in shapefile format,
and  were  transformed  to  the  raster  format  for  reclassification,  with  each  soil  type  being  attributed  a
weighting (Table 5). 

Table 5 – Soil types found in the HBPR and their respective weightings 

Slope:  The  slope  was  determined  in  ArcGIS  10.6®  from  Alos  PALSAR  Radar  images  with  a
spatial resolution of 12.5 meters. A mosaic of the images of the study area was first compiled, and the
slope  was  then  generated  using  the  Slope  tool,  with  the  values  being  assigned  to  one  of  the  classes
proposed by Ross (1994). The slope classes adopted in the present study, and their respective fragility,
are shown in Table 6. 

Table 6 - Slope classes, based on Ross (1994). 
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Priority  Areas  for  Biodiversity  Conservation:  The  priority  areas  for  conservation  located  within
the  study area  were  obtained from the  first  update  of  the  Priority  Areas  for  Conservation,  Sustainable
Use,  and  Distribution  of  the  Benefits  of  Biodiversity  (BRASIL,  2005).  These  areas  were  classified  as
having very high importance, with a weighting of 4. 

Rainfall  Intensity:  The  rainfall  data  were  obtained  from  the  site  of  the  Brazilian  Geological
Service – CPRM (Mineral Resources Research Company) (PINTO et al., 2011). These data are available
in  isohyets,  which  represent  the  mean  annual  precipitation  (mm)  for  a  29-year  period  (1977–2006).
While Ross (1994) emphasized the importance of rainfall, he did not attribute specific weightings to this
variable. Given this, the proposal of Crepani et al. (2001) was applied here, to obtain a value of rainfall
intensity, derived from the formula: 

PMA/DPC = IP 
where MAP = Mean Annual Precipitation; DRS = Duration of the Rainy Season; RI = Rainfall 

Intensity. Table 7 shows the intensity of rainfall in the study area, with the weighting attributed to it on 
Ross’ (1994) scale of environmental fragility. 

Table 7 – Precipitation (mm) in the HBPR and the Rainfall Intensity 

* The original  value  in  the  scale  of  Crepani  et  al.  (2001),  which  was  1.5,  was  converted  to  the
scale of Ross by a simple rule of three (3). 

Floodplain:  The floodplain was delimited by visual  interpretation at  a 1:10,000 scale in ArcGIS
10.6®,  based  on  the  catalog  of  high  resolution  images  available  in  this  software.  Within  the  areas  of
floodplain, the areas of riparian vegetation were delimited as areas of high potential fragility, given the
importance  of  this  vegetation  for  the  maintenance  of  bodies  of  water  and  the  dynamics  of  the
environment. Given their importance, these areas were assigned a weighting of 5. 

RESULTS AND DISCUSSION 
Mapping of Land Cover and Use 

Accuracy of the mapping of land cover and use 
The Accuracy Global  and Kappa indices  of  the  mapping of  the  land cover  and use  for  the  four

years analyzed in the present study are shown in Table 8, together with the producer and user accuracy. 
The GEOBIA approach used here for the classification of the land cover maps provided excellent

results, with an agreement level exceeding 85% in all cases (LANDIS and KOCH, 1977), in particular,
when the number of thematic classes used to classify the different Cerrado phytophysiognomies is taken
into account (BANKO, 1998). 
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Table 8 – Results of the statistical validation of the classification of the land cover and use mapped in
the present study. 

Multitemporal Analysis of Changes in Land Cover and Use 
As part of the Bolare Rural Territory of the Brazilian state of Mato Grosso do Sul, the landscape

of the Pântano basin (HBPR) is influenced fundamentally by agricultural activities, with a predominance
of cattle ranching. In recent years, efforts have been made to diversify the region’s economy through the
installation and expansion of  industrial  hubs (MATO GROSSO DO SUL, 2015).  The changes in  land
cover  and  use  in  the  HBPR can  thus  be  divided  into  two  distinct  periods,  the  first  between  1984  and
2007, when the natural vegetation, in particular that of the Cerrado, was substituted for the establishment
of  pasture,  resulting  in  the  consolidation  of  the  ranching  sector  and  the  fragmentation  of  the  Cerrado
(Figure 4). The second period, between 2017 and 2017, was characterized by the substitution of pastures
by eucalyptus plantations, a majority of which are destined for the production of cellulose pulp. 
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Figure - 4 Maps of land cover and use in the HBPR, in Mato Grosso do Sul, Brazil, in the different years
of the study period. 

The  changes  in  land  cover  and  use  in  the  HBPR  over  the  past  33  years,  and  the  shifts  in  the
features of the landscape, have been driven by the economic forces that have dominated the geographic
region in which the basin is located. In 1984, 51% of the area of the basin was covered in well-preserved
natural  vegetation  (Arboreal  Savanna,  Savanna  Woodland,  Grassland/shrubby  Savanna,  and  Riparian
Vegetation), whereas by 2017, this natural cover had declined to only 19.5%. Over the 33-year period,
then,  31.5% of  the  natural  vegetation  cover  of  the  basin,  primarily  Cerrado,  was  lost  Similarly,  while
pasture covered 46% of the HBPR in 1984, the percentage cover had increased to 75% by 2007 (Figure
5). 
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Figure 5 – Percentages of the different land cover categories recorded in the HBPR in the four years
analyzed in the present study. 

Deforestation  was  intense  over  this  23-year  period  (1984–2007),  then,  with  the  cover  of  the
natural  vegetation  classes,  that  is,  Arboreal  savanna,  Savanna  woodland,  Grassland/shrubby  savanna,
and Riparian vegetation, all being reduced drastically, with the loss of 30.45% of the natural vegetation,
which was modified for the planting of pasture (Figure 6). 

Figure 6 -Areas of natural vegetation in the HBPR converted to pasture between 1984 and 2007. 
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The presence of sugarcane plantations was recorded in the Pântano basin in 2007, although this
category of land use was absent in 1984. In 2007, 1.17% of the total area of the basin was covered in
sugarcane, increasing to 1.73% in 2013 and 1.8% in 2017. The expansion of eucalyptus plantations also
began in 2007, through the conversion of areas occupied by pasture. In 2007, 1% of the area of the basin
was covered with eucalyptus plantations, whereas 75% was covered in pasture. By 2017, this scenario
had  changed  completely,  with  eucalyptus  covering  25%  of  the  basin,  while  pasture  had  declined  to
50.6%. 

The  multitemporal  analysis  of  the  changes  in  land  cover  and  use  in  the  HBPR  revealed  two
distinct spatiotemporal profiles. The first profile, in 1984–2007, was characterized by the suppression of
the  natural  vegetation  within  the  study  area,  which  was  substituted  by  pasture,  primarily  for  beef
ranching.  The  second  profile,  in  2007–2017,  was  marked  by  the  substitution  of  area  of  pasture  by
eucalyptus  plantations,  used  primarily  as  a  source  of  raw  material  for  the  production  of  paper  and
cellulose.  This  situation  emphasizes  the  need  for  the  simulation  of  a  future  scenario  and  the
identification  of  the  areas  into  which  eucalyptus  are  likely  to  expand,  given  the  potential  fragility
(functioning of the physical-natural environment) and environmental fragility (emergent) of the HBPR. 

Model of the changes in land cover and use 

Validation of the model: Real vs. Simulated Mapping 
The model was calibrated by comparing the simulated scenario for 2017 with the real, validated

map obtained for this year. The visual comparison of the two scenarios (Figure 7) was supported by the
analysis of the Kappa statistic (PONTIUS; MILIONES, 2011). 

Figure 7 – Comparison of the real and simulated land cover scenarios of the Pântano River basin
(HBPR) in 2017. 

Based on the Araya and Cabral (2010) threshold of 0.8, the results of the model validation (Table
9) can be considered to be excellent,  that is,  with an extremely high predictive potential.  In particular,
the value of the standard Kappa index (Kstandard) reinforced the capacity of the simulation to predict
the future scenario of the HBPR. 
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Table 9 – The values of the Kappa index recorded for the calibration of the model. 

Desta forma, com o valor de Kappa padrão (Kstandard) maior que 0.8 o modelo a ser empregado
apresenta-se como capaz de realizar a simulação de cenário futuro para BHRP. 

Prediction of changes in the future scenario 
The matrix of Markovian transition probability (Table 10) indicates the probability that a given 

category of land cover and use will be substituted by a different category in the future. In this analysis, 
values closer to 1 indicate a greater probability of change from one category to the other in a future (or 
of remaining in the same category) in the future. 

Table 10 – Markovian probability matrix of the transition between classes. 

This  transition  probability  matrix  shows  that  the  category  with  the  highest  probability  of
conversion is pasture, with a probability of 0.5292 of being converted to forestry. This is based on the
reduction of the areas of pasture that were converted to forestry from the past year (2013) to the current
one (2017). 

The area of natural vegetation found within the HBPR decreased progressively (Figure 8),  from
approximately 688.6 km² in 1984 to around 264 km² in 2017. If this process continues at the same rate
in  the  future,  the  simulation  of  the  scenario  for  2050 indicates  that  the  area  of  natural  vegetation  will
have decreased to 223.3 km². 
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Figure 8 – Percentage of the total area of the total area of the hydrographic basin of the Pântano River
(HBPR) occupied by the different categories in the five years covered in the present study: 1984, 2007,

2013, 2017, and 2050 (predicted). 

The prediction of the land cover scenario of the HBPR for the year 2050 indicates a predominance
of  forestry,  which  is  predicted  to  cover  more  than  50% of  the  total  area  of  the  basin  (Figure  9).  The
principal  process driving this  shift  in land use is  the tendency for the reduction in the area of  pasture,
which first became apparent after 2007, when 75% of the area of the basin was dedicated to this type of
land use, which was reduced progressively, to 56.8% in 2013 and 50.7% by 2017. Farmland is predicted
to cover approximately 2.1% of the HBPR by 2050, an increase of 0.2% in comparison with 2017. The
water  thematic  class  is  predicted  to  cover  2.1%  of  the  area  of  the  HBPR  in  2050,  while  natural
vegetation is predicted to decline slightly, from 19.4% in 2017 to 16.5% by 2050. 
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Figure 9 – Distribution of the land cover and use in the hydrographic basin of the Pântano River (HBPR)
in 1984, 2007, 2013, 2017, and 2050 (predicted). 

The  local  demand  for  raw  material  for  the  production  of  cellulose  pulp  will  probably  be  the
principal driver of the expansion of forestry in the study area.  The Mato Grosso do Sul State Plan for
Forestry  Development  (SEBRAE/SEPROTUR,  2009)  predicts  increasing  demands  on  the  state’s
forestry  sector,  which  will  require  the  establishment  of  approximately  885,000  hectares  of
sustainably-managed planted forest, of which, 790,000 hectares will be necessary to supply raw material
for the pulp and steelmaking sectors. As the HBPR is 50 km from the region’s principal paper and pulp
plants,  it  is  obviously  a  key  target  area  for  the  expansion  of  eucalyptus  plantations.  However,  the
CA-Markov model applied here to predict future changes in the land cover of the study area was based
only on the recent patterns of transformation observed in the local landscape, and did not include other
oscillations related to economic processes, which can be seen as a limitation of the model. 

Potential Fragility to erosive Processes 
In general, the Pântano basin has a low potential fragility to erosive processes (Figure 10), based

on  the  combined  analysis  of  natural  factors,  such  as  soils,  slope,  the  intensity  of  rainfall,  and  the
presence of priority areas for biodiversity conservation. Overall, approximately 79.87% of the total area
of  the  basin  was  classified  as  having  a  low  vulnerability  to  erosive  processes,  based  on  the  natural
characteristics of the local landscape.  

Figure 10 – Potential Fragility in the HBPR 

By  contrast,  the  areas  of  medium  potential  fragility  correspond  to  only  6.17%  of  the  Pântano
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basin,  and  represent  areas  that  may  be  vulnerable  to  erosive  processes,  which  require  adequate
environmental management. In the predicted scenario for 2050, an area of approximately 60.4 km² with
a  medium  level  of  potential  vulnerability  to  erosive  processes  will  be  covered  with  eucalyptus
plantations, representing 63.1% of the land in this fragility category. Areas of very high environmental
fragility  correspond  to  11.54%  of  the  HBRP,  although  in  this  case,  the  predicted  future  scenario
indicated that only 1.85% of this area would be covered with eucalyptus plantation. 

In  terms of  the  potential  for  erosive  processes,  the  advance  of  forestry  into  areas  of  medium to
very high fragility can be considered from two contrasting viewpoints,  according to the preparation of
the soil for the planting of the trees (Pires et al., 2006). One widely-used technique involves the intense
plowing and grading of the topsoil, while the other is based on a strategy of minimum intervention and
impact.  The  latter,  minimum  impact  technique  is  now  expanding  throughout  the  study  area  due  to
increasing  environmental  concerns,  and  the  growing  desire  to  produce  good  quality  forestry  products
with a minimum impact on the quality of the region’s soils. 

CONCLUSIONS 
The  GEOBIA classification  method  produced  excellent  results  for  the  classification  of  the  land

cover  and  use  of  the  hydrographic  basin  of  the  Pântano  River  (HBPR),  in  particular  for  the  different
phytophysiognomies of  the savanna vegetation class (i.e.,  grassland/shrubby,  arboreal,  and woodland).
These  findings  reinforce  the  potential  value  of  this  method  for  the  processing  of  images  of  medium
spatial resolution for the classification of areas with characteristics similar to those of the HBPR. 

The multitemporal analysis of the changes in the land cover and use of the study area identified
two  distinct  periods  of  landscape  transformation  patterns.  The  first  period,  1984–2007,  was
characterized  by  the  suppression  of  the  region’s  natural  vegetation,  primarily  the  Cerrado,  for  the
establishment of cultivated pastures. The second period, 2007–2017, was dominated by the advance of
eucalyptus  plantations  for  the  production  of  raw  material  destined  for  the  major  paper  and
cellulose-producing plants installed in the neighboring municipality of Três Lagoas, in Mato Grosso do
Sul. 

The  application  of  the  CA-Markov  method,  combined  with  the  multicriteria  analysis  of  the
evolution  of  the  landscape  based  on  AHP  logic,  provided  excellent  insights  for  the  prediction  of  the
future  scenario  (2050)  of  the  HBPR.  However,  while  this  analysis  used  the  expansion  of  eucalyptus
plantations as its primary explanatory variable, it did not take economic factors into account. 

The future expansion of eucalyptus plantations will tend to occur predominantly in environments
of  medium  environmental  fragility,  which  implies  the  need  for  special  care  for  the  definition  of  the
conservation  measures  that  should  be  adopted  in  the  region.  The  increasing  local  demand  for  raw
material  for  the  production  of  paper  and  cellulose  drives  the  ongoing  expansion  of  areas  of  forestry
within the HBPR, with eucalyptus plantations being predicted to become the predominant feature of the
basin’s landscape by 2050. 

While  the  majority  of  the  area  of  the  Pântano  basin  has  a  low  potential  for  natural  erosive
processes,  special  attention  will  be  needed  in  particular  in  the  areas  of  forestry  plantations,  especially
given  the  overall  tendency  for  the  expansion  of  these  areas.  In  this  context,  the  implementation  of
effective  measures  for  the  conservation  of  the  remaining  fragments  of  natural  vegetation,  which  are
predicted to  cover  no more than 16.5% of  the  total  area  of  the  basin  by 2050,  will  be  of  fundamental
importance, as will the effective management of the remaining areas of pasture. 
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