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Abstract

Rosana Cristina Grecchi (2011) Land-use and environmental changes in the Cerrados
of South-Eastern Mato Grosso — Brazil. Département de géomatique appliquée,
Université de Sherbrooke (Québec), 144 p.

The human-induced changes of the Earth’s land surfaces have been unprecedented,
with outcomes often indicating degradation and loss of environmental quality. Mato
Grosso State in Brazil, location of the study area, underwent extensive land-use and
land-cover changes in recent decades with the rates, patterns and consequences poorly
documented until now. In this context, the aim of the present research is to propose a
multidisciplinary approach for quantifying historical land-use and environmental changes
in the southeast part of this State, where the Cerrado biome (Brazilian savannas) has
been intensively converted into agricultural lands.

The methodology includes three parts: remote sensing change detection, land
vulnerability mapping, and identification of key environmental indicators. Land-
use/cover information was extracted from a temporal remote sensing dataset using an
object-oriented classification approach, and the changes quantified employing a post-
classification method. In addition, the study area was assessed for its vulnerabilities,
focusing mainly on erosion risks, wetlands, and areas with limited or no suitability for
crops. Finally, key environmental indicators were identified from the preceding steps
and analyzed within the Organisation for Economic Co-operation and Development
(OECD) Pressure-State-Response (PSR) framework.

The results provided an improved mapping of the Cerrados natural vegetation
conversion into crops and pastures, and indicate that the Cerrado vegetation was
intensively converted and also became more fragmented in the time frame studied.
Between 1985 and 2005 the area lost approximately 6491 km? of Cerrados (42 %).
Modeling based on the Universal Soil Loss Equation indicated significant increase in
erosion risk from 1985 to 2005 mainly related to the increase in crop areas and the
crops’ encroachment into more fragile lands. The identification of environmental
indicators rendered complex environmental information more generally accessible by
structuring it within the PSR framework. The indicators captured key information about
land-use and environmental changes in the area, showing that agricultural expansion is
the major human activity exerting pressure on natural resources at a landscape scale,
and that the pattern of change included high rates of crop expansion and the use of
fragile environments such as wetlands and sandy erodable soils.

Keywords: land-use and land-cover changes; remote sensing change detection;
erosion risk, environmental indicators, Cerrados (Brazilian savannas).



Résumé

Rosana Cristina Grecchi (2011) Suivi diachronique de I'occupation du sol du sud-est
du Mato Grosso — Brésil. Département de géomatique appliquée, Université de
Sherbrooke (Québec), 144 p.

Les changements des surfaces terrestres dus aux interventions anthropiques sont sans
précédent au cours de derniéres années. lls entrainent généralement la dégradation
des sols et la baisse de la qualité de I'environnement. Le site d'étude se situe dans
I'Etat de Mato Grosso (MT) au Brésil. Cet Etat a une histoire récente marquée par des
transformations profondes de ses paysages dues a des taux élevés de conversion de la
couverture végétale. Les activités agricoles jouent un réle major dans ces
changements, particuliérement dans le domaine du biome Cerrado (savanes

brésiliennes).

Afin de comprendre les conséquences des changements environnementaux intervenus
dans I'utilisation des terres, il est essentiel de compter sur des informations précises et
détaillées sur les différents aspects de ces changements, tels que les taux et les
tendances. La télédétection est I'un des outils les plus utilisés au cours des derniéres
décennies pour les études de détection de changement, a cause de ses avantages liés
a l'acquisition répétitive de données, des vues synoptiques des prises de vues et du
caractere numeérique des données approprié au traitement par ordinateur (Jensen,
2005).

Méme avec ce potentiel, les études de détection de changement disponible pour le
Cerrado sont peu nombreuses. De plus, la cartographie du Cerrado présente une série

de défis en télédétection dus :

e a la confusion spectrale entre d’'une part les physionomies de la végétation
naturelle et les terres converties (Ferreira et al., 2007), et d’autre part entre les

cultures annuelles et les paturages (Brannstrom et al., 2008; Maeda, 2008) ;

e au changement saisonnier de la végétation, et a la dynamique spatio-temporelle

intense des champs agricoles (Sano et al., 2007).



Dans ce contexte, I'objectif principal de cette recherche est de proposer une approche
multidisciplinaire pour cartographier les changements dans la couverture et I'utilisation
du sol, ainsi que leurs impacts sur I'environnement. Le site d’étude choisi se situe dans

la partie sud-est du Mato Grosso, région productrice de soya.

La méthodologie comprend trois parties principales. La premiére partie traite de la
classification et de la détection des changements. Des cartes de couverture et
d’utilisation du sol pour les années choisies (1985, 1995, et 2005) ont été réalisées en
utilisant 'approche orientée-objet et des données multisource pour la classification. Par
la suite, une approche post-classificatoire a été choisie pour [lidentification des
changements, avec l'utilisation de quelques métriques du paysage pour P'analyse de

ces changements.

La deuxiéme partie a trait a la cartographie des zones vulnérables. La vulnérabilité a
été utilisée dans cette recherche comme un terme général pour se référer aux
caractéristiques des terres que représentent des contraintes ou une prédisposition a la
dégradation a partir de I'utilisation du sol. En considérant des caractéristiques du site
d’étude, telles que les types de sol, le climat et la prédominance des activités agricoles,
les sujets suivants ont été traités : le risque d’érosion qui a été évalué a partir de
I'Equation universelle des pertes en terre (USLE); et I'utilisation des zones humides et

des terres sans aptitude agricole par les activités agricoles.

La troisieme et derniére partie comprend lidentification des indicateurs
environnementaux a partir des étapes précédentes. Le choix des indicateurs, réalisé en
scrutant la littérature, est basé sur: I'importance de lindicateur pour les problémes
environnementaux, lutilisation de la télédétection et des systémes d’'information
géographique (SIG), la pertinence de lindicateur, les objectifs spécifiques de cette
recherche. Certains de ces indicateurs ont été analysés dans le cadre du modéle
« Pression - Etat - Réponse (PER)» de [I'Organisation de Coopération et de

Développement Economiques (OCDE).

Les résultats indiquent qu’entre 1985 et 2005 le site d’étude a perdu approximativement
42 % (6491 km?) de Cerrados (sur un total de 15 555 km?). L'exactitude globale



obtenue pour la classification avec une légende « Végétation naturelle » versus
« Terres agricoles » est de 93 % (Kappa global 0,87) pour 2005, et de 86 % (Kappa
global 0,71) pour 1995.

La détection des changements a montré que les cultures annuelles ont augmenté a un
taux moyen de 9,3 % par année entre 1985 et 1995, passant de 12 % en 1985 a4 32 %
en 1995. De 1995 a 2005, les cultures annuelles ont continué a augmenter mais a un
taux plus bas de 4,3 %. Les zones de paturage ont également augmenté a un taux
annuel élevé de 1985 a 1995 (8,6 %), mais ont diminué de 1995 a 2005. En 2005, les
terres agricoles (cultures annuelles + paturages) représentaient 62 % du site d’étude, et

la végétation naturelle était réduite a 38 %.

L'application de I' USLE a permis d’analyser la vulnérabilité intrinséque des terres a
I'érosion dans le site d’étude, en combinant les facteurs R (erosivité des pluies), K
(erodibilité des sols), et LS (facteur topographique) de cette équation, et de vérifier les
effets des pratiques agricoles, en analysant 3 différents scenarios des facteurs C
(végétation et gestion du sol) et P (protection du sol). Les résultats indiquent une
croissance significative du risque d’érosion pour la région d’étude entre 1985 et 2005 ;

la magnitude du risque est plus ou moins importante selon le scenario considéré.

Finalement, l'identification et 'analyse des indicateurs environnementaux ont aidé a
rendre les informations précédentes plus accessibles en les structurant dans le cadre
du modele « Pression — Etat — Réponse » de 'OECD. Ces indicateurs montrent que
I'expansion agricole a exercé une importante pression sur les ressources naturelles au
niveau du paysage dans la région étudiée, avec des taux élevés de conversion de la
végétation naturelle, ainsi qu’une utilisation des terres plus fragiles, tels les sols sableux
et les zones humides. En contrepartie, de forts changements dans le milieu naturel ont

été observés (pertes des habitats naturels et croissance du risque de perte des sols).

Les Cerrados du Brésil central constituent 'une des savanes les plus riches du monde.
Elles sont en méme temps vues comme des terres favorables pour I'expansion agricole.
Dans ce contexte, la présente recherche apporte une nouvelle contribution aux aspects

suivants: la proposition d'une approche multidisciplinaire pour faire le suivi de



I'environnement; la proposition de méthodes pour améliorer la cartographie des
paysages agricoles du Cerrado; le suivi et I'évaluation des environnements « fragiles »
pour les activités agricoles; la « transformation » des informations dérivées de la
télédétection et des SIG en indicateurs environnementaux adaptés au biome de
Cerrado, aptes a décrire des changement de ['utilisation des terres, et importants dans

les processus décisionnels.

Mots-clés: changement dans [utilisation et l'occupation du sol, détection de
changement, risque d'érosion, indicateurs environnementaux, Cerrado (savane
Brésilienne).



Acknowledgments

| owe my deepest gratitude to Q. Hugh J. Gwyn for his invaluable thesis advisory,
dedication, understanding, and trust in my work during all these years. | am also
indebted and very thankful to Goze B. Bénie for his key advice and the essential
support provided during the development of my research. In addition, | express my
gratitude to Ferdinand Bonn, in memoriam, who supervised and inspired me in the first
year of my research. | sincerely thank all of them for the opportunity of being a PhD
student at CARTEL and for supporting me to pursue my project with a Brazilian

environmental theme.

| thank the Brazilian Institute of Space Research (INPE) for the satellite data supplied,
and for all the support it provided especially during the time | spent in Brazil. 1 am
particularly thankful to INPE researchers Antonio Roberto Formaggio and Yosio E.
Shimabukuro for their support and invaluable discussions, and to former students at
INPE, Carolina de Pinho, Eduardo Maeda, André Lima, and Denis Soares for their help

with various topics.

Special thanks are extended to Richard Fournier (Université de Sherbrooke, CARTEL)
and Aubert Michaud (Institut de recherche et de développement en agroenvironnement)
for their precious recommendations as members of my committee; to Professors
Eduardo Couto, Fernando X. de T. Salomao, and Eliana Dores, from the Federal
University of Mato Grosso (UFMT), and to Leonice Lotufo from SEMA-MT for their
valuable suggestions and the bibliography they provided; to Hélio do Prado from the
Agronomical Institute of Campinas - IAC for helping in correlating the Brazilian soils to
international terminology; to Isabella Clerici De Maria, also from IAC, for her advice
regarding the calculation of USLE Factor C, and finally to Mauro Costa and Fernando

Fahl for their support on field work.

| also thank Vincent Dubreuil from the COSTEL laboratory (Université de Rennes 2 -

France) for his warm reception during 3 months, where | could exchange and learn



more about the Mato Grosso problems, and also had access to valuable bibliographic

resources.

| am thankful to my colleagues and the personnel at CARTEL, for the support they
provided, especially to my “cher” Hien, for their valuable discussions and technical help;
to my truly Brazilian friends for the kind psychological and logistical support during these
years; to my family and family-in-law for their enduring support, and to all that they

contributed to the completion of this project.

And finally, | express my deep gratitude to my husband Fernando, for his unconditional
support and encouragement, and for the precious discussions and suggestions during

the development and finalization of my thesis.

This research was supported in part with grants received from the Canadian
International Development Research Centre which allowed me to carry out field work in

Brazil, and from research funds provided by Prof. Goze B. Benie and Ferdinand Bonn.



Table of Contents

CHAPTER 1. INTRODUCTION

1.1 Research problem

1.3 Contribution

CHAPTER 3: THE STUDY AREA

4.1 Datasets

2

3

1.2 Objectives and hypothesis 6
7

CHAPTER 2: PREVIOUS RESEARCH 10
2.1 Agricultural land-use and environmental changes 10
2.1.1 General aspects 10
2.1.2 Agricultural land use in the Cerrado 12

2.2 Assessing land-use and land-cover changes and impacts 16
2.2.1 Mapping and monitoring changes using remote sensing 16

2.2.2 Land vulnerabilities 23

2.2.3 Environmental indicators 27

33

CHAPTER 4: METHODOLOGY AND DATASETS 45
47

4.1.1 Remote sensing data 47
4.1.2 Field work 48
4.1.3 Thematic-Auxiliary data 50

4.2 Remote sensing dataset pre-processing 51
4.3 Quantifying land use/cover changes 52
4.3.1 Images classification 53
4.3.2 Change detection 62

4.3.3 Landscape metrics 62

4.4 Assessing land vulnerability 65
4.4 .1 Erosion risk 65
4.4 .2 Land suitability for crops 76

4.5 Environmental indicators

79



CHAPTER 5: RESULTS AND DISCUSSION 81
5.1 Classification and land use/cover change 81
5.1.1 Classification 81

5.1.2 Land- use/cover change 93

5.1.3 Landscape metrics 98

5.2 Land vulnerability 100
5.2.1 Erosion risks 100

5.2.2 Other sensitive environments 109

5.3 Environmental indicators 111
5.3.1 Pressures 112

5.3.2 State 114

5.3.3 Responses 116

5.4 Discussion 120
5.4.1 Discussion — Classification and land-use/cover change 120

5.4.2 Discussion — Land vulnerabilities 122

5.4.3 Discussion — Environmental indicators 125
CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 128
6.1 Conclusions 128

6.2 Recommendations 130
CHAPTER 7: REFERENCES 133
APPENDIX 01 LANDSAT TM IMAGES 145

APPENDIX 02 HIERARCHY OF ERODIBILITY

149




Figure 1:

Figure 2;
Figure 3:

Figure 4:
Figure 5:
Figure 6:
Figure 7:
Figure 8:
Figure 9:

Figure 10:
Figure 11:

Figure 12:
Figure 13:
Figure 14:
Figure 15:

Figure 16:
Figure 17:
Figure 18:
Figure 19:
Figure 20:
Figure 21:

Figure 22:
Figure 23:

i
List of Figures

The contribution of Brazilian states to soybean production Source:
CONAB (n.d)

Brazilian biomes and study area location (Adapted from IBGE, 2004)

Endogenous environmental constraints compared to ecosystem responses
to land-use intensity (Asner et al., 2004)

Pressure - State - Response Framework (OECD, 1993)

The information pyramid (Segnestam, 2002)

Location map of region of interest

Monthly average precipitation (ANA - Rio das Mortes station)
Soil Types (SEPLAN, 2001)

Shaded relief — SRTM Digital Elevation Model

lllustration of water bodies in the ROI - Rio das Mortes

lllustration of a wetland in the area (middle ground (a), and drainage canals
(b, ¢, and d).

Natural vegetation physiognomies occurring in the study area
Evolution of planted area in Primavera do Leste (IBGE, n.d)
Examples of soybean crops at different stages - 03 to 07 March 2008

Examples of cotton at different stages (a, b, and c), and corn in early
vegetative stage

lllustration of pastures in the ROI.

General methodological approach used
Methodology flow chart

Observation points during 2007 and 2008 field work
Classification approach

Example of wetlands extracted manually during previous mapping (Image
Landsat 1985 Bands 543)

USLE factors and main input data

Spatial distribution of land suitability for crops - modified from SEPLAN
(2001)

13

24
29
31
33
34
36
37
38

39
40
11
42

43
43
45
46
49
53

61
67

78



v

Figure 24: Classification results for 1985, 1995 and 2005 (combined legend) 82

Figure 25: Classification Results 1985 33
Figure 26: Classification Results 1995 84
Figure 27: Classification Results 2005 85

Figure 28: (a) Landsat TM 09/02/05 (most crops at maximum canopy cover); (b) EVI
image from 17/01/2006 (soybean crops appear as the brightest areas); (c)
DEM (hillshade), classified pastures, and field observation for pastures (d)

DEM (hillshade), classified crops, and field observation for crops. 88
Figure 29: An example of the level of detail of the two mappings 90
Figure 30: Spatial distribution of classified wetlands 93
Figure 31: Land-use changes from 1985 to 2005 96
Figure 32: Historical LULC changes in the ROI 97
Figure 33: Selected landscape metrics results 99
Figure 34: Calculated Rainfall Erosivity Pattern in the ROI 100
Figure 35:  Soil erodibility, Factor K, spatial distribution in the ROI 101
Figure 36: LS spatial distribution in the ROI 102
Figure 37: Natural erosion potential (RKLS factors) in the ROI 103
Figure 38: ROI mean soil loss 104
Figure 39: Erosion risks based on the “conventional tillage” scenario 105
Figure 40:  Erosion risks based on the “mulch tillage” scenario 106
Figure 41:  Erosion risks based on the “no-till” scenario 107
Figure 42:  Area (km?) of wetlands and marginal lands occupied by crops 110

Figure 43: Selected indicators within the PSR framework 112



Table 1:
Table 2:
Table 3:
Table 4:
Table 5:
Table 6:
Table 7:
Table 8:
Table 9:

Table 10:
Table 11:
Table 12:
Table 13:
Table 14:
Table 15:
Table 16:
Table 17:
Table 18:
Table 19:

Table 20:
Table 21:
Table 22:
Table 23:
Table 24:
Table 25:

List of Tables

Remote sensing datasets 48
Classification Scheme 55
Summary of segmentation parameters 56
Summary of features used for classification 59
Samples for classification validation 60
Selected landscape metrics 64
Summary of soil types and respective K and T factors 70
C factor calculation 72
Management factor 73
Final C factor 74
C factor valued adopted for each LULC category 74
P factor (Stone and Hilborn, 2000) 75
CP scenarios 75
Simplified legend 77
Accuracy Statistics — 2005 classification 86
Error matrix - 2005 classification 86
Accuracy Statistics — 1995 classification 89
Error matrix - 1995 classification 89

Land Cover Changes — Status for 1985, 1995, and 2005 and calculated

annual rates 94
Change Matrix from 1985 to 1995 95
Change Matrix from 1995 to 2005 95
Change matrix from 1985 to 2005 95
Crop area by soil type 111
Selected Indicators 111

Comparison of the information summarized in the selected indicators and in
the corresponding of SEEZ recommendations 119



vi

Acronyms and Abbreviations

ANA Brazilian National Water Agency

AVHRR Advanced Very High Resolution Radiometer

BLA Brazilian Legal Amazon

CEl Crop Enhancement Index

CONAB The National Food Supply Company

DETER Real Time Deforestation Detection Project

EVI Enhance Vegetation Index

DEM Digital Elevation Model

DSG Brazilian Army's Geographic Service

IBGE Brazilian Institute of Geography and Statistics
INPE Brazilian Institute of Space Research

ISODATA Iterative Self-Organizing Data Analysis Technique
FAO Food and Agriculture Organization of the United Nations
GIS Geographic information systems

GLCF Global Land Cover Facility

GPS Global Positioning System

GS Gramm-Schmidt

KT Tasseled cap

LCS Land Change Science

LULC Land-use and Land-cover

LULCC Land-use and Land-cover Change

MA Millennium Ecosystem Assessment

MMA Ministério do Meio Ambiente

MODIS Moderate Resolution Imaging Spectroradiometer
MT Mato Grosso

NDVI Normalized Difference Vegetation Index

OECD Organization for Economic Cooperation and Development
oM Organic matter

PCA Principal component analysis

POLOCENTRO Centre-west development program
PRODECER Program for Cerrado agricultural development

PRODES Program to Calculate Deforestation of the Amazonia
PSR Pressure-State-Response

ROl Region of Interest

SEPLAN Mato Grosso state planning agency

SIDRA IBGE System of Automatic Recovery

SPOT Satellite Pour I'Observation de la Terre

SRTM Shuttle Radar Topography Mission

™ Landsat Thematic Mapper (TM) sensor

USLE Universal Soil Loss Equation

UTM Universal Transverse Mercator

SEEZ Socio-economic Ecological Zoning






Chapter 1: INTRODUCTION

Ecosystems have undergone profound transformations in the second half of the twenty
century in order to satisfy the increasing demands for food, fresh water, timber, fibre,
and fuel (Millennium Ecosystem Assessment, 2005). Although humans have used and
modified land' to meet these demands throughout human history, the ongoing rates,
extents and intensities of land-use and land-cover (LULC) changes?® are unprecedented,
affecting ecosystems and environmental processes at all scales (Ellis and Pontius,
2007).

Cultivated systems® now cover close to one quarter (24 %) of the Earth’s land surface
and are considered by the Millennium Ecosystem Assessment (MEA) as “the most
significant change in the structure of the ecosystems” as a result of human actions

(Millennium Ecosystem Assessment, 2005).

The southern border of the Amazon basin and the highlands of central Brazil are among
the places that have experienced the greatest expansion of cultivated lands in the past
decades in the world (Ramankutty et al, 2002; Ramankutty et al., 2006). Most
agricultural land use in this region is located in the areas previously covered by the

Cerrado Biome (Brazilian savannas).

Land is defined by (FAO, 1997) as “ a delineable area of the earth's terrestrial surface, encompassing
all attributes of the biosphere immediately above or below this surface, including those of the near-
surface climate, the soil and terrain forms, the surface hydrology (including shallow lakes, rivers,
marshes and swamps), the near-surface sedimentary layers and associated groundwater reserve, the
plant and animal populations, the human settlement pattern and physical results of past and present
human activity (terracing, water storage or drainage structures, roads, buildings, etc.)".

2 “Land-use and land-cover change, also known as land change, is a general term for the human
modification of Earth's terrestrial surface” (Ellis and Pontius, 2007).

3 “Areas in which at least 30% of the landscape is cultivated” (Millennium Ecosystem Assessment, 2005)



The Cerrados of central Brazil comprises one of the richest tropical savannas in the
world, being identified as a world’s biodiversity hotspot, which are “areas where
exceptional concentration of endemic species are undergoing exceptional loss of
habitat” (Myers et él., 2000). Despite the richness of the Cerrado in terms of fauna and
flora, this Biome is less known than the Amazon forest and in the last decades has
suffered an intense anthropic pressure with the expansion of crops and pasture (Bariou
et al., 2002). These massive changes have numerous potential environmental impacts,
which are still poorly quantified. According to Klink and Machado (2005), the
environmental costs may include habitat fragmentation, loss of biodiversity, invasive
species, soil erosion, water pollution, land degradation, changes in fire regime,

imbalances in the carbon cycle, and probable regional climate modification.

Land-use decisions have to deal with difficult choices concerning the balance between
the satisfaction of immediate human needs and the unintended environmental
consequences (DeFries et al., 2004), and reconciling the negative implications of land
use changes with the continued production of essential resources has become a prime
concern to scientists and policymakers worldwide (Ellis and Pontius, 2007). From the
need to understand causes and consequences of land change, has emerged a new
discipline called “Land-Change Science” (LCS), which is necessarily interdisciplinary,
and combines environmental, social, and remote sensing/ GIS sciences (Rindfuss et al.,
2004; Ellis and Pontius, 2007). LCS is a key component of global environmental change
and sustainability research, and focuses on topics such as observation and monitoring
of land changes; understanding of changes as a coupled human-environment system;
spatially explicit modeling of land change, and assessments of system outcomes, such

as vulnerability, resilience, or sustainability (Turner et al., 2007).

1.1 Research problem

The selected study area is located in Mato Grosso State (Central-West Region of
Brazil), whose recent history is marked by profound landscape transformations due to
high rates of natural vegetation conversion (Anderson, 2005). Agricultural use has

played a major role in recent land-use changes in this State, but the patterns of changes



and environmental consequences are still poorly assessed. The Cerrado used to cover
40 % of Mato Grosso territory (or 360 000 km?), and it is where most of the mechanized
agricultural expansion is taking place. The position of Mato Grosso State as the greatest

producer’s of soybean in Brazil since 2000/01 is illustrated in Figure 1.
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Figure 1:  The contribution of Brazilian states to soybean production

Source: CONAB (n.d)

Besides many important aspects related to the way agriculture is practiced (e.g. amount
of fertilizers and pesticides, conventional versus conservation tillage practices), this
research is focused particularly on studying spatial-temporal patterns of agricultural
land-use changes because they can have important impacts on natural resources at the
landscape scale (OECD, 1999).

In order to understand the environmental consequences of land-use changes it is

essential to rely on accurate and detailed information about the different aspects of the



changes (Loveland and Defries, 2004). Remote sensing technology has contributed to
land change studies and has been increasingly used as a key tool for providing cost-
effective ways of detecting, characterizing and monitoring changes at different scales
(Lunetta et al., 2002). Despite this potential, there are only a limited number of available
Cerrado change detection studies, specifically adapted to the agricultural landscapes,
with scarce and controversial data on the extent, rates and patterns of change through
the Biome (Brannstrom et al.,, 2008). Mapping the Cerrado versus converted areas
presents a series of challenges from a remote sensing point of view. Among other, we
can point to the spectral confusion between Cerrado physiognomies and converted
lands (Ferreira et al., 2007), problems to distinguish crops from pasture (Brannstrom et
al., 2008; Maeda, 2008), the strong seasonality of the natural vegetation, and intense

spatial-temporal dynamics of agricultural land-use (Sano et al., 2007).

In addition to LULC changes, this thesis also examines how changes in land use are
affecting terrains with different constraints to land occupation (e.g. highly erodible soils,
steep slopes, wetlands, etc). Coupling the understanding of land-use changes with the
study of the bioclimatic and edaphic characteristics is essential and can serve to
signalise places more at risk of degradation (Asner et al., 2004). In Mato Grosso State,
it has been indicated that the expansion of the agricultural frontier and search for higher
productivity without taking into account the terrain support capacity has lead to the
intensification of erosive processes, and therefore soil degradation (Fonseca Neto et al.,
2005). Despite the increase of agricultural areas in this State, there are few studies of
the spatialization of erosion risks. In addition to areas vulnerable to erosion, agricultural
expansion has also affected fragile lands such as the wetlands, and the impacts of
agriculture in these areas have not yet been quantified.

These landscape transformations have also raised the need for tools to help to
describe, monitor and communicate key aspects of complex environmental processes.
Environmental indicators have been used for this purpose, and are an important
approach in dealing with environmental changes (Smeets and Weterings, 1999).
Although they are regularly used for economic and social issues as for example gross

national product as an indicator of total wealth, or life expectancy and literacy rates as



indicators of social well-being, they are rarely used to assess, monitor, and evaluate the

impact of anthropic interventions in the landscape (Dumanski et al., 1998).

This thesis investigates the use environmental indicators as a tool for assessing LULC
changes. In order for indicators to be developed, good quality basic data is a pre-
requisite; however, in the past, indicators have been developed with fewer data than
statistically desirable (Segnestam, 2002). We explore the potential of information on
land-use and environmental changes obtained from a remote sensing/GIS approach to

be “translated” into key environmental indicators.

In summary, this research is an investigation to provide answers to the following

questions:

e What are the recent patterns of LULC changes in the agricultural landscapes of

the Cerrado in Mato Grosso?

e How have the change patterns affected the Cerrado environment, and what

pressures on natural resources are implied?

e How are the land characteristics (in terms of vulnerabilities) being taken into
account during the process of occupation - is agriculture putting pressure on

“fragile” lands?
e Which pertinent tools could help to answer these questions?

Because of the negative consequences that land-use change may represent to the
Cerrado environment, understanding and quantifying the changes that the biome has
undergone due to anthropic pressures, and how these pressures are reflected in
changes in the quality and quantity of the natural resources is crucial, and can greatly

contribute to devise strategies for a sustainable future for this region.

1.2 Objectives and hypothesis

The General Objective of this research is to conceive a methodological approach

capable of mapping historical land-use and environmental changes at a landscape



scale based on a combination of remote sensing change detection, land “vulnerability”

assessment and identification of key environmental indicators.

Three Specific Objectives are addressed:

Map land cover types and quantify land cover changes in the Region of Interest

(ROI), from a multi-temporal remote sensing dataset;

Couple the remote sensing change detection with a soil loss modeling and
wetlands - marginal lands analysis for agricultural purposes, in order to assess

pressure on lands more prone to degradation;

Assess key environmental indicators within the OECD (Organization for
Economic Cooperation and Development) Pressure-State-Response (PSR)

model.

The proposed hypotheses are:

Remote sensing techniques are suited to mapping LULC changes in the Cerrado

Biome;

Physical characteristics of the landscape (e.g. soil, relief) and climatic context will

influence land vulnerability to land-use changes;

Environmental indicators adequately summarize key aspects of environmental

changes and are a valuable tool for decision making.

1.3 Contribution

The future of the Cerrado Biome is a subject of major environmental concern in Brazil.

This region carries a “double burden” of being a complex and rich natural ecosystem

and at the same time being seen as favourable lands for agricultural expansion, which

has in fact emerged as a key factor for the transformation of the Cerrado in the past

decades.



Understanding and quantifying land-use and environmental changes is urgent and
requires a multidisciplinary approach. The present thesis aims to develop a global view
of historical land-use changes in an agricultural landscape of Mato Grosso, which is one
of the hearths of soybean production in the State, and can be considered representative
of many other agricultural landscapes in Mato Grosso as well as in the Brazilian
Cerrado as a whole. In this context, the present research brings new contributions to the

following aspects:
» Proposing a multidisciplinary approach to deal with land-use changes;

e Proposing methods to improve LULC mapping of agricultural landscapes in the
Cerrado;

e Assessing historical land-use changes in “fragile” environments that are normally

not quantified in land-use studies;

e “Translating” information derived from remote sensing/GIS into key
environmental indicators, adapted to the Cerrado Biome, and apt to describe
historical impacts of land-use changes that are of value in decision-making

processes.

e Providing the Mato Grosso State and other pertinent authorities with updated and
historical information on pressures and changes on key environmental

components.
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Chapter 2: PREVIOUS RESEARCH

The present literature review encompasses the main issues related to agricultural land-
use and environmental changes, the Cerrado Biome, and the three main approaches
used in this research to address LULC changes and impacts: remote sensing change

detection, land vulnerabilities and environmental indicators.
2.1 Agricultural land-use and environmental changes

2.1.1 General aspects

Cultivated systems constitute the single greatest type of anthropic land use (Cassman
et al., 2005). While agriculture is unquestionably important, as it constitutes the ultimate
provider of food, fibre and shelter for the human population (Smith and McDonald,
1998), the massive cultivation of land in order to obtain ecosystem goods often has
impacts on other ecosystem services®, as for example the provisioning of freshwater,
regulation of climate and biogeochemical cycles, and maintenance of soil fertility
(DeFries et al., 2004). According to Cassman et al. (2005), cultivation influences the

provision of other services in three ways:

e By conversion of biologically diverse natural grasslands, wetlands, and native

forests into less diverse agro-ecosystems;

4 “Ecosystem services are the benefits people obtain from ecosystems. These include provisioning
services such as food, water, timber, and fiber; regulating services that affect climate, floods,
disease, wastes, and water quality; cultural services that provide recreational, aesthetic, and spiritual
benefits; and supporting services such as soil formation, photosynthesis, and nutrient cycling”
(Millennium Ecosystem Assessment, 2005).
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e By the choice of crop species grown and the pattern of cropping in time and
space; and;

e By the manner in which crops, soil, and water resources are managed at both

plot and landscape levels.

These authors highlight the fact that significant losses of ecosystem services occur as a
direct consequence of conversion to agriculture and that after conversion, the impacts
are mainly conditioned by how land is used and managed, e.g. the intensity of

cultivation or amount of inputs.

Throughout history, agricultural areas have expanded in order to satisfy the increasing
demands; however, since the 1960s, there has been a dissociation between the
increase in food production and cropland expansion due to agricultural intensification
(e.q. fertilizer use, irrigation), which has allowed higher yields per unit area (Ramankutty
et al., 2006). In fact, the occurrence of agricultural expansion and/or intensification is
geographically varied — in some parts of the world agricultural areas have been reduced
(e.g. Western Europe); in others, higher food production has counted mostly on
increasing fertilizer use and irrigation (e.g. Tropical Asia), and other areas are
experiencing both agricultural intensification and extensification simuitaneously (e.g
most of Latin America) (Ramankutty ef al., 2006).

The strategy with fewer impacts on the environment (agricultural expansion or
intensification) will depend upon the specific context and poses difficult choices about

ecosystem service trade-offs (Cassman et al., 2005):

“Intensification of production to gain more output per unit land and time runs the
risk of unintended negative impacts associated with greater use of external

inputs such as fuel, irrigation, fertilizer, and pesticides”.

and,



12

“Area expansion of production reduces natural habitat and biodiversity through
land-use conversion and decreases the other environmental services that natural

ecosystems provide”.

Agricultural land use will inevitably interact and modify the surrounding environment, but
this interaction does not necessarily lead to environmental degradation (Lefebvre et al.,
2005). Impacts from agricultural activities are diverse and can be harmful (e.g.
deterioration in soil, water and air quality and the loss of habitats and biodiversity) but
also beneficial to environmental quality (e.g. acting as a sink for greenhouse gases,
conserving and also enhancing biodiversity and landscape) (OECD, 1999). In fact, the
interaction between agricultural practice and the environment is often complex, site
specific and non-linear and will depend on the characteristics of the agro-ecological
systems, the physical attributes of the land, the economic conditions, the production
technology, and the management practices adopted (OECD, 1999).

Consequently, understanding how effectively natural resources are managed and
conserved in agriculture, and how agricultural land use interacts with the natural
systems and processes in the broader environmental context is crucial to assess its

environmental sustainability (Lefebvre et al., 2005).

21.2 Agricultural land use in the Cerrado

The Biome: general aspects

The Cerrado is the second most extensive biome in Brazil (after the Amazonian),
occurring mainly on the great plateau of Central Brazil (Figure 2) and occupying an
area of approximately 2 million km? (IBGE, 2004). This region is characterized as an
important reservoir of water of the South-American continent, supplying the water
sources of the major Brazilian river basins (MMA, 2006). In Mato Grosso, where the
study area is located, the Cerrado covers approximately 40 % (or 360 000 km?) of the

state and it is where most of the mechanized agricultural expansion has taken place.
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Figure 2: Brazilian biomes and study area location (Adapted from IBGE, 2004)

The Cerrado Biome encompasses a mix of grassland, scrubland, and woodland
physiognomies, which occur in different proportions throughout the biome (Sano and
Ferreira, 2005), creating a mosaic landscape which produces complex habitats for
fauna (Chhabra et al., 2006). It has an overall biodiversity estimated at 160 000 species
of plant, animals, and fungi (Oliveira and Marquis, 2002).

Precipitation in this region is abundant (from 1 100 to 1 600 mm per year) and is
concentrated from October to April, which results in a climate marked by a pronounced
dry season from May through September. As a consequence, many plant species are
adapted to drought conditions (Conservation International, 2010). An example of

drought adaptation is the fact that plants in the shrub-wood strata have deep roots (10






