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“Pelo sopro de Deus se da a geada,
e as largas aguas se congelam,
também de umidade carrega as
densas  nuvens, nuvens que
espargem o0s relampagos. Entéo
elas, segundo o rumo que Ele da, se
espalham para uma e outra
direcdo, para fazerem tudo que lhes
ordena sobre a redondeza da Terra.
E tudo isso faz Ele vir para
disciplina, se convém a terra, ou
para exercer a Sua misericordia.”
(J6 37: 10-13). Obrigado, Senhor,
pelas maravilhas da Sua criagéo!
“Q profundidade da riqueza, tanto
da sabedoria como do
conhecimento de Deus! Quéo
insondaveis sdo os Teus juizos e
qudo  inescrutdveis 0s  Seus
caminhos! Quem, pois, conheceu a
mente do Senhor? Ou quem foi o
Seu conselheiro? Ou quem primeiro
Lhe deu a Ele para que Lhe venha a
ser restituido?” A Jesus Cristo,
meu Senhor e Salvador, tudo
dedico e tudo ofereco ““porque
Dele e por meio Dele e para Ele
sdo todas as coisas. A Ele, pois, a
gloria eternamente. Amém”
(Romanos 11: 33-36).

“By the breath of God ice is given, and
the broad waters are frozen. Also with
moisture He saturates the thick clouds;
He scatters His bright clouds. And they
swirl about, being turned by His
guidance, that they may do whatever
He commands them on the face of the
whole Earth. He causes it to come,
whether for correction, or for His land,
or for mercy.” (Job 37: 10-13). Tanks,
Lord for the beauty of Your
creation! ““Oh, the depth of the riches
both of the wisdom and knowledge of
God! How unsearchable are His
judgments and His ways past finding
out! For who has known the mind of
the Lord? Or who has become His
counselor? Or who has first given to
Him and it shall be repaid to him?”” |
offer and dedicate everything to
Jesus Christ, my Lord and Savior,
“for of Him and through Him and to
Him are all things, to whom be glory
forever. Amen.” (Romans 11: 33-36).
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GENERAL ABSTRACT

BARBOSA, Jodo Paulo Rodrigues Alves Delfino. Vulnerability of the Minas
Gerais landscape to global changes: an initial step to a bottom-up approach.
2008. 193 p. Thesis (Doctor in Agronomy/Plant Physiology) — Federal
University of Lavras, Lavras. *

In the last century, the mean air temperature in Minas Gerais increased
1.4°C and the prediction is that the value will rise to almost 3°C at the end of the
present century. Together with this warming trend, alterations in the timing and
amount of precipitation are also forecasted. This scenario can have an effect on
the biochemical and biophysical processes of the landscape, affecting the
vegetation functioning, with potential impacts over ecosystems services. This
study was an initial step towards the assessment of the vulnerability of the
landscape of Minas Gerais to the global changes, in a bottom-up perspective, by
the evaluation of the interactions of weather variability with the functional
characteristics of three ecosystems: Cerrado, Coffee plantations and eucalypt
plantations, in three regions of Minas Gerais: South, West and North. To
accomplish this major objective, we first characterized the spatial distribution of
recent-past, present and future patterns of temperature and precipitation in Minas
Gerais. Second, we integrated the weather information with fire regime data, to
verify and predict the susceptibility of fire-prone vegetation to extreme events.
We also examined the land cover structure in the study sites. The third step was
the investigation of ecosystem functioning by remotely sensed vegetation
indices, as well as the functioning at leaf level by a literature survey. Finally, we
proposed insights on the assessment of the vulnerability of the landscape of
Minas Gerais to drought stress, based on sensitivity of functional parameters to
water availability. Although some limitations in the analytic procedure, this
study could represent one of few large-spectrum surveys of climate change
effects on ecosystem functioning in Minas Gerais, ranging from leaf to
landscape. Moreover, we generated a database and proposed a framework based
on sensitivity analysis that allowed insights on landscape vulnerability to climate
changes and scaling procedures. This database can be used further in more
complex simulation modeling of landscape dynamics in diverse time-space
scales. The proposed framework could represent a component of the strategy to
understand and anticipate the potential effects of global changes on Minas
Gerais landscape.

Key-words: weather variability, leaf traits, ecosystem functioning, fire regime,
land cover structure, extreme episodes.

* Guidance Committee: Prof. Dr. Angela Maria Soares (Adviser), Dr. Serge Rambal -
CEFE/CNRS (Co-adviser).
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RESUMO GERAL

BARBOSA, Jodo Paulo Rodrigues Alves Delfino. Vulnerabilidade da
paisagem de Minas Gerais as mudangas globais: um passo inicial para uma
abordagem tipo bottom-up. 2008. 193 p. Tese (Doutorado em Agronomia /
Fisiologia Vegetal) — Universidade Federal de Lavras, Lavras.”

A temperatura média do ar no estado de Minas Gerais aumentou 1,4°C,
em relagdo aos valores normais, no século passado. As previsdes para o século
XX1 apontam um aumento de até 3°C e alteracGes nos padrdes de distribuicéo e
na quantidade das chuvas. Esse cendario podera afetar a paisagem, por efeitos
diretos e indiretos do clima sobre a fisiologia das plantas, com impactos
potenciais sobre 0s servi¢os dos ecossistemas. Esse trabalho representa um passo
inicial para estudar a vulnerabilidade da paisagem de Minas Gerais as mudancas
globais, numa perspectiva tipo bottom-up, relacionando a variabilidade climatica
e as caracteristicas ecofisiol6gicas de trés ecossistemas (cafezal, cerrado e
eucaliptal) em trés regiGes do estado (norte, sul e oeste). A primeira etapa do
estudo consistiu na caracterizagdo dos padrGes da distribuicdo espacial de
temperatura do ar e precipitacdo no passado, presente e futuro. Em seguida, essa
informacdo foi integrada a analise do regime de queimadas, no espaco € no
tempo, para verificar e predizer a susceptibilidade da vegetacdo ao fogo em
condicOes extremas. A estrutura da cobertura da terra também foi analisada. A
terceira etapa consistiu na analise do funcionamento dos ecossistemas, por
sensoriamento remoto, e da folha, por uma revisdo bibliografica. Finalmente, a
vulnerabilidade da paisagem ao estresse hidrico foi abordada através de
equacdes de sensibilidade de caracteristicas fisiologicas a disponibilidade hidrica
no solo. Apesar de limitagdes, esse estudo agrupou varias informacdes
relacionadas aos efeitos das mudancas climaticas sobre os ecossistemas de
Minas Gerais, da folha a paisagem. Além disso, foram gerados um banco de
dados e uma estrutura para andlise, que permitem direcionar estudos
ecofisiolégicos para acessar a vulnerabilidade. Essas informacdes poderdo ser
utilizadas para simulacfes mais complexas, em exercicios de mudanca de escala
e para a modelagem da dindmica da paisagem, podendo representar um
componente dentro da complexidade da estratégia para compreender e antecipar
impactos potenciais das mudancas globais na paisagem de Minas Gerais.
Palavras-Chave: variabilidade climatica, caracteristicas foliares, funcionamento
de ecossistemas, queimadas, uso da terra, eventos extremos.

* Comité Orientador: Prof®. Dr®. Angela Maria Soares (Orientadora), Dr. Serge Rambal -
DREAM/CEFE/CNRS (Co-orientador).
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CHAPTER |

Background and Organization



1 GENERAL INTRODUCTION

The global climate is unequivocally changing as a consequence of
increasing atmospheric concentrations of greenhouse gases, which are mediating
the air and ocean warming documented on continental and regional scales
(Solomon, 2007). Widespread episodes of drought, heavy precipitation, heat
waves and tropical cyclones have been reported as a consequence of global
warming (Rosenzweig et al., 2004; Slingo et al., 2005; Verdin et al., 2005). The
effects of these climatic trends on terrestrial ecosystems have already been
noted, although the potential consequences are still in doubt (Hurtt et al., 1998;
Walther et al., 2002; Root et al., 2003; Cardoso et al., 2003; Nepstad et al., 2004;
Hulme, 2005; Metzger et al., 2006; Smith & Wandel, 2006; Solomon, 2007).

Among some possible consequences, there is a consensus that climatic
changes will be responsible for the loss of biodiversity, large scale fires, and
decrease in food production as well as a loss of other ecosystems services.
However, the degree of these impacts can vary among diverse ecosystems,
because the responses depend on complex interactions between direct and
indirect impacts on plant physiology, consequently on ecosystems functioning,
and finally on landscape dynamics, characterizing a bottom-up sense of the
response stream (Figure 1). In this context, nowadays the climatic changes may
be one of the major threats to ecosystems, and their vulnerability to climatic
changes can be described as a function of the physiological sensitivity to
extreme episodes and adaptive capacity to future climate variability (Watson et
al., 2000; UNEP, 2002; Hulme, 2005; Chartzoulakis & Psarras, 2005; Tjoelker
& Zhou, 2007).

Vulnerability is the degree to which a system, subsystem or system
component is susceptible to, or unable to cope with adverse effects like harm
due to exposure to a hazard, either a perturbation or stress-stressor, including

climate variability and extreme episodes. Although such a definition addresses



environmental factors, it already includes some vegetation characteristics, such
as susceptibility, which is a function of exposure, sensitivity, resilience and
adaptive capacity or plasticity (Turner et al., 2003; Gallopin, 2006; Metzger et
al., 2006; Smith & Wandel, 2006; Pielke Junior et al., 2007) (Figure 2).
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Figure 1 - The major factors affecting plant physiological responses to the
effects of global changes in terrestrial ecosystems.

It is important to notice that vulnerability is registered not only by
exposure to perturbations and stresses, but also must include the capacity to deal
with variables of the human-environment systems. This perspective builds
toward the sustainability concept, which links, in a diverse and complex way,
the dual objectives of meeting the needs of society while sustaining the life
support processes of the ecosystems (Turner et al., 2003; Gallopin, 2006). The
sustainability and vulnerability themes enlarge, and redirect the focus on plant



physiology studies on two main issues: to understand the sensibility and
resilience of functional properties to environmental drivers, and to study the
complex mechanisms that vegetation has to cope with and to adapt to stress

situations, at diverse time-space scales.

Interaction of risks
Unsafe Impacts of climate variability and
conditions changes over
Dvnamic Human Environmental
y > system system
pressures
Vulnerability
Exposure Sensitivity Resilience Plasticity
Characteristics Responses to Responses to Adjustments
and components environmental impact and coping and adaptation
of the systems conditions mechanisms responses
Mitigation and
adaptation strategies
| Sustainability I

Figure 2 — A framework to illustrate the vulnerability concept.

The ecophysiological tools can be used in both issues together with
other disciplines to solve this complexity. First: linking studies at the leaf level
with remote sensing techniques and simulation modeling, in the up and
downscaling procedures of functional processes. Second: coupling physiological
and climate models to simulate landscape dynamics in the future climate
scenarios and under extreme episodes. Third: evaluating potential risks and

impacts as well as feedback responses of vegetation to atmospheric properties.



Those three aspects could be useful to establish mitigation strategies in areas
where the human-environment system is vulnerable to climate extremes.

Based on these assumptions, we composed an initial step to a bottom-up
approach to the analysis of vulnerability to climatic changes in the landscape of
Minas Gerais, through studies of plant physiology related to meteorological and
ecological characteristics. In this initial step, plant functioning, at diverse levels,
was place-based and the weather variability was the forcing factor able to disturb
the normal landscape conditions by affecting the plant physiology. The greatest
challenge was to work with, and integrate, a variety of information at different
scales of time and space. We expect that the results of this exercise will inspire
further research with similar subjects and motivate interdisciplinary approaches

in other case studies in Brazil.

2 HYPOTHESES, PROBLEM DEFINITION AND
QUESTIONS

We postulated that the rising concentration of greenhouse gases in the
atmosphere will alter the climatic system in Minas Gerais, not only by
increasing air temperature, but also by modifying regional patterns of wind
speed, evapotranspiration, precipitation and radiation. These alterations would
result in more frequent, intense and longer episodes of drought, threatening the
landscape processes by increasing the flammability and affecting the energy,
carbon and water fluxes of the ecosystems (Figure 3) (Canziani et al, 2001; Dai
et al., 2001; Davidson et al., 2001; Mouillot et al., 2002; Cardoso et al., 2003;
Nepstad et al.; 2004; Hulme, 2005; Bondeau et al., 2007; DeLucia et al., 2007).
We tested our hypothesis in three case studies on the Minas Gerais landscape:
the natural cerrado vegetation (tropical savanna-like vegetation), coffee and
eucalypt plantations. The analytic procedure was applied in three study regions,

to verify the direct and indirect effects of drought on ecosystem functioning, fire



occurrence and land cover structure in space and in time. At the landscape level,

the following groups of questions were addressed to guide this thesis:

2.1. CHANGES IN LAND USE AND LAND COVER

a - What are the patterns in time and space of land use and land cover in the

study sites in the landscape of Minas Gerais and how to quantify them?

b - Could one detect a relation between land cover and extreme events, such as

atypical drought?

¢ - How can the land use patterns be associated to landscape vulnerability to

climate?
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Figure 3 - A representation of possible interrelations and interactions among
weather, landscape properties and leaf traits acting on the ecosystem
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2.2 VULNERABILITY TO FIRE

a - How space-time fire regime over Minas Gerais is related to extreme episodes,
land cover structure and anthropogenic pressures?

b - What are the possible impacts of fires on the carbon and water fluxes over
Minas Gerais landscape?

¢ - Which systems are more vulnerable to fire in the landscape and how do they
respond to this perturbation?

d - How could future climate alter the fire frequency in Minas Gerais?

2.3 FUNCTIONAL VULNERABILITY

a - Which ecosystem is more sensitive to weather variability in the landscape of
Minas Gerais and why?

b - How to describe ecophysiological responses in the ecosystem and leaf level
not generally involved in standard climate conditions?

¢ - How to link leaf traits to ecosystem functioning using the responses to water
availability?

24 BACKGROUND AND SPECIFIC QUESTIONS ABOUT THE
STUDIED ECOSYSTEMS

2.4.1 Cerrado

The Brazilian savanna biome, identified as cerrado, covered an area of
more than 2 million km? (24% of the country) before the recent exploitation by
intensive agriculture during the last 35 years. Currently, the term cerrado can
describe the broad phytogeographic region or one fragment of the primary
vegetation. The cerrado is often associated with strong climate seasonality, poor
and deep soils and fire (Franco et al., 2005; Durigan & Ratter, 2006).

Notwithstanding these environmental limitations to plant development,
cerrado vegetation contains a complex community structure, with contrasting

phenological patterns and differences in the root system distribution. This



complexity reflects on the resource use strategies, photosynthetic capacity and
leaf structure, contributing to the functional heterogeneity in time and space
(Prado & Moraes 1997; Jackson et al., 1999; Bucci et al., 2005). However, the
way that cerrado vegetation could interact with climatic variability, coupling
structure and function, is still uncertain. Within these considerations, the
questions addressed were:

a - Among the different functional types of cerrado plants (deciduous,
semideciduous, brevideciduous and evergreen species), which one could be the
most sensitive to weather variability?

b - What are the space-time strategies used by cerrado plants to overcome
extreme episodes and which one is the most efficient to cope with weather
variability?

¢ - What are the ecosystem responses to climate variability in terms of carbon
and water budgets?

d - What are the vulnerabilities of the cerrado ecosystem to climatic changes and

what are the perspectives for the future?

2.4.2 Coffee plantation

Brazil is the first country in the rank of arabic coffee (Coffea arabica L.)
production (36.2 million bags in 2007/08), and Minas Gerais is the most
important coffee growing area in the country (45% of Brazilian production). The
2007/08 state’s yield has decreased 35% in relation to the previous year. In the
south, as well as in the west of Minas Gerais, the main production areas, the
reduction was estimated in 47% (5.6 million bags) (USDA, 2007).

Climatic disturbances in those regions were, probably, the cause of the
decrease in coffee production. From mid-September 2006 until February 2007,
there were frequent and intense rains. After the unusual wet season, the region

faced a strong drought, the precipitation had decreased and the temperatures



increased to values considered abnormal for the period. In the beginning of
2006, the same climatic pattern was observed, and it was assumed that the water
stress caused by this anomalous drought had a negative effect on the 2007/08
coffee yield (USDA, 2007; CONAB, 2007).

As related in the CONAB’s (2007) report, researchers and field
technicians inputted the reduction of the coffee yield in Minas Gerais to
physiological disturbances of coffee plants, as results of abnormal climatic
episodes. Although those are non-experimental observations, they can indicate
that coffee agriculture in Minas Gerais is vulnerable to climatic variability. The
questions proposed to guide the studies to assess the vulnerability of coffee
plantations on the landscape of Minas Gerais were:

a - How and how much weather variability can affect coffee yield in Minas
Gerais?

b - There are differences in the vulnerability to climate of coffee plantations in
different sites (south and west) of Minas Gerais?

¢ - What are the coffee strategies to overcome periods of severe drought?

d - What are the responses in water and carbon fluxes of coffee plantations to
space-time weather variability?

e - What are the possible impacts of climatic changes on coffee agriculture in

Minas Gerais?

2.4.3 Eucalypt plantations

Eucalyptus sp. has been extensively planted in Minas Gerais for
reforestation as well as for cellulose, timber and energy production. Despite its
economic importance, large-scale planting of this exotic species has been
criticized because of reported nutrient and water depletion (Soares & Almeida,
2001; Stape et al., 2004). Information on physiological processes would be
useful to improve the understanding of the functioning and dynamics of this



ecosystem, and to answer the questions concerning services and resource
consumption. This is a central point to adjust the management for long-term
sustainability, carbon sequestration, water conservation, and also, to meet the
demands of markets requiring more guarantees of environmentally-correct
policies (Villa Nova et al., 2003).

One mechanism to encourage reforestation is the inclusion of cultivated
forests in carbon trading schemes. Since reforestation is seen as one solution to
slow the rise of atmospheric CO, (Solomon, 2007), it is necessary to quantify
the possible effects that extreme episodes could have on the carbon balance of
eucalypt plantations (Barton & Montagu, 2006). It is also important to know
where the climate changes can lead, in terms of eucalypt productivity and water
relations, to anticipate management consequences on the ecosystem functioning.
Within those considerations, we aimed to answer the following questions,
concerning the eucalypt plantations in Minas Gerais:

a - What are the space-time fluxes of water and carbon in these ecosystems and
how are they influenced by environmental perturbations?

b - Could eucalypt plantations be a carbon sink and regulate mesoclimate by a
feedback response on the atmospheric concentration of greenhouse gases?

c - What are the vulnerabilities of eucalypt plantations in Minas Gerais to
climatic changes?

d - Are there consequences in cultivating this species on the landscape? Could

this plantation be positive or negative to the environment in the future?

3 JUSTIFICATIONS

a - Approaches to predict vegetation responses to climatic change, in tropical
regions, have addressed abundance or distribution effects. However, little

attention has been given to the ecosystems functioning. In general, few works
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have tried to associate plant physiology with the concept of vulnerability or
sustainability, until now.

b - Research needs to be performed, in different ecosystems, to improve the
knowledge about the effects of climate on the processes by which terrestrial
ecosystems take and return carbon from the atmosphere.

¢ - The ecophysiological concepts, tools and techniques of scaling up and down
through space and time would help to identify the mechanistic bases of feedback
in the biosphere that link ecosystem functions, landscape properties and weather.
d — Research, within these perspectives, on Brazilian landscapes has been
somewhat restricted to the Amazonian rain forest. However, the attempt to
identify the role that Brazilian ecosystems have in the global mass and energy
balances has not been clearly defined, and how the climatic changes could affect
these fluxes is still uncertain.

e — The results could be helpful to work out strategies able to increase the
flexibility of ecosystems management, set-up mitigation strategies, enhance the
adaptability of cultivated species and to study processes that will improve our
knowledge on plant and ecosystem physiology in drier and warmer conditions.

4 OBJECTIVES

a — Set-up an initial step towards a bottom-up assessment of the vulnerability to
global changes in Minas Gerais and establish a procedure to analyze databases
of different sources and scales in relation to temperature and precipitation
variability.

b - Evaluate the vulnerability of cerrado, coffee and eucalypt, in different space-
time scales, to the climatic changes in the landscape of Minas Gerais.

c - Verify, in each ecosystem, which functional parameters are the most sensitive

to soil moisture availability and how they can be used to describe vulnerability.
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d - Develop scientific information about the responses of terrestrial ecosystems
of Minas Gerais to environment that could be further used to develop and/or

parameterize simulation models at the landscape level.

5 SCOPE AND ORGANIZATION

The scope of this thesis was the evaluation of the vulnerability to global
changes of Minas Gerais landscape by a framework composed of three study
axes. The interconnection of these axes generated information about the
functional sensitivity to weather variability and patterns of landscape
characteristics. The first axis comprised the characterization of environmental
properties, such as climate variables and soil type. The second axis was
composed of ecophysiological information at the leaf and ecosystem level. The
third axis corresponded to information obtained to landscape fragmentation and
fire regime (Figure 4). The thesis is arranged to describe the methodology, the
main results and the discussion of these three study axes. It is organized in six
chapters:

a - Chapter I: The first chapter described the background, hypothesis,
justifications and questions that drove this thesis as well as the definition of the
research objectives and scope.

b - Chapter I1: Chapter two showed the climatic background encountered by the
study and characterization of precipitation and temperature over Minas Gerais,
presenting data from the recent past, current, as well as future scenarios.

¢ - Chapter IlI: This chapter brought a description of the landscape of Minas
Gerais: the land cover and use and the fire regime. This information was
correlated to climate parameters to set-up a climatic risk to fire occurrence.

d - Chapter IV: The aspects of ecosystems functioning and structure: the

sensitivity analysis of leaf traits and remotely sensed vegetation indices to water

12



availability and the vulnerability parameters, derived from the correlation of
these data, were shown in the fourth chapter.

e - Chapter five: This chapter brought the sensitivity analysis in relation to water
availability. The vulnerability parameters, derived from the correlation of these
data, were also shown.

f - Chapter six: This chapter was composed of a schematic overview and a final
evaluation of the main outcomes of the thesis. It brought the practical

recommendations, perspectives and conclusions of this thesis.

Background, justification, questions, objectives and scope

Chapter 1
ECOSYSTEMS FUNCTIONS
*Coffee, Cerrado, Eucalipt
Axis I *North, South and V\iest of Minas Gerais Axis II1
Environment Axis 11 Landscape
Temperature and Functioning Fire regime and
precipitation in space - weather variability
and time Literature survey of leaf
traits and ecosystem Chapter 3
Chapter 2 structure
Land cover structure,
Available soil water Chapter 4 landscape
in space and time - fragmentation and
Chapters 5 Remote sensed functional pattems of land use
parameters
- Chapter 3
Soil and topografy Chapter 4
I ' I
Ecosystems sensitivity to drought and bottom-up landscape vulnerability assessment
Chapter 5
¥
Conclusions, Qutcomes, Limitations, Final remarks and Perspectives about landscape
— vulnerability assessment to global changes in Minas Gerais ol
Chapter 6

Figure 4 — Scheme representing the organization of the thesis.
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CHAPTER II

Analysis of the space-time variability of mean temperature and
precipitation to studies of the landscape vulnerability to global

changes in Minas Gerais, southeast Brazil
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ABSTRACT

BARBOSA, Jodo Paulo Rodrigues Alves Delfino. Analysis of the space-time
variability of mean temperature and precipitation to studies of the Iandscape
vulnerability to global changes in Minas Gerais, southeast Brazil.
Vulnerability of the Minas Gerais landscape to global changes: an |n|t|al step
to a bottom-up approach. 2008. Chap. 2, 193 p. Thesis (Agronomy/Plant
Physiology) Federal University of Lavras, Lavras.”

An accurate regional picture of the intraseasonal-to-interannual variability
of weather is a first-order requirement for the assessment of the vulnerability of
the landscape to global warming. Regression analysis, variography, interpolation
methods and classic variance analysis were used to characterize the recent-past,
present and future patterns of mean temperature and precipitation in Minas
Gerais, southeast Brazil. One global dataset (CRU TS 2.1), a dataset from a
global circulation model (GCM) (CNRM-CM3) and datasets from weather
stations (CPTEC-INPE and INMET weather stations) in the north, west and
south of Minas Gerais were used. Monthly anomalies, from each dataset, were
calculated subtracting normal values from observed values. The normal values
were averaged monthly from 1961 to 1990 from each dataset. The results of this
study indicated that the data from the global dataset as well as from the GCM
were sensitive to the small scale patterns of climate variability in Minas Gerais,
demonstrating the annual seasonality and spatial variability of temperature and
precipitation, according with the weather station data. We also observed the
relationships of El Nifios and the occurrence of higher anomalies of temperature
and small anomalies of precipitation. In general, the three datasets indicated a
tendency of increment in the mean temperature and in precipitation over time.
The future climate in Minas Gerais is forecasted with higher annual
precipitation, concentrated in the wet season, and higher annual mean
temperatures, increasing especially in the dry season. The data generated with
this study should help to improve our understanding of precipitation variability
in space and time over Minas Gerais, as well as to predict occurrence of extreme
episodes of drought and heat waves. This information can be applied on
ecological studies and to landscape modeling. Possible limitations to the use of
the global dataset and GCMs downscaling to describe the weather in Minas
Gerais are discussed.

Key words: weather variability, global datasets, anomalies, future scenarios.

* Guidance Committee: Prof. Dr. Angela Maria Soares (Adviser), Dr. Serge Rambal -
CEFE/CNRS (Co-adviser).

19



RESUMO

BARBOSA, Jodo Paulo Rodrigues Alves Delfino. Anélise da variabilidade
espaco-temporal da temperatura média e da precipitagdo para estudos da
vulnerabilidade da paisagem as mudancas globais em Minas Gerais. In:
Vulnerabilidade da paisagem de Minas Gerais as mudancas globais: um
passo inicial para uma abordagem tipo bottom-up. 2008. Cap. 2, 193 p. Tese
(Agronomia / Fisiologia Vegetal) — Universidade Federal de Lavras, Lavras.”

A caracterizacdo da variabilidade intra-sazonal e interanual do clima é um
requisito de primeira ordem para estudar a vulnerabilidade da paisagem, num
nivel regional, em funcdo do aquecimento global. Nesse estudo, métodos de
analise de regressdo, variografia, interpolacdo e andlise de variancia foram
utilizados para caracterizar os padrdes espacgo-temporais de temperatura e
precipitacdo no estado de Minas Gerais. Dados de uma base global (CRU TS
2.1), de um modelo de circulacdo global (GCM) (CNRM-CM3) e dados de
estagBes climatologicas (CPTEC-INPE e INMET) do sul, oeste e norte de Minas
Gerais foram utilizados para essa caracterizacdo. Valores mensais de anomalias
foram obtidos subtraindo-se valores normais (média mensal de 1961-1990 para
cada base de dados) dos valores observados. Os resultados indicaram que dados
da base global e do GCM foram sensiveis na demonstracdo da variabilidade
sazonal e regional do clima de Minas Gerais, ndo diferindo dos padrdes
observados na base de dados das estacdes climatoldgicas. Além disso, observou-
se a ocorréncia de maiores valores de anomalias de temperatura e menores de
precipitacdo durante eventos de El Nifio. Em geral, as trés bases de dados
indicaram uma tendéncia de aumento nas anomalias maximas e minimas da
temperatura do ar e da precipitacdo ao longo do tempo. Essas tendéncias podem
indicar que, no futuro, a precipitacdo anual deve aumentar, concentrando-se na
época chuvosa, enquanto as temperaturas médias devem aumentar de modo mais
significativo na estacdo seca. As informagdes geradas com esse estudo podem
auxiliar na compreensdo da variabilidade da precipitacdo no espaco e no tempo
em Minas Gerais, bem como na previsdo da ocorréncia de episoddios de seca
severa e ondas de calor. Tais dados poderdo ser utilizados em estudos de
ecologia e para a modelagem da paisagem. Possiveis limitaces para o uso de
bases de dados globais e de GCMs para descrever fendmenos na escala de Minas
Gerais sdo discutidas.

Palavras-chave: variabilidade climética, bases de dados globais, anomalias,
cenarios futuros.

* Comité Orientador: Prof’. Dr®. Angela Maria Soares (Orientadora), Dr. Serge Rambal -
DREAM/CEFE/CNRS (Co-orientador).
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1 INTRODUCTION

In the Summary of the Fourth Assessment Report, the International Panel
for Climatic Change (Solomon et al., 2007) concluded that the average global air
temperature has increased during the twentieth century. A warming trend is
forecasted for the next decades, altering the rainfall patterns in some areas of the
globe (Rosenzweig et al., 2004; Slingo et al., 2005; Verdin et al., 2005; Lin
2007; Cerri et al., 2007). However, the projections of the impacts of global
warming on regional weather are mostly uncertain due to the complex and site-
specific interdependencies among landscape properties, environmental traits and
policy decisions (Boulanger et al., 2006).

For these reasons, an accurate assessment of the state of the weather, in a
fine space-time resolution, could be a suitable starting point to study ecological
applications, at landscape level, related to weather variability. Studies with this
scope could improve our knowledge about the effects of climate changes on the
water budget, fire regime, land cover dynamics and on ecosystem functions and
services. Ultimately, the comprehension of interactions of weather variability
and landscape properties, at regional scale, could lead to improved resource
management and better emergency planning to withstand the effects of extreme
episodes on the ecosystems (Rosenzweig et al., 2004; Slingo et al., 2005; Lin
2007; Rodriguez-Lado et al., 2007; Silva et al., 2007).

There is a consensus that a variety of factors contribute to the climate
variability across diverse regions of South America (Liebmann & Allured, 2005;
Boulanger et al., 2005; Boulanger et al., 2006; Rocha et al.; 2006; Ferraz et al.,
2006; Boulanger et al., 2007; Silva et al., 2007; Seth et al., 2007). The continent
has unique geographical features, such as the sharp Andes Mountains, the
world's largest rain forest in Amazonia, and deserts in Atacama and Altiplano.
Additionally, the EI Nifio Southern Oscillation (ENSO) is reported to alter the
rainfall pattern over the continent (Minuzzi et al., 2004; Ferraz et al., 2006;
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Boulanger et al., 2006; Boulanger et al., 2007). In the Brazilian southeast, ENSO
events are associated with more intense droughts and higher mean air
temperatures in winter (Pereira et al., 2005; Prela et al., 2006). This concern has
to do with three main characteristics of the region: energy production, which is
generated by hydroeletric plants; agriculture, which is mostly dependent on rain
to sustain production; and ecosystem conservation, which can become more
vulnerable to drought and fire. In this context, there is a need for energy resource
managers, scientists, agriculture administrators, policy makers and ecologists to
better understand the intraseasonal-to-interannual variability of weather and its
effects on the landscape properties.

With those considerations, the objective of this study was to characterize
the structure of recent-past, present and future patterns of precipitation and
temperature in Minas Gerais, southeast Brazil, via three different data sources: a
global grid, a global circulation model and observed datasets from weather
stations. The aim was to supply information about the use of datasets to the
understanding, simulation and anticipation of the landscape’s vulnerability to
global changes in Minas Gerais.

2 MATERIAL AND METHODS

2.1 SITE CHARACTERISTICS

The State of Minas Gerais is located within the geographic limits of 14°-
23° S and 40°-51°W, with altitudes averaging from the maximum of 1200m and
minimum of 150m (Figure 1). It is the largest in the Brazilian southeast region,
with a surface area of 5.9 x 10° km?, occupied by 20 x 10° inhabitants (Instituto
Brasileiro de Geografia e Estatistica, 2007). The predominant land use is for
agricultural activities, especially corn (1.41 x 10° ha), eucalypt forests (1.20 x
10° ha), coffee (1.02 x 10° ha), milk production (6 x 10* L.year™) and sugar
cane (5.1 x 10° ha) (IBGE, 2007, Companhia Nacional de Abastecimento, 2007).
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The predominant natural vegetation is the cerrado, a temperate savanna, which
originally occupied 53% (3.0 x 10° km?) of the area of the state (Bessa et al.,
2002). The predominant climate type in Minas Gerais, according to Képpen’s

classification, is the Cwa (moist with mild dry winter and warm summer).

2.2 DATASETS

For the assessment of the space-time variability of mean temperature and
precipitation in Minas Gerais, three sources of climatic data were used. One
global dataset (CRU TS 2.1), a global circulation model (GCM) (CNRM-CM3);
and weather station datasets (CPTEC-INPE and INMET). The CRU TS 2.1,
from the Climate Research Unit (Mitchell & Jones, 2005),

(http://www.cru.uea.ac.uk/timm/grid/CRU_TS 2_0.html) was composed of monthly
observed temperature and precipitation values, extending from 1901 to 2002,
covering the globe at a 0.5° grid cell (Figure 1). The CNRM-CM3, from the
Centre National de Recherches Météorologiques (Météo-France) (Salas-Mélia et
al., 2005) is a coupled GCM, based on the ARPEGE-climate version 3. It
comprises daily data in an aproximate 3° grid. Three periods were used: the
recent-past climate from 1961 to 2000, and future scenarios in the 21% century:
2046-2065 and 2081-2100. The simulations for the future climate were made
considering the IPCC A1B scenario (balanced across energy sources).

Data from the weather stations of the Instituto Nacional de Meteorologia
(INMET) (http://www.inmet.gov.br/html/rede obs.php) and from the Centro de

Previsdo do Tempo e Estudos Climéticos - Instituto Nacional de Pesquisas
Espaciais (CPTEC-INPE) (http:/satelite.cptec.inpe.br/PCD/pcd.jsp?uf=12) were

used to compose daily precipitation and mean temperature averages of three
regions of Minas Gerais: south (3 weather stations — Lavras, Machado and

Itajuba - from 1997 to 2006), north (2 weather stations — Janalba and Salinas —
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from 1918 to 2006) and west (2 weather stations — Araxa and Patrocinio — from
2000 to 2006).

2.3 ANOMALY CALCULATION AND DATA ANALYSIS

Monthly anomalies were calculated by subtracting the normal value
from the observed value (1).

An =0V - NpV (1)
where: An is the monthly anomaly of mean temperature or precipitation, OpV is
the observed value and N,V is the corresponding normal value from 1961-1990.
The normal values were averages from 1961 to 1990, of each dataset. For the
weather stations, the normal values were averaged from published data (Brasil,
1992) for each region: North (Montes Claros and Aracuai); South (Machado and
Lavras) and West (Araxa and Uberaba).

The analysis of anomalies was performed by plotting the monthly values
of each year in box-plots representing the 10", 25", 75" and 90™ percentile of
the normal distribution. The high anomalies (ranging from the 75" to the 90"
percentile) and low anomalies (ranging from the 10" to the 25™ percentile) were
used to fit regression equations. The parameters of the equations were
considered significant by the t-test at o = 1%.

Spatial interpolation techniques were used to convert the discrete data
into continuous data on Minas Gerais using the software Surfer (Surface
Mapping System version 8.04, Golden Software Inc, Golden Colorado, USA).
Experimental variograms were constructed and models were fitted by the least
square method. The parameters of the variograms (variance, anisotropy, range,
sill, slope and nugget) (Figure 2) were used in the construction of contour maps

of average air temperature and precipitation.
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Figure 2 — A scheme of a theorical variogram (Adapted from Woodcock et
al., 1988).

The CRU TS 2.1 dataset was divided in 3 time-series of 34 years (1901
to 1934, 1935 to 1968 and 1969 to 2002) and interpolated with the Kriging
method (650 points over Minas Gerais). The Natural Neighbor interpolation
method was used in the 25 points of the CNRM-CM3 dataset, in the three
periods.

Time analyzes were made by standard variance analysis (ANOVA),
considering the weather stations as replicates, or grid points as replicates (CRU
TS 2.1 and CNRM-CMB3) at a given time (month, year, season). The annual and
seasonal anomalies observed in ENSO years were compared with anomalies of
Non-ENSO years. The standard error was calculated and averages were

compared by the Tukey test at o = 5%.
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3 RESULTS

3.1 TEMPORAL VARIABILITY OF MEAN AIR TEMPERATURE AND
PRECIPITATION IN MINAS GERAIS

The three datasets demonstrated the seasonal behavior of temperature
and precipitation. In general, the period extending from December to March
(wet season) was characterized by higher temperatures than the average values
observed from May to August (dry season) (P<0.05). Also, the months of the
wet season concentrated 85% of the annual precipitation. Moreover, the datasets
also demonstrated the temporal variability caused by ENSO episodes in the
precipitation and temperature of Minas Gerais. In general, the ENSO events
marked smaller (P<0.05) annual and seasonal precipitation amounts and higher
(P<0.05) mean temperature values in relation to periods without ENSO
influence (Table 1).

The observed average (+ standard error) annual increment in the
precipitation of 50 + 88 mm accessed by the CRU TS 2.1 dataset along the last
century was not significant (Figure 3A). The seasonal precipitation from CRU
TS 2.1 was stable in 100 years: 221 + 49 mm year in the dry season and 1082 +
110 mm year™ in the wet season (Figure 3B). Whereas the average annual mean
air temperature from the beginning of the 20" century (1901 to 1934) increased
from 21.9 + 0.3°C to 23.1 + 0.4 °C at the end of that century (1969 to 2002)
(P<0.05) (Figure 3C). The average seasonal mean temperatures were 23.1 + 0.2
°C and 20.5 + 0.3 °C for the wet and dry seasons, respectively, at the beginning
of the 20" century. These values increased to 24.5 + 0.5°C and 21.7 + 0.4 °C,
respectively, in the last 34 years of the dataset (Figure 3D).

The average annual precipitation from the GCM in the 1961 to 2000
period was 1681.7 + 163 mm year (Figure 4A). An increment in annual rainfall
is forecasted in the future: 2046-2065 (1851 + 190 mm year™) and 2085-2100

(1888 + 160 mm year™). The average precipitation observed in the dry season
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was similar along the three periods studied (266 + 55 mm year™) (Figure 4B). In
the wet season, the averages observed were 1416 + 148 mm year™ from 1961 to
2000. The future values are forecasted to increase (P<0.05): 1609 + 156 mm
year’ and 1618 + 121 mm year™ for the periods from 2046 - 2065 and 2081 —
2100, respectively. The average annual mean air temperature was 21.6 + 0.5°C
to the period from 1961 to 2000 (Figure 4C). The values are predicted to rise to
23.8 + 0.4°C (P<0.05) in 2046-2061, up to 24.8 + 0.4°C (P<0.05) in the end of
the 21% century. The average seasonal mean air temperature extracted from
CNRM-CM3 were 22.8 + 0.4 °C in the wet, and 20.5 + 0.5 °C in dry season, for
the period from 1961 to 2000 (Figure 4D).These values are predicted to increase
(P<0.05), respectively, to 24.7 + 0.4 °C and 23 + 0.4 °C, in 2046-2065, with a
new rise (P<0.05) to 25.6 + 0.3 °C and 24 + 0.5 °C, respectively in 2081-2100.

Table 1 - Average values + standard error of precipitation and mean
temperature observed in Minas Gerais in ENSO and Non-ENSQ years.

Precipitation (mm) Temperature (C°)
Dataset ENSO Non-ENSO ENSO Non-ENSO
Annual 1293.1+26.4 1364.8+9.6 22.5+0.1 22.1+0.1

CRUTS 21 Wet  1053.8+24.7 1148.8+10.7 23.8#0.1 23.4%0.1

Dry 239.3+8.0 216.1+4.8 21.2+0.1 20.8+0.1
Annual 618.1+x73.0 986.3+x48.4 245+0.2 23.8+0.1
Wet  549.8+61.9 893.5+46.5 25.7+0.2 25.0+0.1
Dry 68.2+13.4 92.749.2  23.3x0.2 22.5%0.1

Weather Stations

(north of Minas Gerais)
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Figure 3 — Average annual (A) and seasonal (B) precipitation and average annual (C) and seasonal (D) mean air
temperature in Minas Gerais from 1901 to 2002, according to CRU TS 2.1 dataset. Point and error bars
represent, respectively, average + standard error of 12 months (annual) and 6 months (seasonal). The bars on
the x axis indicate the ENSO episodes during the observation period.
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Figure 4 — Average annual (A) and seasonal (B) precipitation and average annual (C) and seasonal (D) mean air
temperature in Minas Gerais from 1961 to 2000, from 2046 to 2065 and from 2081 to 2100 according to
CNRM-CM3 dataset. Point and error bars represent, respectively, average + standard error of 12 months
(annual) and 6 months (seasonal).
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The datasets from the weather stations of the north of Minas Gerais
indicated a decrease (P<0.05) in the annual precipitation from 1918 to 1947 (934
+ 46 mm year™) to the beginning of the 2000’s (1977 to 2006 — 836 + 52 mm
year™) (Figure 5A). The precipitation values of the wet season decreased
(P<0.05) from 857 + 52 mm year™ to 712 + 51 mm year™ (Figure 5B). However
the precipitation of the dry season remained similar along the period (110 + 42
mm year™). The increment in the annual temperature observed comparing the
first 30 years (24.2 + 0.4 °C) with the last 30 years (25.0 + 0.3 °C) was not
significant (Figure 5C), whereas the mean temperature increased in the wet
season, from 29.5 + 0.3 °C to 32.3 + 0.2 °C (Figure 5D). The values observed in
the dry season were similar, ranging from 22.8 + 0.5 °C to 23.9 + 0.3 °C.

The annual precipitation increased from 2000 to 2006 in the south (from
999 + 36 mm year™ to 1503 + 52 mm year™) (Figure 6A) and west (from 1208 +
91 mm vyear” to 1618 + 62 mm year") (Figure 7A) of Minas Gerais. The
seasonal precipitation values also increased in both seasons (P<0.05) (Figures
6B and 7B). However, the annual and seasonal mean temperature were similar
(P>0.05) in the south (20.5 + 0.8°C) (Figure 6C) and in the west (21.3 + 0.7°C)
(Figure 7C), with exception of 2004, which was the warmest year in the west

region, also showing the lowest precipitation values in the wet season.

3.2 TEMPORAL DISTRIBUTION OF ANOMALIES

The annual precipitation anomalies, from CRU TS 2.1, ranged between
-137 and 175 mm month™ in the last century, with no increments in the average
values (Figure 8A), whereas the average temperature anomalies indicated an
increment (P<0.05) of 1.1 + 0.2 °C from 1901 to 2002 (Figure 8B). In general,
seasonal anomalies of temperature did not differ (P>0.05) (Figures 8D, F). The
anomalies observed in the wet season ranged between -1.3 °C and 1.7 °C and

anomalies of the dry season between -1.7 °C and 1.4 °C.
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Figure 5 — Average annual (A) and seasonal (B) precipitation and average annual (C) and seasonal (D) mean air
temperature in the north of Minas Gerais from 1918 to 2006 according to the Januéria and Salinas weather
stations dataset. Point and error bars represent, respectively, average + standard error of 12 months (annual) and
6 months (seasonal). The bars on the x axis indicate the ENSO episodes during the observation period.
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Figure 6 — Average annual (A) and seasonal (B) precipitation and average annual (C) and seasonal (D) mean air
temperature in the in the south of Minas Gerais from 1997 to 2006 according to the Lavras, Itajubd and
Machado weather stations dataset. Point and error bars represent, respectively, average + standard error of 12
months (annual) and 6 months (seasonal). The bars on the x axis indicate the ENSO episodes during the
observation period.
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Figure 7 — Average annual (A) and seasonal (B) precipitation and average annual (C) and seasonal (D) mean air
temperature in the in the west of Minas Gerais from 2000 to 2006 according to Patrocinio and Araxa weather
stations dataset. Point and error bars represent, respectively, average + standard error of 12 months (annual) and
6 months (seasonal). The bars on the x axis indicate the ENSO episodes during the observation period.
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The average anomalies in annual precipitation observed from 1961 to
2000, according to CNRM-CM3, were between -28 to 33 mm month™ (Figure
9A). This interval is predicted to range between -12 and 54 mm month™ and
from 7 to 55 mm month™ in 2046-2065 and 2081-2100, respectively. These
increments were significant (P<0.05) among the three analyzed periods. The
annual anomalies, observed for mean temperature, also showed an increase of
2.2+ 0.4°Cand 3.1 + 0.4 °C in the periods from 2046 - 2065 and 2081 - 2100,
respectively (P<0.05) (Figure 9B). The seasonal temperature anomalies were
higher in the dry than wet season (P<0.05) (Figures 9D, F). The estimation of
increment to the middle of the 21% century (2041 to 2065) is of 1.9 + 0.2 °C in
the wet, and 2.5 + 0.3 °C in dry season. From the middle to the end of the
century (2051 to 2100), the seasonal anomalies are forecasted to be similar; 0.9
+0.3°C in the wet, and 1.0 + 0.2 °C in dry season.

Seasonal anomalies of precipitation were smaller and more constant in
time in the dry season than wet season for CNRM-CM3 and CRU TS 2.1
datasets (Figures 8 C, E and 9 C, E). The precipitation anomalies from CRU TS
2.1 tended to decrease from 1901 to 2002 while high anomalies tended to
increase. The CNRM-CM3 predicted an increment in seasonal precipitation
anomalies in the two seasons. The increment is forecasted to be higher (P<0.05)
in the wet season (209 + 30 mm year™) than in the dry season (5 + 23 mm year)
at the end of the 21* century.

Average annual anomalies in the north of Minas Gerais ranged between -
75.5 and 190.5 mm years™ and -1.1 and 2.5 °C for precipitation and mean air
temperature, respectively (Figures 10A, B). The average anomalous
precipitation were lower in the wet season than in the dry season (-77 + 24 mm
years™ and -4 + 48 mm years™) (Figures 10 C, E), but the temperature anomalies

were similar among seasons (average of 0.9 + 0.4 °C) (Figures 10 D, F).
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Figure 8 — Annual (A) and seasonal (C-wet and E-dry) precipitation anomalies and annual (B) and seasonal (D-wet and
F-dry) anomalies of mean temperature calculated from CRU TS 2.1 dataset over Minas Gerais from 1901 to
2002. The thin solid lines in the box plots indicate the median of the raw data. The top and bottom of the boxes
indicate the 25th and the 75th percentiles, the whiskers above and below the boxes indicate the 90th and 10th

percentiles. The solid and the dotted linear regressions indicate, respectively, the occurrence of high and low
anomalies.
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Figure 9 — Annual (A) and seasonal (C-wet and E-dry) precipitation anomalies and annual (B) and seasonal (D-wet and
F-dry) anomalies of mean temperature calculated from CNRM-CM3 dataset over Minas Gerais from 1961 to
2000, from 2046 to 2065 and from 2081 to 2100. The thin solid lines in the box plots indicate the median of the
raw data. The top and bottom of the boxes indicate the 25th and the 75th percentiles, the whiskers above and
below the boxes indicate the 90th and 10th percentiles. The solid and the dotted linear regressions indicate,
respectively, the occurrence of high and low anomalies.
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In general the data from the south and west of Minas Gerais revealed the
beginning of the year 2000 as a period with lower precipitation than normal. In
the south, the temperature increment was followed by a reduction in annual and
seasonal precipitation (P<0.05). The average anomalies for annual precipitation
and mean temperature ranged between -42.0 and -46.8 mm yearand 3.3 and 0.6
°C (Figures 11A, B). The values of the wet season ranged between -15.2 and
-145.3 mm year™ and 2.5 and 0.2 °C (Figures 11 C, D) and the dry season values
ranged from -28.0 and 30.4 mm year™ and 1.4 and 4.7 °C (Figures 11 E, F). In
the west the annual anomalies ranged between -31.2 and -3.0 mm year™ and
-1.1 and 1.2 °C (Figures 12 A, B). Anomalies in mean air temperature for wet
and dry seasons ranged between -0.8 and 0.4°C and -0.3 and 2.6 °C, respectively
(Figures 12D, F). For precipitation the values ranged between -74.2 and 36.5
mm year™ and -26.5 and 25.2 mm year™ respectively (Figures 12C, E).

For precipitation, the ENSO episodes did not showed significant effects
in the annual or seasonal CRU TS 2.1 anomalies. In the north of Minas Gerais,
we observed that ENSO events reduced the annual precipitation with no effects
over the seasonal rainfall amounts (Figures 13A, C). In general, annual and
seasonal anomalies of mean air temperature were higher in periods with ENSO
episodes for the CRU TS 2.1 and for the weather stations datasets (P<0.05)
(Figures 13B, D).

3.3 SPATIAL STRUCTURE OF PRECIPITATION AND MEAN AIR
TEMPERATURE IN MINAS GERAIS

In general, the values of precipitation tended to increase and the
temperatures tended to decrease with the altitude (Figures 9 A, B). Also, the
temperatures tended to increase with the latitudes (Figure 9D), and to be higher
at longitudes varying from -44° to -46° (Figure 9F). The correlation of
precipitation with the latitude and longitude was less clear and not significant
(P>0.01).
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Figure 10 — Annual (A) and seasonal (C-wet and E-dry) precipitation anomalies and annual (B) and seasonal (D-wet and

F-dry) anomalies of mean temperature calculated from Januaria and Salinas weather stations datasets over the
north of Minas Gerais from 1918 to 2006. The thin solid lines in the box plots indicate the median of the raw
data. The top and bottom of the boxes indicate the 25th and the 75th percentiles, the whiskers above and below
the boxes indicate the 90th and 10th percentiles. The solid and the dotted linear regressions indicate,
respectively, the occurrence of high and low anomalies.

39



400 Annual Wet Dry

300 -
200 -

100 +

Y Bsesbod | pharfebts? | Seessersts

-200 -

Precipitation anomaly (mm month‘1)

300 A C E

o
>
T 4
£
o
&
o 2]
3
3 =)
g 01 % =
£
[0
'_

2 4

T T T T T T B T T T T T T D T T T T T T F
1996 1998 2000 2002 2004 2006 1996 1998 2000 2002 2004 2006 1996 1998 2000 2002 2004 2006 2008

Figure 11 — Annual (A) and seasonal (C-wet and E-dry) precipitation anomalies and annual (B) and seasonal (D-wet and
F-dry) anomalies of mean temperature calculated from Lavras, Itajuba and Machado weather stations datasets
over the south of Minas Gerais from 1997 to 2006. The thin solid lines in the box plots indicate the median of
the raw data. The top and bottom of the boxes indicate the 25th and the 75th percentiles, the whiskers above and
below the boxes indicate the 90th and 10th percentiles.
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Figure 12 — Annual (A) and seasonal (C-wet and E-dry) precipitation anomalies and annual (B) and seasonal (D-wet and
F-dry) anomalies of mean temperature calculated from Araxa and Patrocinio weather stations datasets over the
west of Minas Gerais from 1918 to 2006. The thin solid lines in the box plots indicate the median of the raw
data. The top and bottom of the boxes indicate the 25th and the 75th percentiles, the whiskers above and below
the boxes indicate the 90th and 10th percentiles.
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Figure 13 — Annual and seasonal anomalies of precipitation (A and C) and mean
air temperature (B and D) distributed in year with ENSO (+) and in
years with No ENSO (-) episodes in the climatic datasets (CRU TS 2.1 -
A, B and Weather Stations - C, D). The solid line and the dotted line in
the box plots indicate, respectively, the median and the average of the
raw data. The top and bottom of the boxes indicate the 25th and the 75th
percentiles, the whiskers above and below the boxes indicate the 90th
and 10th percentiles. Categories that do not share the same letter, in the
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Figure 14 — Spatial distribution of precipitation (A, C and E) and mean air temperature (B, D and F) in relation to the
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(1961-1990) from weather stations in Minas Gerais, according to Brasil (1992) (L1 ).
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The spatial structure of mean temperature and precipitation, based on the
gridded datasets, was examined by experimental variograms. In general, the
spatial variability of the weather variables, at annual and seasonal scales, was
almost identical in all directions, meaning that the phenomenon is isotropic in
time. However, the shapes of the variograms indicated spatial dependency of
precipitation and temperature, according to the regression model adjusted to
each experimental variogram, indicating that the phenomenon is anisotropic in
space. The variograms of the calculated anomalies were similar to the
variograms of the climatic variables in the same periods. The variograms of
CRU TS 2.1 dataset stabilized at approximately 12°. Nuggets ranged between
7000 and 10000 (mm vyear™)? for precipitation and 0.0 and 0.8 (°C)* for
temperature. For the CNRM-CM3 dataset, there were no nuggets in the models
adjusted for precipitation, however the values range between 0.2 and 0.5 (°C)?
for temperature. Variograms stabilized at approximately 8°.

The standard error of the spatial structure of CRU TS 2.1 dataset ranged
between 270.5 and 317 mm year™ for precipitation and from 1.8 to 2.2 °C for
mean air temperature. In the wet season, the standard error for precipitation
ranged between 276.3 and 300 mm year™ and for temperature the values were
1.5 °C in all period. The spatial standard error in the dry season for mean air
temperature ranged between 2.1 and 2.5°C, and between 148.1 to 177 mm year™
for precipitation. The values of anisotropy for precipitation ranged between 95.2
and 150.8° and for temperature from 31.6 to 70°. For CNRM-CM3 dataset, the
spatial standard errors for temperature were of 1.4 °C per year, 1.3 °C in the wet
and 1.7 °C in the dry seasons. Values for precipitation ranged between 246.7 and
288.5 mm year™, 313.8 and 333 mm year® and 130.4 and 167.5 mm year™ for
annual, wet and dry seasons, respectively.

For anomalies, calculated from these datasets, the standard errors ranged

from 0.3 to 0.5 °C for mean temperature in annual, as well as seasonal scale. The
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standard errors for precipitation anomalies in the space ranged between 34.7 and
42.3 mm year™ in the dry, 127 and 138.7 mm year™ in the wet seasons and from
132.6 to 137 mm vyear® on an annual scale. The anisotropy values for
precipitation ranged between 83.7 and 160.1°, 76.8 and 130.5° and 48.8 and
90.4° in the year, wet and dry seasons, respectively. For temperature these values
were between 23.2 and 58°, 30.2 and 53.4° and 59.3 and 87.5°, respectively.

The maps generated from the interpolation of the CNRM-CM3 dataset
showed similarities with the maps of CRU TS 2.1 dataset. In general, we
observed that the annual precipitation and mean temperature increased in the
whole Minas Gerais throughout the 20™ century. The southeast region of the
state had a higher precipitation level and low mean air temperature than the
north and the west regions, forming a precipitation gradient that decreased from
the south to the north. The temperature gradient increased in the same pattern
(Figure 15).

We used the CNRM-CM3 dataset to show the seasonal behavior
observed from 1961 to 2000 over the state of Minas Gerais (Figure 16) and
future patterns of anomalies (Figures 17 and 18). The gradient of temperature
and precipitation, from the southeast to northwest of Minas Gerais, was
observed in the annual and in the wet season (Figures 16A, B, D, E). In the dry
season, the center-south of the state showed the lowest temperatures, the rest of
Minas Gerais showed a similar pattern of temperature (Figure 16C). The
precipitation was similar in the whole area of Minas Gerais in this season
(Figure 16F).

The spatial patterns of anomalies in future scenarios confirmed the
modification of values and patterns of precipitation and temperature over Minas
Gerais, observed in the temporal analysis (Figures 17 and 18). The maps
indicated a reduction of precipitation in the state in the dry season (ranging

between 0 and -100 mm) (Figures 17C, F) and an increase in the wet season
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(ranging between 100 and 500 mm) (Figures 17B, E), resulting in an increase in
the annual rainfall (Figures 17A, D). The mean air temperature is predicted to
increase more in the dry season (ranging between 2 and 4°C) (Figures 18C, F)
than in the wet season (ranging between 2 and 3°C) (Figures 18B and 17E). In
general, the precipitation anomalies are predicted to increase from south to north
whereas the temperature is predicted to increase from east to west.

Table 2 compares the annual and seasonal average values of mean air
temperature and precipitation from weather stations dataset, considering the
period from 2000 to 2006 in the south, west and north of Minas Gerais. The
south was colder than the other two regions (P<0.05). The north of Minas Gerais
was the warmest region and the west showed intermediate temperature values.
The precipitation in the dry season was similar (P>0.05) in the three regions.
The north region showed lower (P<0.05) average values of annual and summer
precipitation than the south and west. The values observed in the annual and in

the wet season in the south and west of Minas Gerais were similar.

Table 2 — Annual and seasonal average values of precipitation and mean air
temperatures observed from 2000 to 2006 by weather stations of the
north, south and west of Minas Gerais, Brazil.

North South West
Precipitation (mm)

Annual 917+74 1244.7+92 1354.4+51
Wet 737+56 1042+69 1131.6+61
Dry 180+29 202.1+45 222.7+47

Mean temperature (°C)

Annual 23.3+0.1 20.1+0.2 21.4+0.3
Wet 24.8+0.1 22.0+0.2 22.6+0.2
Dry 21.840.2 15.6+0.2 20.2+0.4
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Figure 15 — Maps of annual precipitation (mm) and mean air temperature (°C) according to the CRU TS 2.1 dataset. A —
precipitation from 1901-1934; B — precipitation from 1935-1968; C — precipitation from 1969 — 2002; D —

temperature from 1901-1934; E —temperature from 1935-1968; F —temperature from 1969 — 2002.
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Figure 17 — Maps of precipitation anomalies (mm) from CNRM-CM3. A — annual from 2046-2065; B — wet season from
2046-2065; C — dry season from 2046-2065; D —annual from 2081 to 2100; E — wet season from 2081 to 2100;

F — dry season from 2081 to 2100.
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Figure 18 — Maps of temperature anomalies (°C) from CNRM-CM3. A — annual from 2046-2065; B — wet season from
2046-2065; C — dry season from 2046-2065; D —annual from 2081 to 2100; E — wet season from 2081 to 2100;

F — dry season from 2081 to 2100.
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4 DISCUSSION

The datasets used in the depiction of the variability of mean temperature
and precipitation in Minas Gerais showed similarities of patterns and values in
space and time. Our results were compatible with observations made elsewhere,
concerning the values of seasonal-to-annual percentage of rainfall, and the
effects of ENSO episodes on the weather variability (Valeriano & Picini, 2000;
Silva et al., 2007; Rodrigués-Lado et al., 2007). Considering the anomalies
simulated by the three datasets, the ENSO cycle had pronounced effects on air
temperature, which tended to reach higher values in the dry season of the years
with ENSO episode. Precipitation deficits were also observed in northern Minas
Gerais during ENSO vyears. In our studies, a considerable event-to-event
variability was observed, especially in the magnitude of anomalies at the
beginning of ENSO episodes. Those observations are consistent with previous
studies on El Nifio impacts in this region of South America (Minuzzi et al.,
2004; Boulanger et al., 2005).

Although the datasets demonstrated the tendency of increment in the
annual values of air temperature and precipitation with time, we could observe
that the temperatures of the dry season increased more than in the wet season,
decreasing the amplitudes between seasonal values. Another generalized
tendency was that precipitation tended to increase more in the wet season,
concentrating in December, January and February, remaining almost constant, at
low values, in the dry season. If these temporal and spatial tendencies could be
confirmed, the dry season would be warmer and drier, and the wet season would
be warmer and wetter in the near-future. The result of those trends could be the
increment of the frequency of severe drought in the dry season, affecting the
landscape properties, with potential impacts over the land cover, fire regime and

ecosystem functioning.
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Nonetheless, the potential impacts are yet unpredictable, since they
depend on feedback responses of the biosphere-atmosphere system and political
decisions. Also, it is important to notice that the predictions reported in this
study by the CNRM-CM3 dataset refer to just one future scenario (A1B) of
greenhouse gas emissions and radiative forcing, and the results can be somewhat
modified by considering other scenarios of energy use, political decisions and
feedback responses of the biosphere-atmosphere system. Pielke Junior et al.
(2008) relate that the scenarios used by the IPCC’s fourth assessment report
underestimated the scale of the technological challenge associated with
stabilizing greenhouse-gas concentrations. Within this consideration, the
assumptions made with this exercise may be optimistic.

On the other hand, it is necessary to consider that while numerous
studies have focused on climatic change scenarios and their interrelation with
the landscape for mid-latitudes, relatively few have examined tropical regions.
The ones with this focus emphasized seasonal large-scale climate predictions
(Wang et al., 2004; Sun et al., 2005, 2006; Boulanger et al., 2006, 2007).
However, the predictions of climatic changes and their impacts in tropical
regions are as important as in mid-latitudes because of their characteristics
related to economic activity based on agriculture and the role of natural
ecosystems in the carbon sequestration and water budget, which could have an
effect of reducing the impacts of global changes over the climatic system of
those regions (Boulanger et al., 2005; Stiviari et al., 2005; Cerri et al., 2007).

Therefore, the assessment of the landscape vulnerability to global
changes is dependent on a regional depiction of the weather variability, and
characterization of weather in space. Since data on vegetation cover is frequently
provided by remote sensing, the use of gridded climatic datasets is of interest.
Boulanger et al. (2005, 2006), among others, also used CRU TS 2.1 and CNRM-
CM3 datasets to describe the climate over the South American continent and
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verified that, at least for precipitation, the comparison with satellite-based
rainfall was relatively good, supplying an approach able to simulate regional
patterns of weather in a realistic manner.

A major problem concerning the use of global climatic grids to assess
the regional climatic patterns is related to the scale at which simulations can be
considered skillful (Grotch & MacCracken 1991; Biau et al., 1999; Giorgi,
2001). For instance, one of the largest uncertainties in global climate datasets
concerns the small-scale of hydrological processes, such as precipitation,
infiltration, or evaporation. Nonetheless, such processes are important in the
determination of vegetation responses to climatic changes. The lack of regional
details in the global datasets is due to the resolutions at which they are
integrated. In this study, we observed that on a regional scale within Minas
Gerais, precipitation and air temperature can be influenced by topography,
different land use or proximity to the sea. These patterns have been also
observed by similar studies (Liebmann & Allured, 2005; Dufresne et al., 2006;
Douville et al., 2006; Seth et al., 2007).

The variographical analysis gave good results in the determination of the
meanings of downscaling global datasets to the relatively small scale structure
under study. Other studies, within the scope of characterization of spatial
structure of the precipitation and temperature in Minas Gerais, obtained similar
results (Silva & Clarke, 2004; Camargo et al., 2005; Rodrigués-Lado et al.,
2007). We also observed that global grids showed a similar pattern of spatial
dependence of precipitation and temperature, without any time dependence in
the spatial distribution of the phenomenon. The spatial dependence is probably
linked to the discrimination in weather characteristics among the regions of the
state, as discussed before. The values of spatial anisotropy revealed a covariance

structure (values tend to be more similar in one or more preferred directions than
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in others) that is usually related to patterns in the orientation of the phenomenon,
as discussed by Biau et al. (1999).

Because global datasets exhibit substantial uncertainties on regional
climate, as discussed before, there is much potential for regional climatic
models. Meanwhile it has been suggested that regional models generated from
statistics of observational data may be excellent tools for examining weather
variability and climate change (Huntingford & Gash 2005; Seth et al., 2007). A
suitable method to model weather on the scale of Minas Gerais would be the use
of observational data associated with geographical information to compose a
temperature and precipitation regression analysis. Some studies of this kind were
conducted in Sdo Paulo state (Valeriano & Picini, 2000; Rodrigués-Lado et al.,
2007), resulting in models able to predict air temperature with great accuracy
and spatial distribution, using only latitude and altitude as independent variables.
This kind of model would be interesting for ecological studies and landscape
modeling (Almeida & Landsberg, 2003; Seth et al., 2007; Rodrigues-Lado et al.,
2007; Boulanger et al., 2005, 2006, 2007).

Although currently there are weather stations covering most of Minas
Gerais territory, historical climatic information is seriously impeded by a series
of obstacles: a lack of adequate observational data; a few scattered observations,
some of which may be missing at any given time and which are unlikely to
reflect actual or recent-past weather variability; timeliness of station reports and
high-cost data. These problems have limited the use of data from weather
stations, and are probably limiting the development of regional climatic models
in Minas Gerais.

Nonetheless, until these problems can be solved and more data from
weather stations can be accessible to scientists, the use of global grids and
GCMs could be good alternatives for the development of regional landscape
models and applications in ecophysiological studies. Nowadays this is of interest
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since information about climatic structure in time and space is needed to
improve the understanding of the influence of weather variability on vegetation
functioning and ecosystem dynamics, and to develop suitable methods to use
this information to set up mitigation strategies. In this context, actually the use
of global datasets and models may provide a reliable and economic means of

obtaining extensive spatial climatic data to supply ecological needs.
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CHAPTER Il

Land cover structure and fire regime in Minas Gerais: an
approach to the assessment of landscape vulnerability to global

changes
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ABSTRACT

BARBOSA, Jodo Paulo Rodrigues Alves Delfino. Land cover structure and fire
regime in Minas Gerais: an approach to the assessment of landscape
vulnerability to global changes. In: . Vulnerability of the Minas Gerais
landscape to global changes: an initial step to a bottom-up approach. 2008.
Chap. 3, 193 p. Thesis (Agronomy/Plant Physiology) — Federal University of
Lavras, Lavras. "

The lack of organized attempts to measure impacts of land cover
structure and fire occurrence on water and carbon fluxes is a threat to the current
knowledge on landscape functioning. The objective of this work was the
analysis of regional patterns of land cover structure and fire occurrence in Minas
Gerais, southeast Brazil, to provide information for the assessment of the
landscape vulnerability to global changes. The analysis of land cover structure
was carried out over vegetation maps of three regions (north, south and west) at
different times, and under high and low anthropogenic pressure, using a set of
metrics derived from fractal analysis. The fire regime was studied by the
Normalized Fire Index (NFI), distributed in a 0.5° grid, from 1997 to 2006,
through three different remote sensing products of fire detection (ASTR,
TRMM, NOAA). A fourth dataset, extending from 1981 to 2000, was used to
study the influence of ENSO events on fire occurrence. Regression equations
were generated from temperature and precipitation anomalies of three weather
datasets: (CRU TS 2.1, CNRM-CM3 and weather stations) with NFI anomalies
to verify the climatic risk of fire occurrence in Minas Gerais over the next
decades. The results demonstrated that most of the cerrado vegetation in the
north and west of Minas Gerais has been replaced by croplands. The cerrado
patches were larger and more abundant in the past and in the zones under low
anthropogenic pressure. The dynamics of the landscape processes may be
modified by agriculture, which was identified as the major factor influencing the
land cover pattern in the three study sites. Fire was most frequent in these
agricultural areas, and was closely correlated to weather variability and El Nifio
occurrence. More than 90% of the annual fire occurred in the dry season. The
higher fire frequency was detected in the north, in the zones under high
anthropogenic pressure, in the borders of cerrado with croplands/pasture. Based
on temperature and precipitation anomalies, we could observe that the risk of
fire occurence tends to increase in Minas Gerais in the next decades.
Key-words: fire frequency, landscape fragmentation, weather anomalies,
landscape dynamics.

* Guidance Committee: Prof. Dr. Angela Maria Soares (Adviser), Dr. Serge Rambal -
CEFE/CNRS (Co-adviser).
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RESUMO

BARBOSA, Jodo Paulo Rodrigues Alves Delfino. Estrutura da cobertura do solo
e regime de queimadas em Minas Gerais: uma abordagem para o estudo da
vulnerabilidade da paisagem as mudancas globais. In: . Vulnerabilidade
da paisagem de Minas Gerais as mudancas globais: um passo inicial para
uma abordagem tipo bottom-up. 2008. Cap. 3, 193 p. Tese (Agronomia /
Fisiologia Vegetal) — Universidade Federal de Lavras, Lavras.”

A auséncia de estudos que visem quantificar os impactos da cobertura
do solo e da ocorréncia de queimadas, nos fluxos de agua e de carbono, tem
prejudicado o conhecimento do funcionamento da paisagem. Esse estudo
objetivou avaliar os padrdes de cobertura do solo e da ocorréncia de queimadas
em Minas Gerais para acessar a vulnerabilidade da paisagem as mudancas
globais. A cobertura do solo foi analisada através de mapas de vegetacao de trés
regides (norte, sul e oeste), considerando variacdes temporais e de pressdes
antropicas na fragmentacgdo da paisagem, obtida por indices derivados de anélise
fractal. O regime de queimadas foi estudado pelo indice Normalizado de Fogo
(NFI), obtido de produtos de sensoriamento remoto (ASTR, TRMM e NOAA),
distribuido em uma grade de 0.5°, de 1997 a 2006. Uma base de dados de 1981 a
2000 foi utilizada para o estudo da influéncia de eventos de El Nifio na
ocorréncia de queimadas. Anomalias de temperatura e precipitacdo de trés bases
de dados climéaticos (CRU TS 2.1; CNRM-CM3 e estacbes climatoldgicas)
foram correlacionadas a anomalias de NFI para estudar o risco climatico da
ocorréncia de queimadas no futuro. Os resultados demonstraram que o cerrado
em Minas Gerais foi substituido por cultivos agricolas. A estrutura da paisagem
pode ter sido modificada pela agricultura, que foi identificada como o principal
fator capaz de alterar os padrdes de cobertura do solo nas trés regides estudadas.
As queimadas foram mais freqlientes nas éareas de agricultura, sendo
correlacionadas com a variabilidade do clima e a eventos de El Nifio. Mais de
90% do total anual de queimadas ocorreram na época seca. Detectou-se a maior
freqiiéncia de focos de queimada no norte de Minas Gerais, na area sob alta
pressdo antropica e nas fronteiras de cerrado e agricultura. Com base nas
regressdoes de anomalias de temperatura e de precipitacdo, observou-se que o
risco de ocorréncia de queimadas, para as proximas décadas, tende a aumentar.
Palavras-chave: frequéncia de queimadas, fragmentacdo da paisagem,
anomalias climaticas, dindmica da paisagem.

* Comité Orientador: Prof’. Dr®. Angela Maria Soares (Orientadora), Dr. Serge Rambal -
DREAM/CEFE/CNRS (Co-orientador).

62



1 INTRODUCTION

In the last century, the studies on the effects of global changes over the
land cover patterns and fire occurrence were mainly concerned with the
distribution of the species in space and the abundance of species in time. The
results of these studies addressed the loss of biodiversity as the major threat
caused by landscape fragmentation in response to global changes (Hargis et al.,
1998; Southworth et al., 2004). Lately, the attention to the role that land cover
has in defining biophysical processes within the landscape and its relation to
functional processes at the ecosystem level has increased. This concern has to do
with the possibilities of loss of ecosystem services and of feedback from the
current trends in CO, concentrations and warming (Li, 2002; Baldi et al., 2006;
Thielen et al., 2008; Garrigues et al., 2008).

It has been demonstrated that changes in land cover patterns, either in
time or space, can be correlated with disturbances in the energy, water, and
nutrient fluxes across the landscape. Often, the changes in these patterns can
largely influence the processes by which ecosystems take and return carbon
from the atmosphere, including burnt biomass (Mouillot et al., 2002; Mouillot et
al., 2005; Southworth et al., 2004; Garrigues et al., 2008; Thielen et al., 2008).
The understanding of those relationships can provide important information for
the assessment of vulnerability, and can be used as complementary tools in
landscape simulation exercises by enhancing the risk and response (resistance
and resilience) approaches of vegetation to weather variability (Saunders et al.,
1991; Southworth et al., 2004; Baldi et al., 2006).

An important output of land use changes and weather variability is
biomass burning, which not only results in modification of the carbon stock in
the landscape components, but also affects the atmospheric properties, related to
variations in albedo and hydrological features, thereby affecting the biochemical

cycles at the regional level. However, the relationship of fire occurrence to
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climate variability has been somewhat neglected in some landscape dynamics
models and in the assessment of landscape vulnerability (Pereira et al., 2000;
Thonicke et al., 2001; Santos et al., 2003; Bond et al., 2005; Mistry, 2005;
Cernusak et al., 2006; Di Bella et al., 2006; Beerling & Osborne, 2006).

Within such considerations, our underlying hypothesis is that the
landscape structure of Minas Gerais, and thus biomass burn, are non-random
processes resulting from a complex interplay of anthropogenic pressures and
weather variability. The objectives of this study were: (1) to characterize spatial
patterns of land cover fragmentation and fire occurrence related to
anthropogenic pressure and weather variability in Minas Gerais (2) to verify and
forecast the risk of fire occurrence associated to weather extremes in Minas
Gerais and (3) generate information to be used in the assessment of landscape

vulnerability to global changes in Minas Gerais.

2 MATERIAL AND METHODS

2.1 STUDY SITES AND LAND COVER ANALYSIS

Three sites were selected in the state of Minas Gerais, southeast Brazil,
for this study (Figure 1): the north, south and west. The three sites laid over deep
red / red-yellow dystrophic soils with medium (approximately equal parts of
sand, silt and clay) to clayey (between 35 and 60% clay and equal parts of silt
and sand) texture. The mean altitude in the northern region is 466 m, and 1215
m and 873 m in west and south sites, respectively. Thematic maps of the study
sites were generated from land cover classification over Landsat TM images. To
the north site, one image from 2003, at a spatial resolution of 30m (Figure 2A)
(Laboratério de Estudos em Manejo Florestal — Universidade Federal de Lavras
- LEMAF-UFLA http://www.dcf.ufla.br/LEMAF-UFLA/); to the west site, four
images were used: 1973 and 1980, spatial resolution of 80m; 1993 and 2002,

spatial resolution of 30m (Figure 2B, C, D, E) (Laboratorio de
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Geoprocessamento - Empresa de Pesquisa Agropecuaria de Minas Gerais -
GEOSOLOS-EPAMIG - http://www.epamig.br/Geosolos-EPAMIG/). In the south

region, one image from 2005, spatial resolution of 10m, was used (Figure 2F)
(GEOSOLOS-EPAMIG). A 2004 map of anthropogenic pressure over natural
vegetation in Brazil, from the Instituto Brasileiro de Geografia e Estatistica

(IBGE - http://mapas.ibge.gov.br/), was also used in our analysis (Figure 2A).

A9 Minas Gerais

'- ..

-46°05" D -45°20°
220

f

,\,ﬁ_SL [ Atlantic Ocean
N .
- 0 1 2 3 (x100km)

Figure 1 — The location of the study sites in Minas Gerais, Brazil.

The vegetation maps were analyzed to verify fragmentation patterns of
the land cover classes by a discrete set of metrics, using the FRAGSTATS 2.0

software (http://www.umass.edu/landeco/research/fragstats/fragstats.html). The

metrics used were: patch density (PD), landscape patch index (LPI),
interspersion & juxtaposition index (1JI), modified Simpson’s evenness index
(MSEI), normalized landscape shape index (NLSI) and percentage of landscape
per class (PL). NLSI, LPI, PL and PD provided indications of the degree of
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fragmentation for different land cover types. MSEI and 1JI provided information
about the shape and interspersion of patches. Because the use of these indexes is
not an average value, such as the traditional statistical methods, but rather a
count and so not skewed by outliers, they are good descriptors of the entire
landscape, and not just the extremes (Hargis et al., 1998).

The following is a brief description of the metrics and its theoretical
measurement and significance:
(a) Patch density (PD, patches 100ha™): It is equal to the number of patches of
the corresponding patch type, for class level; or the number of patches in the
landscape, for landscape level, divided by total landscape area. The unit used
was the number of patches per 100 hectares. This index indicated a fundamental
aspect of landscape, since it expresses the number of patches on an area basis,
which facilitates comparisons among landscapes of varying size. Higher values
of patch density are related to smaller patch size and more fragmented
landscape.
(b) Percentage of Landscape (PL, %): Gives the percentage of the landscape
comprised by the corresponding patch type. The percentage of landscape
guantifies the proportional abundance of land cover type in the landscape. It is a
measure of landscape composition.
(c) Landscape patch index (LPI, %): area of the largest patch in each class,
expressed as a percentage of total landscape area. For landscape level, equal to
the area of the largest patch in the landscape, divided by total landscape area,

converted to percentage. It is a measure of dominance.
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(d) Modified Simpson’s Evenness Index (MSEI): Reports the proportional
abundance of each patch type. This metric is expressed in a way that an even
distribution of area among patch types results in maximum evenness. The
evenness given by this index is the complement of dominance.

(e) Normalized Landscape Shape Index (NLSI): It averages the complexity of
the landscape as a whole, ranging from zero to one, providing a measure of class
aggregation or clumpiness. It equals 0 when the landscape consists of a single
square or maximally compact patch (almost square, more simple form) of the
corresponding type; NLSI increases as the patch type becomes increasingly
disaggregated and is 1 when the land cover class is maximally disaggregated
(more complex form).

(F) Interspersion & juxtaposition index (l1JI, %): degree of interspersion or
intermixing of patches of the class with all other classes. The values approach 0
when the distribution of adjacencies among unique patch types becomes
increasingly uneven and equals 100 when all patch types are equally adjacent to

all other patch types.

2.2 FIRE REGIME
2.2.1 Datasets and data analysis

The assessment of the variability of fire regime in Minas Gerais was
made by the fire frequency (number of fires that occur per unit time at a given
point). Three datasets were obtained by different remote sensing products of fire
detection: the Along Track Scanning Radiometer (ATSR), the National Oceanic
and Atmospheric Administration-Advanced Very High-Resolution Radiometer
(NOAA - 14/ AVHRR) from the Fire Group of the Centro de Previsdo de
Tempo e Estudos Climéticos - Instituto Nacional de Pesquisas Espaciais (INPE-
CPTEC - www.cptec.inpe.br), and the Tropical Rainfall Measuring Mission
satellite Visible and Infrared Scanner (TRMM-VIRS). The distribution of recent
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fire activity from ATSR dataset showed 1km of spatial resolution, from January
1997 to December 2005. From NOAA-AVHRR we integrated data from the
afternoon and night passes of 1.2 km? spatial resolution, from June 1998 to
December 2006. The TRMM dataset had a spatial resolution of 1°, from January
1997 to December 2005. A fourth dataset consisted of published data (Riafio et
al., 2007) of the fire frequency detected by NOAA-AVHRR 11 and 14 monthly
aggregated from July 1981 to December 2000 in a spatial resolution of 2000km.
This dataset was used to study the influence of El Nifio southern oscillation
episodes (ENSO) over the fire regime in Minas Gerais.

The ATSR, TRMM and NOAA datasets were processed in monthly
integrations within 0.5° cells over Minas Gerais. For Riafio’s dataset, we
analyzed the fire frequency into the original grid cell of 1000 km x 1000 km,
which covered part of Brazilian southeast and central-west. The datasets were
transformed by the normalized fire index (NFI) (1)

NFI = [Ff X (Ffmay) '] )
where: NFI is the Normalized Fire Index, Ff was the fire frequency in a given
time (;) in a given grid cell (j), Ffma was the maximum fire frequency observed
in the analysis period of each dataset, at the respective grid cell under analysis.
We calculated the standard error among grid cells and compared the average
NFI by the test of Tukey (P<0.05). We also explored the fire regime in the north,
south and west study sites of Minas Gerais, applying the same protocol of NFI in

a 6 x 6 cell grid (3° x 3°), considering the highest NFI in each region.

2.2.2 Weather variability and fire risk

Monthly anomalies of precipitation and temperature during the
observation period were calculated by subtraction of the normal value (1961 to
1990) from the observed value. For the calculation of the NFI anomalies, we

selected 2005 as a normal year for fire occurrence in Minas Gerais, due to the
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similarities with normal weather characteristics. The NFI anomalies were
obtained as percentage in relation to normal. The values of NFI anomaly were
correlated with anomalies of mean air temperature and precipitation derived
from three climatic datasets: CRU TS 2.1 (Mitchell & Jones, 2005), CNRM-
CM3 (Salas-Melia et al., 2005) and weather stations from the Instituto Nacional
de Meteorologia (INMET) (http://www.inmet.gov.br/html/rede obs.php) and from
CPTEC-INPE (http://satelite.cptec.inpe.br/PCD/pcd.jsp?uf=12), from the three study

sites: south - Lavras, Machado and Itajuba, north — Januéria and Salinas, and
west - Araxa and Patrocinio. The regression models between weather anomalies
and NFI anomalies were tested by the t-test (P<0.01). From the prediction of the
extreme temperature and precipitation from 1900 to 2100 and the regression
equations of the NFI anomalies with climatic anomalies, we composed a
framework to predict the climatic risk of fire occurrence in the XXI century
(from 2005 to 2100) (Figure 3).

Fire Regime Weather Variability
| NFI from Riafio et al; ATSR; TRMM; NOAA datasets Anomalies from CRU TS 2.1; CNRM-CM3; Weather
Stations datasets
" . . Seasonal NFI Observed Anomelies from 1900 to 2100,
Definition of “a normal year” |—' anomaly anomalies from regression models
Input data to
forecast NFI

Regression Models of NF| datasets x Climatic datasets

NF| anomalies = flanomalies of temperature and precipitation)

NF| predicted to XXI century

Figure 3 — Framework used to forecast climatic fire risk in Minas Gerais in the
XXI century, based in regression equations of NFI, temperature and
precipitation anomalies of different data sources.
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3 RESULTS

3.1 LAND COVER ANALYSIS
3.1.1 Landscape structure

The highest PD values were observed in the zones under low (3.4
patches 100ha™), under high (2.7 patches 100ha™) anthropogenic pressure in the
north of Minas Gerais and in the west site in 2002 (2.9 patches 100ha™) (Table
1). The site in the south of the state and in the west, in the years 1973 and 1981,
showed the lowest PD values (0.3 to 0.5 patches 100ha™). The analysis of PD
showed that, in general, the fragmentation of the landscape has increased in time
in the west region (from 0.3 to 2.7 patches 100ha™ from 1973 to 2002).
Confirming this observation, the LPI analysis showed that the west of Minas
Gerais was largely dominated by a single land cover class in 1973 (Table 1).
This domination decreased with time, and in 2002, this site showed a more
heterogeneous land cover structure. The value observed in 2002 in the west of
Minas Gerais was similar to the value observed in the south. In the study site in
the north, the highest value of LPl was observed in the areas under high

anthropogenic pressure.

Table 1 - Patch density (PD, patches 100ha™), Landscape patch index (LPI, %),
Interspersion & Juxtaposition Index (1JI, %) and Modified Simpson’s
Evenness index (MSEI) observed in the studied sites of the landscape of
Minas Gerais: west 1973; west 1981; west 1993; west 2002; south
2005and north 2003.

Lansdcape Date PD LPI 1J1 MSEI
1973 0.31 38.38 66.11 0.78

West 1981 0.27 21.35 59.22 0.67
1993 0.97 15.54 44.99 0.57

2002 2.70 3.76 45.46 0.52

South 2005 0.52 3.75 4411 0.53
North HAP* 2003 2.93 9.20 60.27 0.06
North LAP** 2003 3.34 4.52 60.20 0.12

*High antropogenic pressure, 2004.
**Low anthropogenic pressure, 2004.
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The west in 1973 showed the highest 1J1 values with a large connectivity
between the classes in this year (Table 1). Our analysis indicated that the
intermixing of different land cover decreased throughout the analyzed years in
this site. The values from 1993, 2002 and the ones observed in the south of the
state were similar. No difference was observed in the 1JI values in the two zones
in the north of the state. In the west of Minas Gerais, the MSEI decreased in
time, indicating higher eveness of patches in 1973 than in 2002. The value
observed in this date was similar to the value observed in the south of the state,
indicating that the patches of diverse land cover were distributed randomly in the
landscape. The values observed in the north of Minas Gerais were very low,

suggesting an uneven distribution of the patches in the landscape.

3.1.2 Characteristics of land use and land cover

In general, the studied sites were dominated by anthropogenic land uses
(croplands and pasture and coffee agriculture), which accounted for at least 40%
of the landscapes (Tables 2 and 3). The water bodies occupied less than 2% and
the urban areas less than 1% of the analyzed landscapes. In the south site, the
reforestation areas occupied only 0.66% of the landscape. The areas occupied by
forests, in the west site, were almost constant in time, representing an average
value of 23% of landscape. However, it was possible to observe a great loss of
cerrado in this site in time: in 1973 cerrado covered almost 35% of the
landscape, and in 2002, the coverage was of 3.4%. Simultaneously with the
decrease in the areas occupied by cerrado, there was an increment in the areas
used for coffee agriculture as well as an increment in the croplands and pasture.
The lands used for coffee agriculture increased from zero to 21% and croplands
and pasture from 40%, in 1973, to 50%, in 2002. In the south site, 66% of the

landscape was used for agriculture (croplands and pasture— 43% and coffee-
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23%). Forests occupied 32% of the landscape and urbanization corresponded to

1% of the area.

Table 2 — Percentage of landscape occupied by each of the land cover classes in
the sites in the west and south of Minas Gerais.

WEST SOUTH
Land cover class 1973 1981 1993 2002 2005
Forest 23.02 23.37 24.67 23.23 32.17
Croplands and pasture 40.30 48.04 49.21 50.53 43.00
Coffee First Stage 0.00 0.00 4.02 4.50 2.90
Coffee Production 0.00 4.18 13.55 17.01 20.05
Water 1.27 1.65 0.5 0.46 0.22
Exposed Soil 0.00 0.00 1.95 0.83 0.00
Cerrado/Reforestation 35.40 22.76 6.10 3.40 0.66
City 0.00 0.00 0.00 0.03 1.00

In general, when all land cover classes were considered together, the
zone under high anthropogenic pressure in the north of Minas Gerais showed a
smaller area covered by cerrado (32% of the landscape) than the zone under low
pressure (46% of the landscape) (Table 3). The cerrado vegetation in this zone
was higher than in the area covered by croplands and pasture (40%). Among the
savanna physiognomies, the cerrado was the most abundant (22% under low and
15% under high anthropogenic pressure). The percentage of landscape under
high pressure occupied by deciduous forest was almost 2 times higher than in
the zone under low pressure.

The analysis by the NLSI within the studied sites showed low values for
all land cover classes, indicating high aggregation of the patches in all the
regions (Figures 4A and 5A). The forest class in the west site was less
aggregated than the agricultural land cover and the cerrado vegetation. This
could be better observed in 1973 and 1981. From 1993 to 2002 it was possible to
observe an increment of disaggregation in all the classes of land cover. In the

south of the state, the different classes of land cover tended to be highly
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aggregated (Figure 4A). In the zones of the north of Minas Gerais, the larger
land cover classes (croplands and pasture, cerrado and deciduous forest) were
more aggregated (Figure 5A). The cerrado was more aggregated in the zone of
low anthropogenic pressure as croplands and pasture and deciduous forest
showed the highest aggregation in the zone under high anthropogenic pressure.
The more disaggregated land cover classes, in both zones, were: field, lowland

forest, wooded savanna and semideciduous forest.

Table 3 — Percentage of landscape occupied by each land cover classe in the
zones under high and low anthropogenic pressure of the study site at
the north of Minas Gerais.

Anthropogenic pressure level

Land cover classification High Low
Croplands and pasture 44.10 40.10
Cerrado 15.60 22.40

Field 5.00 7.80
Shrubby savanna 7.60 7.40
Decidous Forest 20.44 9.00
Water 0.52 0.40
Semidecidous Forest 1.19 1.80
Wooded Savanna 2.97 6.92
Highland field 0.41 1.33
Eucalypt 1.03 1.90

City 0.26 0.18
Lowland forest 0.21 0.52
Pinus 0.65 0.15
Woodland savanna 0.00 0.10

The LPI showed that in the west site, the agricultural land uses and
cerrado were the land cover types dominating the landscape in 1973 and 1981
(Figure 4B). In 1993 the coffee agriculture and forest were the dominant land
cover classes. In 2002 the agricultural uses had increased, whereas forests had
decreased their occupation in the landscape. Cerrado, similar to what happened

to the forest, had decreased in time in the west site. The south site and the zones
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in the north of Minas Gerais, showed agricultural uses as the major land cover
type. The zone under low anthropogenic pressure showed lower LPI for the
croplands and pasture, when compared to the zone under high pressure, whereas
the inverse was observed for cerrado (Figure 5B).

The values of PD, in general, increased in all land cover classes in the
west site, from 1973 to 2002, indicating that the landscape became more
fragmented and with smaller patches (Figure 4 C). The forest was the ecosystem
with higher fragmentation level in the west and south sites. The PD of the land
cover classes field, croplands and pasture, semideciduous forest and wooded
savanna, in the zone under high anthropogenic pressure, in the north of Minas
Gerais, was lower than the density observed in the zone under low
anthropogenic pressure (Figure 5C).

In general, in the west site, the 1JI was almost constant for cerrado,
revealing that its neighbor patches remained constant along the years (Figure
4D). For the other land cover classes, the values of this index tended to decrease
from 1973 to 2002, indicating that the number of different neighbor patches
increased. In the south, it was observed that coffee agriculture, reforestation, city
and water showed the highest values of IJI. In general, the 1J1 values of the
diverse land covers were similar between the two studied zones in the north of
Minas Gerais (Figure 5D). The highland field, field, woodland savanna and
deciduous forest showed restrict connectivity with other land cover types in the

north of Minas Gerais.
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Figure 5 — (A) Normalized landscape shape index (NLSI); (B) Landscape patch index (LPI); (C) Patch density (PD) and

(D) Interspersion & juxtaposition index (1J1) observed in the zones under high and low anthropogenic pressure

in the studied landscape in the north of Minas Gerais.
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3.2 FIRE REGIME
3.2.1 Spatial pattern of fire occurrence in Minas Gerais

The spatial distribution of NFI was similar in time, to most of the fires
occurring in the same grid cells every year. Most of the ignitions occurred in the
north and south regions of Minas Gerais (Figure 6). The NOAA dataset
indicated that fires spread throughout the territory of Minas Gerais, but the spots
concentrated around the northern region, progressively spreading out towards
the east and to the southwest regions (Figure 6B). Most of the territory showed
NFI values lower than 0.40. Similar spatial distribution of fire could be observed
by the TRMM dataset, which also demonstrated that the south and north regions
of the state showed intense biomass burning (Figure 6C). However, the NFI
values of TRMM in most of the state, on an annual basis, were lower than 0.2,
which corresponded to 50% of the NFI values observed by NOAA. The ATSR
dataset also showed lower fire density than the one observed in the NOAA
dataset (Figure 6A).

The three datasets indicated great biomass burning activities
corresponding to agricultural fires for clearing activities or cultural operations.
In the southern border with S8o Paulo state, probably linked to the harvesting of
sugarcane for the local alcohol industry. To the northwest region, ignitions were
also denser in some pixels corresponding to the state of Goias and Tocantins
where, in general, intensive clearing activities were concentrated. We observed
that the grid cells with higher fire incidence, at the north of Minas Gerais, could
be associated to the zone under high anthropogenic pressure. The datasets
showed that most of ignitions occurred on the border lines of the zones under
low and high anthropogenic pressure, in areas of cerrado and deciduous forests.
These frontiers would be more susceptible to the ignitions in the fire-prone
cerrado vegetation, probably as a result of clearing activities during the dry

season in this region.
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Figure 6 - Geographical distribution of the normalized fire index (NFI) from the datasets of (A) ATSR, (B) NOAA and
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3.2.2 Temporal distribution of fire frequency in Minas Gerais

Based on the different datasets used in this study, we observed that the
pattern of burnt surface in Minas Gerais was related to the seasonal and inter-
annual weather variability. Most of the ignitions, whatever the dataset, occurred
at the end of the dry season (Figures 7A, D). The weather conditions in this
period could be characterized by soil drought and rising air temperatures
(August, September and October). In general, the data of the four datasets
showed peaks of NFI correlated with ENSO episodes (Figures 7E, F). The
longest dataset (Riafio et al., 2007) showed higher values of NFI in years under
ENSO influence in relation to years without ENSO events (Figure 8A). The
increment in fire occurrence during ENSO years was accompanied by higher
temperatures and reduction of precipitation in the dry season in relation to
normal values in the CRU TS 2.1 weather dataset (Figures 8B).

Within the same period, no differences of NFI among the datasets was
observed (P>0.05) in Minas Gerais (Figures 7D, E). The four datasets
demonstrated a small density of fires during the wet season (November to
March), which represented only 10% of the total amount of annual ignitions.
The fire frequency started to increase from June, marking the onset of the fire
season in Minas Gerais. The Riafio and the ATSR datasets showed peak of fire
frequency in August, September and October. The TRMM dataset showed the
maximum fire frequency in September and the NOAA dataset showed the
maximum values in September and October. The years with the highest NFI
values in the NOAA dataset were 1998, 2001 and 2002 (Figure 7E). In the
ATSR and TRMM datasets, the highest value of NFI was observed in 1998. In
the 20 years of observational data of Riafio et al. (2007), the highest values of
NFI occurred in 1985, 1995, 1996 and 1998 (Figure 7F).
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same letter, in the horizontal sense, are significantly different at
P<0.05.
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In general, comparing the fire regime in the three regions in Minas
Gerais, we observed that the average fire frequency per grid cell in the west was
higher than the fire frequency in the other two regions (Figure 9). On the annual
basis, the NOAA and ATSR datasets indicated higher burned surface in this site
throughout the study period (Figures 9B, D). In the south of Minas Gerais, the
NFI was higher in the months of the dry season (August, September and
October), with no differences in the other months (Figures 9A, C, E). The values
observed in the TRMM dataset to the north, south and west regions were more
similar (Figures 9E, F).

The incidence of fire was almost constant in the west of Minas Gerais
along the evaluation period; however the TRMM dataset detected less burnt
surface than NOAA and ATSR in this region (Figure 9F). In the south of the
state, the years with highest values of NFI for the ATSR dataset were 1999 and
2002 (Figure 9B); for the NOAA dataset, the year with highest NFI were 1999,
2002 and 2003 (Figure 9D), whereas for TRMM dataset only 1999 (Figure 9F).
In the north of Minas Gerais, 1998 was the year with highest burnt surface,
detected in the 3 datasets, however, the ATSR dataset also showed high NFI
values in 2000 and 2005; and the NOAA dataset indicated higher values in 2002
and 2003.

3.2.3 Weather variability and fire regime: climatic risk to fire occurence

In general, the north was warmer and drier than the south and west of
Minas Gerais. Nonetheless, the west was warmer than the south (Figure 10). In
the months of the dry season (April to September) the precipitation of the three
regions was similar, reaching the minimum values (Figure 10A); however, the
amount of precipitation observed in the months of the wet season in the north
were lower than the values observed in the south and west regions. For

temperature, the values of the dry season observed in the north of Minas Gerais
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were as high as the temperatures observed in the wet season in the south and
west (Figure 10B). The south was colder than the west from April to June, with

similar temperatures for the other months.

NFI ATSR

NFI NOAA

NFI TRMM

1998 2000 2002 2004 2006

Figure 9 — Montly (n=10) and annual (n=12) distribution of the Normalized Fire
Index (NFI), in the north (O), south ((0) and west (<) of Minas Gerais
from ATSR (A, B), NOAA (C, D), and TRMM (E, F) datasets. Values
are average + standard error.
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stations datasets. Values are average + standard error.

Considering the whole Minas Gerais territory as well as the three study
regions, the regression equations of seasonal anomalies of NFI in function of the
precipitation and temperature anomalies from the CRU TS 2.1, CNRM-CM3
and weather station datasets indicated, in general, that the increment in the air
temperature and the decrease in the precipitation had a positive effect on the fire
occurrence during the wet and the dry seasons (Figure 11). However, the effects
of weather anomalies in the dry season showed a greater effect in increasing
anomalies of NFI. Reduction in the monthly precipitation of -50mm and
increasing of the air temperature by +1.5°C from June to September represented,

in general, a risk of increase in the NFI values ranging from 30 to 50%.
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The regression equations obtained in the wet season were similar among
the different weather and fire datasets. The regressions obtained for precipitation
in the dry season were similar for CRU TS 2.1 and CNRM-CM3 datasets
(Figures 11A, C). For temperature, the equations of CNRM-CM3 and weather
stations were similar (Figures 11B, F). The equations in figure 11 were used as
an exercise to calculate the climatic risk of fire occurence in Minas Gerais in
function of temperature and precipitation variability. The starting point for this
approach was the calculation of maximum and minimum seasonal temperature
and precipitation anomalies from 1900 to 2100, using the equations showed in
table 4. Those regressions were based on values of the 10th and 90th percentiles
of the seasonal distribution of anomalies in function of years. After, we
calculated the NFI anomalies based on the maximum and the minimum seasonal
weather anomalies.

In the next step, we summed the values of the NFI anomalies; however,
we considered the risk of the temperature and precipitation in increasing the NFI
anomaly. Temperature increment and precipitation decrease were considered
positive effects, and temperature decrease and precipitation increment, negative
effects in the calculation of the climatic fire risk. Finally, the summation process
was adjusted by the seasonal effect in the annual NFI anomaly, considering that
the dry season is responsible for 90% of the annual fire occurrence. The final
equations to predict annual NFI anomaly (Anr), according to the climatic
datasets CRU TS 2.1 (CRU), CNRM-CM3 (CNRM) and weather stations (WS),

were:

ANFI CRUZO-]-(NFItmax+NFltmin+NFlpmin'NFlpmax)+0-g(NFltmax+NFltmin+NF|pmin'NF|pmax) (2)
ANFI CNRM:O-l(NFItmax+NFltmin'NFIpmin'NFlpmax)+0-9(NFltmax+NFltmin'NFIpmin'NFIpmaX) (3)
ANFI WS=O-1(NF|tmax+NF|tmin+NF|pmin+NFIpmax)+0-9(NFltmax+NFltmin'NFIpmin+NF|pmax) (4)
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Figure 11 — The relationships of NFI anomaly and precipitation and temperature
anomalies, observed in the wet (close symbols, solid lines) and in the
dry (open symbols, dotted lines) seasons during the study period in
Minas Gerais, using the CRU TS 2.1 (A, B) and CNRM-CM3 (C, D)
climatic datasets and the Riafio et al. (2007) (@O), ASTR (A A),
TRMM (V) and NOAA (LIM) fire datasets. The relationships in
the three regions of the state were obtained by associating weather
stations datasets (E, F) with NOAA datasets in the north (@ O), south
(A A) and west (LJH) of Minas Gerais.
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where: NFlmax and NFlmin, corresponded to the NFI anomalies calculated in
function of the maximum and minimum temperature anomalies and NFl,na and
NFlpmin, corresponded to the NFI anomalies calculated in function of the
maximum and minimum precipitation anomalies. The 0.1 factor adjusted the
values of the wet season and the 0.9 factor adjusted the values of the dry season

for the final fire risk.

Table 4 — The regression equations of maximum (max) and minimum (min)
anomalies of temperature (Aemp) and precipitation (Apec) in relation to
year, obtained from the CRU TS 2.1, CNRM-CM3 and weather stations
(WS) datasets, in the wet and dry seasons in Minas Gerais.

Weather Dataset

Equation %
3 CRUTS 21 CNRM-CM3 WS
Angma Dry -29.4+0.01yr R?=058  -66.3+0.03yr R?=0.95 -40+0.02yr R?=0.82
Wet -28.7+0.01yr R=0.63  -51.4+0.03yr R>=0.94  -24.8+0.01yr R?=0.69
) Dry -27.4+0.01yr R>=078 -59.1+0.03yr R?=0.92  -17.2+0.01yr R’=0.22
AenpMim Wet -34+0.018yr R>=0.83  -48.2+0.02yr R>=0.78  -8.8+0.004yr R’=0.42
A max Dry -37.3+0.18yrRrR%*=0.64  -124.2+0.05yr R*=0.56  -964.5+0.5yr R?=0.44
Pree Wet -482.6+0.3yr R%=0.74  -843+0.5yrr?=0.90  1067-0.5yr R=0.26
] Dry  31.5-0.03yr R*=0.57 -64.9+0.01yr R?=0.72 -10-0.01yr rR?*=0.27
AoreciM et 297.4-0.18yr R%=071  -624.4+0.3yrR’=048  1032-0.6yr R?=0.61

max — refers to the values of the 75th - 90th percentile and mim — refers to the values of the 10th —
25th percentile of the normal distribution of seasonal anomalies.

The equations 2, 3 and 4 were also fed with observed weather anomalies
from the three weather datasets, and the values of annual NFI obtained from the
predicted weather anomalies were compared with the values obtained from
observed weather anomalies (Figure 12A). In general, we observed high
determination coefficients, indicating a good correspondence among the
predicted and observed NFI anomalies. The predicted values of NFI based on

equations 2, 3 and 4 indicated an increment in the risk of fire occurrence for the
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next decades (Figure 12B). With exception to the equation 3, based in CNRM-
CM3 data, which indicate negative risk on the current climate conditions and
risk of 30% in the year 2100, the other two equations (2 and 4) forecasted
positive trends for climatic risk of fire occurrence. The CRU equation (2)
pointed that the fire frequency in Minas Gerais could double by the end of the
century, if the present climate trends are confirmed, with risk of NFI anomaly
reaching values near 100%, whereas the weather stations data (4) pointed a risk

of fire occurrence reaching 30% of what is observed today.
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Figure 12 — (A) The relationships between predicted and observed NFI
anomalies obtained by precipitation and temperature anomalies of the
CRU TS 2.1 dataset (equation 2) (O —), CNRM-CM3 dataset
(equation 3) (A ----) and weather stations (equation 4) (.J ), the
long-dash is the 1:1 line. And (B) the risk of fire occurrence in terms
of NFI anomaly to the next year of the XXI century, calculated in
function of precipitation and temperature extremes of the climatic
datasets.
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4 DISCUSSION

4.1 LAND COVER STRUCTURE

In general, the results of the land cover structure indicated that the
landscape of the three study sites in Minas Gerais was highly fragmented, with
diverse land cover classes composing an intricate mosaic of heterogeneous
vegetation patches. The anthropogenic land uses dominated the three studied
landscapes, indicating that natural vegetation was replaced by agricultural land
uses over the time. The temporal dynamic of land cover in the west of Minas
Gerais demonstrated a pattern of decrease in the area of cerrado together with
the increment of agricultural land uses, especially coffee. The analysis of the
land cover in the north of Minas Gerais also evidenced a similar pattern of land
cover structure. The human activities dominated more than 40% of the
landscape, especially in the zone under high anthropogenic pressure, while the
remaining 60% was divided by a variety of classes of natural vegetation. Similar
dynamic of land cover was observed in other regions of the globe (Hargis et al.,
1998; Milhé; 2003; Baldi et al., 2006; Thielen et al., 2008; Kdrner & Jeltsch,
2008; Garrigues et al., 2008).

In the west of Minas Gerais, the pattern of crop plots superimposed on a
cerrado matrix, observed in 1973, gave place to the opposite pattern in 2002,
which was small cerrado patches surrounded by a cropland matrix. This pattern
could also be observed for cerrado patches in the north of Minas Gerias when
the zones under high and low anthropogenic pressure were compared. The rate
of conversion of cerrado to agricultural land uses for the west of Minas Gerais
was 3.1% year’, a value almost two times higher than the one observed by
Langner et al. (2007) in the conversion of tropical forests to agriculture in the
Borneo island (1.7%year™).

A possible consequence for the remaining cerrado patches could be the

decrease of the woody component due to the increase of perturbations within

90



patches, such as fires and border effect, converting the vegetation into a more
open and shallow-rooted system as observed in other savanna regions of South
America (Baldi et al.,, 2006; Thielen et al., 2008; Moreira, 2000). The
replacemement of a complex deep-root wood-grass ecosystem by shallow-rooted
uniform vegetation (including coffee and other crops) is likely to change the
momentum and mass transfer across the landscape, leading to modifications of
the hydrological cycle as well as energy and carbon balance. Thus, there are
indications that the history of land use changes in Minas Gerais have affected
the functioning of the ecosystems, increasing the regional effects of weather
variability over landscape processes, as discussed by other authors (Jepson,
2005; Beerling & Osborne, 2006; Pinheiro & Monteiro, 2006).

Notwithstanding, the land covered by forests seems to be more
conserved in the studied sites than cerrado. The forests were highly disconnected
and randomly distributed in the landscapes, and were related to areas of high
declivity, in general associated with conservation and protection, as on the
borders of water bodies. This could be an indication that the exploitation of land
resources in Minas Gerais is related to areas where the mechanization, and thus
agriculture, is favored. Because the most of the studied landscapes were
occupied by anthropogenic uses, perturbations able to affect agricultural
ecosystems would seriously impact the regional landscape, affecting directly the
socio-economic activities. However, few studies have been conducted to verify
the possible implications of the effects of climatic changes over agricultural
ecosystems and their implications in the landscape functioning.

In general, these results indicated that land cover structure in three sites
of Minas Gerais is not a random process. In contrast, it occurs as a consequence
of occupation by agriculture or intensive cattle ranching. Other possible
fragmentation drivers seemed to have smaller effects. As land cover patterns

changed over the studied sites in Minas Gerais in time and space in a
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coordinated way, we could expect parallel effects of climatic changes on
ecosystems functioning and biodiversity. Therefore, actions should be
implemented with the aim of managing the landscape to favor production and
conservation of biodiversity based on the vulnerability and sustainability
concept. The management practices should allow a balance between agriculture
and conservation at different organization levels, from genes to ecosystems,
which could strongly enhance the physiological plasticity of vegetation to
weather variability (Pearson & Dawson, 2006; Korner & Jeltsch, 2008).

4.2 FIRE REGIME IN MINAS GERAIS

The spatial representation of the NFI indicated that fire distribution in
Minas Gerais was not homogenous, but it was concentrated in some regions,
with fires occurring every year in the same place. These spatial patterns of NFI
distribution was probably related to land cover structure, weather characteristics
and anthropogenic factors influencing the ignition processes. These factors are
pointed out by some authors as the major causes defining the space fire
distribution in tropical regions (Bucini & Lambin, 2002; Roman-Cuesta, 2003;
Di Bella et al., 2006). When the NFI maps were overlaid on the land cover map
of the north of the state, we observed that most of the fire occurred in grid cells
under high anthropogenic pressure. These pixels were dominated by agricultural
uses and cerrado, indicating that the fire frequency was probably related to
agricultural fires, used for management practices and clearing activities,
spreading to the fire-prone cerrado vegetation. Although this is an empirical
observation, it corroborates with observations made by other researchers in the
cerrado ecosystem (Hoffmann et al., 2003; Mistry, 2005; Di Bella et al., 2006).

The inter-annual weather variability caused by ENSO resulted in
droughts and heat waves in the dry season. When we compared the fire

frequency in time with the ENSO occurrence, we verified that fire incidence was
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correlated with ENSO events. Similar observations were made by Roman-
Cuesta et al. (2003) in Mexican landscapes and by Di Bella et al. (2006) in some
regions of South America. In terms of annual weather variability, we observed
that fire activity resulted from a seasonal distribution of rainfall and temperature
along the year, which exclusively concentrated fires in the late dry season
(August to October). This period is characterized by minimum fuel moisture,
minimum air humidity and increased temperatures, as discussed by some
researchers (Bucinni & Lambim, 2002; Roman-Cuesta et al., 2003; Di Bella et
al., 2006).

The weather variability among the regions was probably the cause of the
great fire frequency observed in the north of Minas Gerais. This region showed
lower rainfall values and highest temperature during the period of analysis.
These weather conditions favor the fire occurrence in the semi-arid regions of
Brazil, as indicated by Di Bella et al. (2006). Although further works need to be
done to restrict the causes of fire frequency in each region, correlating fire
frequency, land cover and weather variability, our results indicate that the
regions of cerrado (north and west) could be more vulnerable to fire, because
fire can spread from agricultural lands to natural vegetation patches and because
the dry season is very strong in these areas.

The results of our exercise to forecast the climatic risk of fire occurrence
indicated that, in general, fire frequency in Minas Gerais would tend to increase
in the next years, with the current trends of weather variability. This was a
simple correlation exercise between different datasets to describe fire risk as a
function of weather variability, and not an elaborate model of fire occurrence.
We did not considerate aspects of land cover and the feedbacks of biomass
combustion. However, this is important, since the regional study of fire
occurrence indicated that some differences of NFI values among the three
regions could be due to the amount of fuel available to burn in each region. The
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feedback responses of ecosystems to weather and of biomass need to be
guantified and predicted, and human-environment factors and land cover
properties need to be implemented as well, to improve this approach. In tropical
areas, the human-related fires can be more important than weather variability in
causing fire, because human causality can be responsible for almost 90% of the
ignitions in South America, as suggested (Roman-Cuesta et al., 2003; Garrigues
et al., 2008), and ecosystems are more fragile and less resilient to human
pressures than to natural disturbances (Thonicke et al., 2001; Roman-Cuesta et
al., 2003; Bond et al., 2005; Keith et al., 2007).

However, these results provided a baseline description of the patterns of
fire occurrence in Minas Gerais, suggesting strong interactions between fire
occurrence and annual and inter-annual weather variability, reproducing results
that have been obtained widely at more local or regional scales (Bucinni &
Lambim, 2002; Roman-Cuesta et al., 2003; Mistry, 2005). Across Minas Gerais
regions, agricultural activities and water deficit could be associated with more
frequent fires, especially in the north of Minas Gerais. Policy approaches to fire
regulation in the future should consider these interactions, adapting rules to local
situations and focusing enforcement in areas with high vulnerability to fires.
This would be an attempt to prevent biomass burning and avoid carbon release
to the atmosphere. Furthermore, the development of regional relationships
between weather variability, biomass feedbacks, anthropogenic pressures and
land use structure could be the basis to improve the representations of the fire
regime in landscape models as well as to perform predictions of the risk of fire
occurrence related to future climate scenarios. These approaches would,
consequently, benefit studies of the vulnerability to climate changes at the
landscape level in Minas Gerais.
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CHAPTER IV

Relations among leaf-to-canopy functioning, seasonality and

vulnerability to global changes in the landscape of Minas Gerais
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ABSTRACT

BARBOSA, Jodo Paulo Rodrigues Alves Delfino. Relations among leaf-to-
canopy functioning, seasonality and vulnerability to global changes in the
landscape of Minas Gerais. In: . Vulnerability of the Minas Gerais
landscape to global changes: an initial step to a bottom-up approach. 2008.
Chap. 4, 193 p. Thesis (Agronomy/Plant Physiology) — Federal University of
Lavras, Lavras.”

The interactions between leaf traits and ecosystem processes are an
important focus for the assessment of the impacts of global changes over
landscape properties due to the implications in the development of landscape
simulation models and on scaling exercises. The emphasis of this research is to
present some aspects of functioning at the leaf and ecosystem levels and insights
into the links among the leaf traits, vegetation structure, and ecosystem
functioning of coffee, eucalypt and cerrado in the landscape of Minas Gerais,
related to the seasonality. The ecosystem functioning was analyzed by remotely
sensed parameters from MODIS (GPP, NDVI and LSWI), fitted by TIMESAT
2.3 to verify the seasonality patterns of functioning. The leaf physiology and
vegetation structure was assessed by a literature survey. Our results indicated
that the functioning of the ecosystems in the landscape of Minas Gerais was
strongly affected by the seasonality, decreasing the functioning processes in the
dry season. Seasonal changes in soil-plant (measured by maximum leaf water
potential) and atmospheric water status (measured by the leaf-to-air vapor
pressure deficit) had significant impacts on seasonal patterns of stomatal
conductance, transpiration and photosynthesis in all examined ecosystems.
These patterns of leaf functioning were observed in the correlations with
remotely sensed indices. This way, the seasonality in the water availability was
the main factor controlling the vegetation activity on the leaf and the landscape
level. Plants of cerrado and eucalypt were less sensitive to seasonal variability,
probably due to the root system depth, but coffee plants had their functioning
strongly affected by the reduction in the availability of water in one season of
the year. Such diagnostic study would be helpful in the assessment of the
vulnerability of the landscape of Minas Gerais to the global changes, because it
was possible to define threshold values of key leaf traits influencing the capacity
of carbon assimilation and water use by the ecosystems.

Key-words: leaf traits, remote sensing, scaling changes, cerrado, eucalypt,
coffee.

* Guidance Committee: Prof. Dr. Angela Maria Soares (Adviser), Dr. Serge Rambal -
CEFE/CNRS (Co-adviser).
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RESUMO

BARBOSA, Jodo Paulo Rodrigues Alves Delfino. Relagdes entre funcionamento
da folha e do ecossistema, sazonalidade e vulnerabilidade &s mudangas globais
na paisagem de Minas Gerais In: . Vulnerabilidade da paisagem de
Minas Gerais as mudancas globais: um passo inicial para uma abordagem tipo
bottom-up. 2008. Cap. 4, 193 p. Tese (Agronomia / Fisiologia Vegetal) —
Universidade Federal de Lavras, Lavras.”

As interacBes entre caracteristicas foliares e processos dos ecossistemas
sdo importantes para o desenvolvimento de modelos de simulacéo da paisagem e
para mudanca de escala, sendo fundamental para estudar os impactos das
mudancas globais nas propriedades da paisagem. O objetivo desse trabalho foi
apresentar aspectos e acessar conexdes entre o funcionamento da folha e do
ecossistema, a estrutura da vegetacdo e a sazonalidade em cafezal, eucaliptal e
cerrado, na paisagem de Minas Gerais. O funcionamento dos ecossistemas foi
avaliado através de pardmetros de sensoriamento remoto obtidos por imagens
MODIS (GPP, NDVI e LSWI), e ajustados pelo software TIMESAT 2.3 para
verificar padrdes sazonais de funcionamento. A fisiologia foliar e a estrutura da
vegetacdo foram obtidas de uma revisdo de literatura. Os resultados indicaram
que o funcionamento dos ecossistemas foi grandemente influenciado pela
sazonalidade, com depressdo dos processos de trocas gasosas na estacdo seca.
Padr6es sazonais no status hidrico do sistema solo-planta (medido pelo potencial
hidrico maximo) e na atmosfera (medido pelo déficit de pressdo de vapor entre
folha-ar) apresentou impactos significantes nos padrdes sazonais de condutancia
estomatica, transpiracdo e taxa fotossintética de todas as espécies estudadas. Tais
padrdes também foram observados nos indices de sensoriamento remoto,
indicando que a disponibilidade hidrica foi o principal fator de controle do
funcionamento da vegetacao, da folha a paisagem. Plantas de cerrado e eucalipto
foram menos sensiveis a variabilidade sazonal na disponibilidade hidrica,
provavelmente devido ao seu sistema radicular mais profundo; no entanto, o
cafeeiro foi fortemente influenciado pela reducédo da disponibilidade de agua em
uma época do ano. Esses resultados poderdo ser utilizados para acessar a
vulnerabilidade da paisagem de Minas Gerais as mudancas globais, uma vez que
analises desse tipo permitem conhecer valores limites das principais
caracteristicas foliares capazes de influenciar a capacidade de assimilacdo de
carbono e do uso da agua nos ecossistemas.
Palavras-chave: caracteristicas foliares, sensoriamento remoto, mudancas de
escala, cerrado, eucalipto, cafeeiro.

* Comité Orientador: Prof’. Dr®. Angela Maria Soares (Orientadora), Dr. Serge Rambal -
DREAM/CEFE/CNRS (Co-orientador).
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1 INTRODUCTION

It has been recognized that dominant leaf traits strongly influence
canopy functioning. The ecophysiological studies on the links between leaf traits
and canopy physiology are highly relevant to ecosystem modeling because of the
concerns about the effects of abiotic stress on the functioning of vegetation
(Lavorel et al., 1999; Diaz et al., 1999; Wright et al., 2005a). In general, the
simulation models are square-grid representations, in a way that to each cell is
assigned a set of typical properties, often including leaf traits such as specific
leaf area, net carbon assimilation and water use efficiency (Wright et al., 2005b).
Due to this spatially-explicit implication, there is the necessity of scaling
physiological processes in space.

A good way to observe the correlations and to develop scaling methods
of plant physiology with whole canopy functioning is by the association of
remote sensing of functional indices, (such as the normalized difference of
vegetation index NDVI), and leaf traits. By remote sensing techniques, carbon
flux, surface water status, intercepted radiation and leaf area index can be used
in the spatialization and comprehension of the effects of seasonality on
ecosystem functioning. Based on this, the use of remote sensing indices and leaf
traits can be employed to detect the dynamic interactions between the
physiological and biophysical processes that happen on different space-time
scales related to seasonality (Potter et al., 1998; Ichii et al., 2007; Grace et al.,
2007).

The development of these relationships can lead to discussions about the
potential effects of the climatic changes on the vegetation, since the up and
downscaling of physiological processes are facilitated (Hurtt et al., 1998) and
threshold values of key leaf traits affecting ecosystems functioning are defined
(Rambal et al., 2003). This can be particularly important in the studies of
climatic impacts on the leaf level, because the scenarios of future climate are
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integrated on large scales. However, these responses are particular to each
ecosystem being both, site and species-specific (Kosugi et al., 2006). Therefore,
the representations of the state of leaf-to-canopy functioning can be very
particular, making it vital for improved descriptions and simulations of
landscape functioning under weather variability (Saleska et al., 2003).

The landscape of the state of Minas Gerais, southeast Brazil, has to cope
with an annual and inter-annual seasonality of rainfall and temperature. We
studied leaf traits and canopy properties of three ecosystems in three sites of
Minas Gerais considering this seasonality and its sapatial variability. Our
objective was to provide a first-step toward the understanding of the
relationships of the leaf-to-canopy functioning during the wet and dry seasons,
verifying the controls of weather variability in leaf traits and canopy functioning
in coffee and eucalypt plantations and in cerrado ecosystems in the landscape of

Minas Gerais.

2 MATERIAL AND METHODS

2.1 STUDY SITES

Three sites were selected in the state of Minas Gerais, southeast Brazil,
for the remote sensing of vegetation indices. An area was chosen in the north of
the state (15°20° to 17°10°S, 42°20° to 45°05’W and average altitude of 466 m),
where cerrado and Eucalyptus sp. plantations were the target ecosystems. A
second site was selected in the south of Minas Gerais (21°30° to 22°00°S, 45°20°
to 46°05°W and altitude of 1215 m), with Coffea arabica L. plantations. The last
site was selected in the west of Minas Gerais (18°30” to 19°00°S, 46°10’ to
46°50’W, and altitude 873 m) with coffee plantations and cerrado vegetation
(Figure 1A). The three study sites laid over dystrophic, deep soils with medium
(approximately equal parts of sand, silt and clay) to clayey (between 35 and 60%
clay and equal parts of silt and sand) texture. The declivity of the northern site
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ranged between 0% and 45%, between 13% to over 70% in the south and from
0% to 45% in the west of Minas.

Thematic maps of the study sites were used for the plot selection. The
land cover maps were generated from Landsat TM images from 2002 (west,
spatial resolution of 30m), from 2005 (south, spatial resolution of 10m) and from
2003 (north, spatial resolution of 30m). The maps from west and southern sites
were obtained from the Laboratério de Geoprocessamento da Empresa de
Pesquisa  Agropecuaria de  Minas Gerais (GEOSOLOS-EPAMIG

http://www.epamig.br/Geosolos-EPAMIG/), and the northern vegetation map from

the Laboratorio de Estudos em Manejo Florestal-Universidade Federal de Lavras
(LEMAF-UFLA http://www.dcf.ufla.br/LEMAF-UFLA/). We selected 5 plots of

each studied ecosystems at the respective sites, totaling 25 plots. Each plot was
composed by three target sub-plots of 1km x 1km, surrounded by the same land
cover class on all the sides (border pixels), as exemplified in figure 1B.

The annual and seasonal average values of mean air temperature and
precipitation, from 2000 to 2006 in the south, west and north of Minas Gerais is
shown in table 1. The south was colder than the other two regions. The north of
Minas Gerais was the warmest region and the west showed intermediate
temperature values. The precipitation in the dry season was similar in the three
regions. The north region showed lower averages of annual and wet season

precipitation than the south and west.

22 REMOTE SENSING OF CANOPY FUNCTIONING AND
SEASONALITY

The vegetation indices were extracted from images of the Moderate
Resolution Imaging Spectroradiometer (MODIS) onboard the Terra satellite,
one of the optical sensors in the National Aeronautics and Space Administration
(NASA) Earth Observing System (EQOS). In this study, we used the eight day
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composite (46 observations ~1 year) estimates from 2002 to 2006, of the NDVI
(normalized difference of vegetation index, spatial resolution of 0.5km), LSWI
(land surface water index, spatial resolution of 0.5km) and GPP (gross primary
production, spatial resolution of 1km). For each 8-day composite, NDVI and
LSWI were calculated using surface reflectance values from the red (or, 620-
670nm), near-infrared (onr, 841-875 nm) and shortwave infrared (pswir, 1628—
1652 nm) bands, as demonstrated byXiao et al. (2005).

NDVI = (onir — o8) « (onir + o8) ™ 1)

LSWI = (ouir — Pswir) x (OniR + oswir) )

Table 1 — Annual and seasonal average values of precipitation and mean air
temperatures observed from 2000 to 2006 and normal values from 1961
to 1990 in the north, south and west regions of Minas Gerais.

North South West

00-06* 61-90** 00-06 61-90 00-06 61-90

Precipitation (mm)

Annual 770+85 981+74 1245+92 1561+95 1354+51  1582+98
Wet season  605+56 874+48 1042+69 1279+58 1131.6+61 1325+51
Dry season  173+29 107+15 202+45 282+21 223+47 266+33

Mean temperature (°C)

Annual 25.0+0.5 235+0.5  20.1+0.7 18.8+0.8 214404 21.3+0.5
Wet season 25.8+0.4  24.8+0.3 22.0+0.2 21.4+0.2 22.6+0.2 22.9+0.3
Dry season 23.6+0.6 22.2+0.4  15.6+0.8 16.3+1.0 20.2+0.4 19.8+0.4

* - Averages from 3 automatic weather stations in the south (Lavras, Machado and Itajubd), and 2
in the north (Januéria and Salinas) and west (Araxa and Patrocinio). Source: Instituto Nacional de
Meteorologia (INMET) (http://www.inmet.gov.br/ntml/rede_obs.php) and Centro de Previsdo do
Tempo e Estudos Climaticos — Instituto Nacional de Pesquisas espaciais CPTEC-INPE
(http://satelite.cptec.inpe.br/PCD/pcd.jsp?uf=12).

** - Averaged from north (Montes Claros and Araguai); south (Machado and Lavras); west (Araxa
and Uberaba). Source: Brasil (1992).
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Figure 1 — (A) Study sites in Minas Gerais (north, west and south). The black
squares in the land cover maps indicate the location of the plots used in
the analysis of remotely sensed indices. (B) A scheme of the plots: the
target pixels (red-white) were surrounded by border pixels (red) of the
same land cover class.
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The GPP was estimated using the PAR and Fapar MODIS products, as
described by Miglietta et al. (2007):

GPP = ¢ « Fapar x PAR 3
where PAR is the incident photosynthetically active radiation ( MJ m™) in the 8-
day composite, Fapar is the fraction of absorbed PAR by the vegetation canopy
and ¢ is the light use efficiency for fixed carbon (g C MJ* of PAR), that is
calculated as:

& = €maxx f1(Tmin) x f2(VPD) 4)
where en IS the vegetation specific maximum conversion efficiency. The
functions f1 and f2 (between 0 and 1) describe the influence of meteorological
conditions on € with T, being the daily minimum air temperature and VVPD the
daytime average vapor pressure deficit.

The MODIS imagery was treated with a window size of two time steps
to remove occasional sudden spikes likely caused by atmospheric effects or non
vegetated areas. This treatment was performed by the TIMESAT 2.3 (J6nsson &
Eklundh, 2004) software. The data generated by this fitting process was used for
the analysis of seasonality, according to the methodology showed by Jonsson &
Eklundh (2002).The duration of the seasons was defined as the time from which
the value had increased by 10% of the distance between the minimum level and
the peak. The amplitude of the season was obtained as the difference between
the peak and the average of the left and right minimum values (Figure 2).

The Global Inventory Modeling and Mapping Studies (GIMMS)
(Tucker et al., 2004) product was used to analyze NDVI from 1981 to 2003 in 3
pixels dominated by the target ecosystem in each region, for each ecosystem.
This time-series was used to observe long-term patterns of NDVI related to

climate variability caused by ENSO (EI Nifio southern oscillation) episodes.
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Scaled RS Parameter

-

Time

Figure 2 — The approach used to extract seasonality parameters in the
TIMESAT time-series: open symbols with error bars indicate the
values from MODIS; the solid line is the data fitted by TIMESAT.
Black dots represent: (A and D) beginning of season, (B) end of
season, (C and E) peak, (C’) average value between (A) and (B), (C-
C’) amplitude, (A-C’) length of high vegetation activity season, (C’-B)
length of the low vegetation activity season. Adapted from Jonsson &
Eklundh (2004).

2.3 LEAF TRAITS AND ECOSYSTEM STRUCTURE: A LITERATURE
SURVEY

To build a database able to supply information about leaf traits and
ecosystem structure of coffee, cerrado and eucalypt, we used a literature survey
as data source. The ISI Web of Science, Google Scholar, Sciencedirect and the
central library of the Universidade Federal de Lavras (UFLA) were the main
databases searched for comparative studies reporting the ecophysiological or
structural information of the three target ecosystems. The keywords used in
searches were various combinations of ‘photosynthetic rate’, ‘leaf water
potential’, ‘SLA’, ‘biomass’, ‘root system depth’ together with ‘coffee’, ‘Coffea
arabica’, ‘cerrado’, ‘eucalypt’ or ‘Eucalyptus’ and ‘Minas Gerais’. No
restriction was made to date of publication. Only the data under common

conditions (i.e. standard nutrition, light, and water) in field or greenhouse were
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used in our approach. The eucalypt species considered were E. grandis,
E. regnans, E. urophylla, E. saligna, E. camadulensis and E. globulus. For
coffee, we only considered Coffea arabica information. For cerrado, we used
four plant functional types: deciduous, semideciduous, brevideciduous and
evergreen species (Scholz et al., 2007).

We selected 7 leaf traits: net photosynthetic rate (A, pmol m? s™),
transpiration rate (E, mmol m? s), specific leaf area (SLA, m? kg™), minimum
and maximum leaf water potential (¥min and ¥max, MPa), stomatal
conductance (gs, mol m? s™), sub-stomatal to atmosphere carbon rate (Ci Ca™,
ppm ppm™). We derived the instantaneous water use efficiency (WUE, mmol
CO, [mmol H,0]™) from the ratio between A and E. The structural information
was composed of the maximum root depth (RD, m), average canopy height (CH,
m), density of stems (D, stems.ha), leaf area index (LAI, m? m?). Totally, we
consulted 71 references. Most of this material was about cerrado (40%), the
information about eucalypt was restricted to 25% of our literature survey, and

35% was used to assess information about coffee (Table 2).

2.4 DATA ANALYSIS

Averages of the raw data for the leaf traits and remotely sensed
parameters were analyzed by standard analysis of variance (ANOVA). For
remotely sensed data (amplitude and length of seasons, seasonal values of the
indices and ENSO and non-ENSO years / seasons of NDVI GIMMS), each plot
was considered one replicate for the calculation of the standard error. The
averages were compared by the Tukey test at . = 5%. The relationship of leaf
traits and remotely sensed indices was verified by regression analysis, using the
least-squares method and the t-test at o = 1%. We correlated the values of the
10th, 25th, 75th, 90th percentiles of the normal distribution and the average and
median of each variable in the dry and in the wet seasons.
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Table 2 — The literature survey of leaf traits and structural characteristics of the studied ecosystems (SE): coffee (Cf),
eucalypt (Ec) and cerrado (Cd). Leaf traits were: net photosynthetic rate (A, pmol m? s™), transpiration rate (E,
mmol m? s, specific leaf area (SLA, m? kg™*), minimum and maximum leaf water potential (¥min and ¥max,
MPa), stomatal conductance (gs, mol m? s™), sub-stomatal to atmosphere carbon rate (Ci Ca™, ppm ppm™) and
water use efficiency (WUE, pmol CO,[mmolH,0] ™). Structural characteristics were: maximum root depth (RD,
m), average canopy height (CH, m), density of stems (D, stems.ha™) and leaf area index (LAI, m? m?).

Leaf traits Structural characteristics
Reference SE Season
A E gs SLA Wmax ¥min Cica® WUE RD CH D LAI
Almeida & Wet 0.8£0.2 -0.520.1 7 3.0£0.6
Soares, Ec 25
2003 Dry 0.40.1 -1.240.1 2.0+0.5
Amaral et Wet
al, 2006 ' pry 6600
Barbosa Wet  51+0.3  12#02 0301 10.1#15 -0.3x0.1 -1.6+0.8 0.7£0.2  4.2+0.4
" Cf 1.4+0.4 2800
2005 Dry 3.7+0.2  0.7#0.2  0.07+0.03 8.9+0.8 -1.8#0.2  -2.7+07  0.4#0.1  5.4#05
Barros et Wet 0.12+0.2 -0.2¢0.1  -0.8+0.3
cf 25 6000
al., 1997 Dry 0.060.03 -0.3x0.2  -1.1+0.2
Barton & Wet
Montagu, Ec 7.5%0.6 1667+333
2006 Dry
Wet
Batalhaet 1717543719
al., 2001 Dry
Brigatti et Wet
al.. 1980 Ec Dry 13.7£1.2
Bucci et al., Wet
cd
2003 Dry 3.320.6 -0.4+0.1  -1.5%0.1
continue...
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Table 2 — Continuation...

Bucci et al.,
2004a

Bucci et al.,
2004b

Bucci et al.,
2005

Bucci et al.,
2006

Caietal.,,
2005

Carr, 2001

Carvalho et
al., 2001
Castro &

Kauffman,

1998

Damascos

etal., 2005

Da Matta,
1995

Da Matta et
al., 1997a

Da Matta et
al., 1997b

Da Matta &
Maestri,
1997

Dias et al.,
2007

(@]

d

Cf

Cf

Cd

Cd

Cf

Cf

Cf

Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry

6.5£0.3
1.3+0.1

2.3

6.4+0.8

4.2+0.6
1.3+0.1
3.0£0.6
0.3+0.2

2.8+0.6
0.2+0.3

7.1+0.4
4.7+0.3

3.2+0.5

3.7x0.2
4.2+0.1

1.7+0.3
0.7+0.1

2.25+0.2

1.2+0.3
0.4+0.1

1.4+0.2

0.19+0.03

0.09+0.02
0.5+0.2
0.15+0.07
0.17+0.2

0.2+0.1
0.05+0.04

0.22+0.14

0.05+0.01
0.01+0.00
0.04+0.01
0.01+0.00

0.04+0.01
0.01+0.00
0.10+0.08

0.80+0.08 0.05+0.02

5.6+2.2

15.4+0.5
14.2+0.6

-1.540.3

-0.5+0.3 -1.6£0.2
-0.25¢0.1  -1.3%0.3
-0.8+0.1 -1.7+0.2

-1.3+0.3

-1.0£0.5 -2.840.3

-0.13+0.03 -0.4+0.1
-1.1+0.2 -1.8+0.8
-0.2
-2.7

-0.13+0.02 -0.8+0.05
-1.5+0.2 -2.2+0.8

111

3.1+0.2

2.4+0.2

3.5+1.7

1.8+0.6 1500-6000  4.53.1

2.5+0.1 1065+110

2.4%0.2
1.0£0.5

0.62+0.03 5.4+0.6
0.55+0.03 5.8+0.5
continue...



Table 2 — Continuation...

Fahl et al.,
1994

Fahl et al.,
2001

Franco &
Luttge,
2002

Franco et
al., 2005

Freitas et
al., 2003

Gomez et
al., 2005

Grace et al.,
2006

Hoffmann
et al., 2005a

Hoffmann
et al., 2005b
Inoue &
Ribeiro,
1988
Jackson et
al., 1999

Konrad et
al., 2005

Labouriau,
1963

Leite et al.,
2006

Cf

Cf

Cd

Cd

Cf

Cf

Cd

Cd

Cd

Ec

Cd

Cf

Cd

Cd

Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry

6.7+1.3

3.0£0.4

7.8+2.3

12.2+1.9

8.9+0.7
0.9+0.2

8+0.7

6.8+2.3

0.06+0.03
0.7+0.05

0.06+0.01
3.2+24 0.18+0.05

0.18+0.07 -0.22+0.03
6.9+2.5

0.11+0.03 -0.40.1
0.9+02 0.01+0.01

1.3+0.2 0.08+0.04

7.2+0.9

1.3+0.2

2.8+1.1 0.11+0.07

112

-1.0+0.6
-1.7+0.5

-1.7+0.8

0.77+0.02
0.73+0.04

3.67+0.02

4.2+0.8

8.0

1.5520.12
5.3
1.2+0.1
0.9+0.1

12,3£0.7

3.8+0.8

6.0£2.4 1067124

continue...



Table 2 — Continuation...

Lelesetal.,
2001

Lemos-
Filho, 2000

Limaetal.,
2003

Martins et
al., 2004

Mateus et
al., 2006

Meinzer et
al., 1990

Meinzer et
al., 1999

Mielke,
1999

Miranda et
al., 1997

Morais et
al., 2003

Nascimento
et al., 2006

Naves-
Barbieiro et
al., 2000

Oliveira,
2003

Oliveira et
al., 2005

Ec

Cd

Ec

Ec

Ec

Cf

Cd

Ec

Cd

Cf

Cf

Cd

Cf

Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet

Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry

12.5+2.0
57425

6.8+0.3
4.5+0.8

13.8+2.3
6.1+0.9

6.1+1.3

2.3+0.6
4.1

6.13+0.72
2.10+0.39

2.3x0.7
1.2+0.6
3.9+1.1
2.2+0.6

0.9+0.5

0.43+0.1
14

0.34+0.12
0.09+0.03
0.47+0.03
0.2+0.05

0.1+0.02
0.05+0.03

0.16+0.13
0.6+0.1 7.3x0.3
0.2+0.1 6.2+0.4

13.0£0.6
11.0+1.2
0.45

0.12+0.05

0.85+0.16 0.09+0.02 9.31+1.03

0.75+0.14 0.03+0.01

-0.14+0.05
-0.7+0.06
-0.25+0.08
-0.45+0.1
-0.40.1
-0.9+0.2

-0.48+0.14
-0.22+0.06

10.40£0.54 -0.98+0.24

113

16.0+2.4  1390+250

3.1+0.50
1.25+0.75

1667

-1.02+0.06

-1.7+0.9

-1.5+0.3

-1.8+0.2

-1.240.1 0.7+0.0 3.1+0.3
-1.5+0.2 0.6+0.0 2.8+0.3

3.0+1.5

0.9
0.7
1.04+0.47 5555
3333
2.8+1.3
-2.1540.3
-1.1440.15 0.50+0.03 4.73+0.52
-2.45%0.29 0.79+0.05 3.55+0.69
7.0
continue...
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Oliveira et
al., 2006

Paula, 2002

Pereira,
2006

Prado &
Morais,
1997

Prado et al.,
2004

Rochaetal.,
2002

Ronquim et
al., 2003

Ronquim et
al., 2006

Scholz et
al., 2007

Silva, 1997

Silva, 2002

Silva et al.,
2004

Silva, 2005

Cf

Cd

Ec

Cd

Cd

Cd

Cd

Cf

Cd

Ec

Cf

Cf

Cf

Wet
Dry
Wet
Dry
Wet
Dry

Dry

Dry
Wet
Dry

Wet

Dry
Wet
Dry

7.40+0.51
2.74%0.10
11.0+2.6

9.3#3.7
18.0+2.4

8.3+1.6
10.7£1.7

10.3+2.1
6.7£3.0

14.5+1.2

9.1+0.6

20.0£1.6
8.1+1.1

5.74+0.67
2.92+0.62

10.3+1.3

2.7+0.6

2.4+0.4
1.6+0.4

5.0£0.96
3.41.0

1.3+0.5

3.1+0.6
2.8+0.5
1.35+0.26
0.75+0.14

0.90+0.17
0.75+0.13

0.11+0.01
0.05+0.00
0.5+0.3

0.2+0.1
0.2+0.1

0.08+0.02

0.58+0.28
0.13+0.08

0.04+0.02

0.23+0.04
0.7+0.1

0.1+0.05
0.08+0.02
0.05+0.01

0.09+0.02

0.05+0.01
0.09+0.02
0.03+0.01

6.8+0.8

6.5+1.7
7.0£1.0

5.9+0.7
6.8+2.3

8.7+1.3
7.4+0.8

-0.28+0.05
-1.3320.24

-0.5+0.1
-1.5+0.1
-1.6+0.07

-0.08+0.03
-0.35£0.21

-0.25+0.05

-0.5+0.3
-0.3+0.0
-0.9+0.1
-0.21+0.05
-1.01+0.30

-0.20+0.05
-1.00+0.26
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-1.31+0.13
-2.18+0.21

-1.1+0.2
-2.240.2

-1.23+0.47
-1.18+0.50

-1.320.2

-1.9+0.5
-1.2+0.1
-2.5+0.5

-1.06+0.14
-2.46+0.25

0.7+0.1
0.6£0.1

0.71+0.03
0.58+0.12

0.60.1

0.8+0.1
0.7+0.1

0.8+0.06

0.4+0.03

3.240.4
2.620.2

2.1+0.57
2.0£0.76

2.3+0.4

2.6£0.3
1.9£0.2
3.96+0.50
3.55+0.69

6667

2860

4.0+1.3

2222
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Stape 1990

Stape et al.,
2004a

Stape et al.,
2004b

Tatagiba et
al., 2007

Vourlitis et
al., 2001

Xavier et
al., 2002

Whitford et
al., 1995
Whitehead

& Beadle,
2004

Ec

m

c

m
o

Ec

Cd

Ec

Ec

Ec

Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet
Dry
Wet

Dry

20.5+0.5
14.7x2.7

23.0£3.7
16.2+1.8

7.4+0.3
4.2+0.9

0.5+0.1 -1.4+0.1
0.2+0.5 -4.2+0.3

0.6+0.1 7.620.6
0.25+£0.05 5.4+0.9

2.840.2
3.5¢0.5

5.0

6.5

4.7

6.0

1667

14.4+1.4

15.0 1111

2.9%0.5

1.1+0.1

4.9+0.5
2.5+0.3
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3 RESULTS

3.1 REMOTELY SENSED INDICES

Our results demonstrated greater variability between data extracted
directly from MODIS and data fitted by TIMESAT 2.3 to NDVI (R? = 0.68,
Figure 3) than to LSWI (R? = 0.98, Figure 4) and GPP (R? = 0.84, Figure 5). The
evaluated ecosystems, at the respective study sites showed minimal NDVI,
LSWI and GPP values in the dry season (May to August) and maximal values in
the wet season (December-March) (Figure 6). The values of NDVI and LSWI,
observed in the wet season, were, in general, higher in the ecosystems in the
west and south of Minas Gerais (Figures 6A, B). In the dry season, eucalypt
plantations showed the highest values of LSWI, whereas cerrado, in the north of
Minas Gerais, the lowest. The cerrado in the west of Minas Gerais showed the
lowest values of NDVI in the dry season. For GPP, eucalypt showed the highest
values in the wet season (Figure 6C). In the dry season the values were still
higher, but similar with the values observed for coffee in the south.

In general, there were no differences in amplitudes of LSWI between the
cerrado ecosystems and coffee plantations, at different sites (Figure 6D).
However, we observed that, in general, the amplitudes for coffee were higher
than those of cerrado. The amplitudes of LSWI and NDV1 observed in the plots
of eucalypt were the lowest (Figures 6D, E). The NDVI amplitudes in the west
of Minas Gerais were similar for coffee and cerrado. The coffee in the south
showed similar amplitude to the cerrado in the north of Minas Gerais, whereas
those values were smaller than the ones observed for coffee in the west region.
The NDVI amplitudes observed for eucalypt were the smallest.The length of
both seasons observed for LSWI and for NDVI in the different study sites

showed similar values along the analysis period (Figures 7 A, B, C, D).
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Figure 3 — NDVI MODIS (symbols) and NDVI TIMESAT 2.3 (solid lines)
from 2002 to 2006 in 8 day composite, for (A) eucalypt plantations
(<) in the north of Minas Gerais, cerrado in the north (B) (O) and
west (C) (J) of Minas Gerais, coffee plantation in the south (D) (A)
and west (E) (V) of Minas Gerais. Error bars represent the standard
error of 5 observations. Horizontal bar on x axis indicate the ENSO
event during the sample period. (F) - the regression of NDVI TimeSat
in relation to NDVI Modis was calculated on a monthly basis (32
days).
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Figure 4 — LSWI MODIS (symbols) and LSWI TIMESAT 2.3 (solid lines) from
2002 to 2006 in 8 day composite, for (A) eucalypt plantations (<) in
the north of Minas Gerais, cerrado in the north (B) (O) and west (C)
(00) of Minas Gerais, coffee plantation in the south (D) (A) and west
(E) (V) of Minas Gerais. Error bars represent the standard error of 5
observations. Horizontal bar on x axis indicate the ENSO event during
the sample period. (F) - the regression of LSWI TimeSat in relation to
LSWI Modis was calculated on a monthly basis (32 days).
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Figure 5 — Daily averages of GPP MODIS (symbols) and GPP TIMESAT 2.3
(solid lines) from 2002 to 2006 in 8 day composite, for (A) eucalypt
plantations (<) in the north of Minas Gerais, cerrado in the north (B)
(O) and west (C) () of Minas Gerais, coffee plantation in the south
(D) (A) and west (E) (V) of Minas Gerais. Error bars represent the
standard error of 5 observations. Horizontal bar on x axis indicate the
ENSO event during the sample period. (F) - the regression of LSWI
TimeSat in relation to LSWI Modis was calculated on a monthly basis
(32 days).
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Figure 6 — Seasonal values (n=100) of (A) LSWI, (B) NDVI and (C) GPP from
MODIS time-series and amplitude of seasons (n=25) of (D) LSWI, (E)
NDVI and (F) GPP from TIMESAT time-series observed from 2002 to
2006, distributed in relation to ecosystems in three study sites in Minas
Gerais. From left to right: cerrado north (Cd North), cerrado west (Cd
West), coffee south (Cf South), coffee west (Cf West) and eucalypt (Ec
North). The solid and the dotted lines in the box plots indicate the
median and the average of the raw data, respectively. The top and
bottom of the boxes indicate the 25th and the 75th percentiles, the
whiskers above and below the boxes indicate the 90th and 10th
percentiles. Categories that do not share the same letter are significantly
different at P<0.05.
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Figure 7 — Length of seasons (n=25) according to TIMESAT time-series of (A,

B) LSWI, (C, D) NDVI and (E, F) GPP, distributed in relation to
ecosystems in three study sites in Minas Gerais. From left to right:
cerrado north (Cd North), cerrado west (Cd West), coffee south (Cf
South), coffee west (Cf West) and eucalypt north (Ec North). The solid
and the dotted lines in the box plots indicate the median and the average
of the raw data, respectively. The top and bottom of the boxes indicate
the 25th and the 75th percentiles, the whiskers above and below the
boxes indicate the 90th and 10th percentiles. Categories that do not share
the same letter, in the horizontal sense, are significantly different at
P<0.05.
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The GPP in the three sample sites indicated that the higher production
occurred in the beginning of the observational period, with a generalized
tendency of decreasing in the next years (Figure 5). The highest amplitude was
observed for eucalypt, and the lowest for coffee in the south and west of Minas
Gerais (Figure 6F). The eucalypt showed the longest wet season, and the cerrado
in the north, the shortest. Coffee plantations in the south of the state showed
shorter dry seasons in relation to the other ecosystems; however, the differences
among ecosystems were not significant (Figure 7E).

The NDVI GIMMS, showed the seasonality and values of NDVI similar
to the observed values in MODIS time-series, even with the differences in
temporal and spatial resolutions (Figure 8). The long-term NDVI revealed that
the effects of seasonality were more evident in coffee plantations, with higher
values in the wet season, than in the ecosystems of the north of Minas Gerais
(Figures 8 B, C). The values of NDVI of cerrado and eucalypt along 22 years
were, in general, smaller but more constant than the ones observed for coffee,
with no differences among seasonal averages. In general, the ENSO events did
not influence the NDVI of the studied ecosystems, with exception to the annual
values of coffee in the south of the state (Figure 8, D).

3.2 LEAF TRAITS AND ECOSYSTEM STRUCTURE

Our literature survey showed that the values of net photosynthetic rate
of the functional types of cerrado wood plants ranged from 3 - 18.5 umol.m?s™,
with higher values observed for semideciduous and evergreen species (Figure
9A). The values observed for coffee were, in general, the lowest, ranging from
0.8 to 9.4 umol.ms™, whereas for eucalypt the values were the highest, ranging
from 3.1 to 19.9 pmol.m™s™. In general, the maximum values were observed in
the wet season, although the differences between seasonal averages were not

significant.
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Figure 8 — Average annual and seasonal NDVI values from GIMMS time-series

distributed in relation to the influence of ENSO events (n=12) (A, B,
C) and without ENSO influences (non-ENSO - D, E, F) (n=10). From
left to right: coffee south (Cf South), coffee west (Cf West), cerrado
north (Cd North), eucalypt north (Ec North). The solid and the dotted
lines in the box plots indicate the median and the average of the raw
data, respectively. The top and bottom of the boxes indicate the 25th
and the 75th percentiles, the whiskers above and below the boxes
indicate the 90th and 10th percentiles. Categories that do not share the
same letter, in the horizontal sense, are significantly different at
P<0.05.
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The values of stomatal conductance (gs) were higher in the wet season
for all functional types of cerrado species. Coffee and eucalypt showed similar
values of gs between seasons (Figure 9B). Although the values of gs observed
for coffee in the dry season were smaller than the values observed for the other
studied species, the values observed in the wet season were similar to the values
of gs of the cerrado species and eucalypt observed in the dry season. Among the
functional types of cerrado, the highest gs was observed for semideciduous,
followed by deciduous and evergreen and finally by brevideciduous plants.

The highest averages of specific leaf area (SLA) in both seasons were
observed for coffee (Figure 9C). The lowest values in the dry season were
observed for semideciduous and evergreen species, which also showed higher
average values of SLA in the wet season. The other studied species showed
similar values between seasons. In most of the studied species, the highest
values of carboxilation efficiency (Ci Ca™) was observed during the wet season
(Figure 9D). However, for coffee the values observed in the dry season were
higher than in the wet season, and for eucalypt they were similar between
seasons.

In general, average transpiration rates were similar among seasons,
whereas the maximum values were observed in the wet season, except for
decidous species of cerrado, which showed maximum rates in the dry season
(Figure 9E). The lowest transpiration average was observed for coffee and the
highest for semideciduous. The values of water use efficiency observed for
brevideciduous and deciduous species were higher in the dry than in the wet
season (Figure 9F). For the other species the average values were similar,
whereas the maximum values were observed in the dry season. Coffee presented

the highest averages and deciduous the lowest, in the dry season.
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Figure 9 — Box plots of the leaf traits, grouped by species (from left to right
brevidecidous, Bd; deciduous, Dc; semidecidous, Sd; evergreen, Eg;
coffee, Cf and eucalypt, Ec) and by seasons (W — Wet and D — Dry).
(A) net photosynthetic rate, (B) stomatal conductance, (C) specific leaf
area, (D) sub-stomatal to atmosphere carbon rate, (E) transpiration
rate, (F) water use efficiency, maximum(G) and minimum (H) leaf
water potential. The central box in each box plot shows the
interquartile range, the median (solid line) and the average (dotted line)
of the raw data; whiskers indicate the 10th and 90th percentiles.
Categories that do not share the same letter in the horizontal sense are
significantly different at P<0.05.
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The seasonal averages of maximum leaf water potential for deciduous
species of cerrado were similar (Figure 9G). In the wet season all the studied
species showed similar values of maximum leaf water potential. In the dry
season we observed lower averages for coffee and cerrado than for cerrado
functional types. Differences between seasons for the average values of
minimum leaf water potential were observed for evergreen cerrado species and
coffee (Figure 9H). The lowest values of minimum and maximum leaf water
potential were observed for coffee, in the dry season, and for deciduous species.

In our literature survey, we could observe that the cerrado ecosystem in
Minas Gerais could be represented as a 3 strata ecosystem: an intermediate
stratus (4-7m), with an average density of 264 stems ha™, a low stratus (<4m),
with an average density of 530 stems ha® and a high stratus (>7m), with an
average density of 226 stems ha™. The highest canopy was observed for eucalypt
plantations, whereas coffee plantations showed the lowest (Table 3). Coffee
plantations showed the highest plant density, reaching the maximum of more
than 6000 stems ha™. Cerrado showed an herbaceous layer, composed by diverse
species of perennial and annual grasses. Coffee showed a very dynamic
herbaceous layer due to the weed management, whereas in aged eucalypt
plantations (more than 4 years old), the herbaceous stratus is more static in time.
The forests of eucalypt in Minas Gerais can present a sub-canopy layer,
composed especially by leguminous wood species, at an average of 800 stems
ha™. The highest LAI values were observed in coffee plantations, and the lowest
in cerrado (Table 3). The large deviations observed for the coffee and cerrado
LAI values is caused by the seasonality. In general, the LAI of cerrado decrease
by almost 50% in the dry season due to the fall of leaves in the deciduous
species. The decrease of the coffee LAI in the dry season is, in general, less
drastic. The fall of leaves in this ecosystem is a result of water deficits, lower

temperatures and harvesting operations.
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Table 3 — Average values of rooting depth (RD), canopy height (CH), density
(D) and leaf area index (LAI) observed for cerrado, coffee and eucalypt.
Values are average + standard deviation of different literature sources.

Ecosystem RD(m) CH(m) D (stemsha®) LAl (m’m?
Cerrado 7.0+£1.0 9.045.2 1020+136 0.7+04
Coffee 1.5+0.3 1.6+0.2 3300+400 4.8+1.2
Eucalypt 4.5+0.7 17.5+£5.0 1700+350 2.61£0.3

The underground structure of the ecosystems indicated that cerrado
showed the deepest rooting, and coffee, the shallowest. Eucalypt showed
intermediate rooting depth. The values of the ratio between canopy height and
rooting depth for coffee was near 1.0. For eucalypt, this value was around 4 and
for cerrado it ranged from 0.4 to 1.1. The variation observed for cerrado is
because even shrubs present a deep tap root. The lateral rooting length is also
variable among the different ecosystems. For coffee, the lateral expansion of
roots was observed to be of 1.8 m from the main stem, in a layer of 0.8 m from
the top soil. For eucalypt, the lateral expansion varied from 12 to 20 m in a soil
layer of 1.2 m. For some cerrado species, the lateral roots can reach 7 to 10 m in
a layer of almost 1.5 m.

The values of biomass allocation of cerrado systems are greater in
belowground than aboveground parts. As expected for xeromorphic vegetation,
the allocation of carbon for root systems growth and resistance structures is
favored in relation to investments in leaves or branches. For eucalypt and coffee,
25% - 30% of the dry matter is allocated in roots. The consumption of biomass
by fire in cerrado is in the order of 50% of aboveground biomass. Nevertheless,
the underground biomass is not consumed by fire and it seems to be constant

along time.
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3.3 RELATIONSHIPS AMONG LEAF TRAITS AND ECOSYSTEMS
FUNCTIONING

The analysis of the data from literature reveled that most of the variation
in leaf gas exchange was related to the stomatal aperture. Within this
perspective, we examined the relation of stomatal conductance to the vapour
pressure deficit VPD (kPa) and to the water potential. The three ecosystems
showed similar patterns of the curves of the stomatal conductance response to
water availability in the atmosphere and in the soil (Figure 10). However, the
slope of the curves was different among the three studied ecosystems. In our
analysis, the most frequent gs value for cerrado species was 0.1 mol m? s*,
which corresponded to VPD values of 2.5 kPa (Figure 10A). For coffee, such
decreasing of gs with the increment of VPD was less evident, and the most
frequent value of 0.06 mol m? s could be verified at VPD values of 1.8kPa. In
contrast, eucalypt maintained high values of gs (0.23 mol m? s™) even under
high VPD values (2.8 kPa). We observed that eucalypt and cerrado tended to
maintain higher gs values under high soil tensions, whereas gs values observed
for coffee were close to zero when the values of water potential decrease from
-0.5 MPa (Figure 10B).

The values of GPP correlated linearly with the net assimilation and to
stomatal conductance in the three ecosystems (Figure 11). However, the
determination coefficients indicated that the association of this remotely sensed
index with these leaf traits was week for the three studied ecosystems. For
cerrado, we observed a pattern of decrease in GPP with the increament of gs
(Figure 11A). The association of net photosynthetic rate with NDVI yields high
determination coefficients, especially for coffe and eucalypt (Figure 12). The
determination coefficients observed for cerrado was smaller. In general, in the
three ecosystems, the highest values of NDVI indicate higher net assimilation

rates at the leaf level.
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and cerrado (O) in Minas Gerais, southeast Brazil.
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Figure 11 — The relationship of the gross primary production (GPP) with (A)
stomatal conductance (gs) and (B) net assimilation (A) for coffee (A),
eucalypt ([J) and cerrado (O) in Minas Gerais, southeast Brazil.
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Coffee and cerrado wood species showed similar responses and
maximum values of net photosynthesis and leaf transpiration. These variables
tended to reach the maximal values with gs values around 0.2 mol m? s*
(Figures 13A, B); however, eucalypt showed incring values in the leaf gas
exchange in these gs values. The water use efficiency, in the three ecosystems,
tended to increase when the values of gs decrease from the 0.2 mol m? s*
(Figure 13C). In general, the LSWI showed good determination coefficients with
WUE, gs and Wma (Figure 14). The values of WUE tended to increase and gs
and Y. tended to decrease drastically, in the three ecosystems, when the values

of LSWI decrease from 0.15.
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Figure 12 — The relationship of the normalized difference of vegetation index
(NDVI) with the leaf net carbon assimilation (A) for coffee (A),
eucalypt (CJ) and cerrado (O) in Minas Gerais, southeast Brazil.
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4 DISCUSSION

4.1 FUNCTIONING FROM REMOTELY SENSED INDICES

In our diagnostic study to assess some characteristics of the functioning
of the ecosystems in the three study sites in Minas Gerais, we could observe that
the seasonality is a major factor causing the variability in the responses of
vegetation to environment. Similar observations were also made in other studies
with the same focus (Ichii et al., 2007; Chambers et al., 2007). The seasonality
in time-series of remotely sensed indices is commonly observed because the
vegetation follows cycles of intense and low physiological activity in response
to environmental conditions. However, the length and amplitude of seasonal
cycles are ecosystem dependent being defined as function of the environmental
factors limiting the physiological activity of each ecosystem (Ichii et al., 2007).
The amplitude and the length of the seasonal cycles can relate the adjustment
capacity of each ecosystem to environmental conditions. Therefore, the analysis
of satellite based indices of vegetation is a good tool to verify the interactions
among weather variability and ecosystems functioning (Grace et al., 2007).

As shown by the lower amplitude of the three indices, eucalypt and
cerrado were less influenced by the seasonal water availability than coffee.
Coffee plantations, however, showed a great depletion in the functional
properties during the dry season, independent of the region, which has, in
general, increased the amplitudes observed in this ecosystem. Some differences
in the average values of vegetation indices, as well as seasonality parameters,
indicated that the region was important to the variability of physiological indices
observed in the ecosystems in the landscape of Minas Gerais. This major space
(regions) and time (seasonality) factors seems to explain most of the observed
variability of the LSWI and GPP. Furthermore, the good correlation observed
among MODIS and TIMESAT for GPP and LSWI could indicate that there was
no high influence of values not related to vegetation seasonality. This can be due
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the homogeneity of the plots used in our analysis. The selection of pixels
surrounded by the same land cover class reduced errors that could be caused by
intermixing of diverse land cover in a same pixel (Jonsson & Eklundh, 2002;
Jonsson & Eklundh, 2004; Chambers et al., 2007).

Nonetheless, some sudden spikes were observed in the MODIS time-
series, which coud be related to short-term drought stresses, which probably
affected the optical properties of coffee and cerrado canopy more intensively.
The results observed for NDVI GIMMS, in relation to seasonality and ENSO
events can confirm the higher sensitivity of coffee to seasonality. This may be
due to the shallowest rooting system. For the cerrado, the effects on NDVI are
probably related to the deciduousness of the wood species and die-off of the
herbaceous layer in the dry season, resulting in depletion in the values of this
index. Another point to be considered in cerrado is the presence of frequent fires
during the dry season (Castro & Kauffman, 1998).

Confirming these observations, Grace et al. (2007) discuss that droughts
and fires are responsible for changes in normal patterns of NDVI. As for the
spectral reflectance-based vegetation indices, it has been widely reported that, as
a consequence of decrease in the greenness of leaves, vegetation under water
deficit shows a decrease in reflectance in the near-infrared bands, an increased
red reflectance in the chlorophyll active band, and a consequent blue shift on the
red edge (Pefiuelas et al., 1997; Sims & Gammon, 2002; Xiao et al., 2005).
These non-standard conditions in the spectral signature of the canopies probably
increased the variability of NDVI values observed in our study.

Undoubtedly, NDVI could be especially useful to study the effects of
weather variability in the overall condition of the ecosystem, especially in
relation to drought, and correlate these variations to the capacity of the canopy to
photosynthesize (Niyogi & Xue, 2006; Sims et al., 2006; Grace et al., 2007).
The strong correlation between NDVI and A, observed in the studied cases,
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indicated that this is a good parameter to measure photosynthetic activity in the
ecosystems level in the landscape of Minas Gerais.

We also observed strong correlation of LSWI with gs and W This
index has been broadly used as a vegetation measure related to canopy and soil
moisture condition instead of chlorophyll amount being indirectly related to
carbon assimilation as an indication of plant water status (Huete et al., 2005).
Since seasonal drought is an important limiting factor to plant functioning in the
landscape of Minas Gerais and due to the sensitivity of LSWI to detect water
availability fluctuations, this would be a good index to infer about the vegetation
functioning at the leaf and canopy level in the studied ecosystems of the Minas
Gerais landscape.

In spite of the the good results obtained for NDVI and LSWI, we could
observe a low seasonal variation in the values of GPP for coffee and cerrado, as
expected by the great seasonal variations in NDVI, LSWI, in the physiological
parameters at the leaf level and in the seasonal LAI values. The week correlation
of GPP with these variables could be due to the algorithm used to calculate the
MODIS GPP product, which considerate meteorological parameters to
estimations of the light use efficiency, without any implications on the effects of
water stress in decreasing carbon assimilation and photoinhibition, which is
important to assimilation at the leaf level (Medrano et al., 2002; Kosugi et al.,
2006). Other evidence for the week correlation of GPP with other variables
could be related to the grass layer of cerrado, which can play an important role
in the carbon assimilation of this ecosystem (Miranda et al., 1997; Vourlitis et
al., 2001). For those reasons, studies focused on the field validation of the GPP
MODIS product for the ecosystems of Minas Gerais should be performed to
verify the spectral signatures related to the seasonal variations in the LAI, in
carbon availability in the mesophyll and in the contribution of carbon
assimilation of the grass layers to the ecosystem GPP, including spectral
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signatures related to the Fapar of the different ecosystems and ecosystems
components in the landscape of Minas Gerais.

In summary, the results showed that the seasonality is the factor driving
the variability in the functioning of ecosystems in Minas Gerais. Therefore the
understanding of the effects of seasonal water-limitation on the water and carbon
fluxes can give insights about the carbon sequestration and landscape
vulnerability to extreme events. Therefore, these observations could be relevant
to the implementation of simulation models of the landscape functioning, and
should be considered in the assessment of landscape vulnerability to climate

changes in Minas Gerais.

4.2 FUNCTIONING FROM LEAF TRAITS

As showed by the results from remotely sensed functioning, the major
source in the variability of leaf traits, among different species, was also related
to seasonality. Moreover, the variations of the gas exchange parameters (A, E,
WUE and Ci.Ca™) could be attributed to the variations in the values of gs. Some
aspects of the control of gs over leaf A and E was discussed for cerrado
(Miranda et al., 1997; Eamus et al., 1999; Meinzer et al., 1999; Bucci et al.,
2005), largely observed in coffee in Minas Gerais (Da Matta et al., 2003; Silva
et al., 2004; Oliveira et al., 2006) and pointed out as an important factor
influencing eucalypt yield in plantations of the Brazilian southeast (Lima et al.,
2003; Tatagiba et al., 2007).

The results showed that, in the three ecosystems, the water availability
in the soil or in atmosphere exerted, more or less, a degree of control in gs, and
consequently in the gas exchanges. Cerrado and eucalypt, even with the access
to water in deeper soil layers, closed the stomata in response to VPD and W max.
Coffee was more sensitive to variations in the water availability than cerrado and

eucalypt, probably due to the shallow root system. Using heat dissipation probes
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to measure sap flow, Meinzer et al. (1999), observed strong stomatal limitation
of transpiration before midday in some cerrado species during the dry season,
and associate that observation with high VPD values. Moreover, Almeida &
Landsberg (2003) studied the gs control by VPD in southeast Brazilian eucalypt
plantations, and Silva et al. (2004) and Oliveira et al. (2006) demonstrated the
great importance of VPD in the leaf processes of Coffea arabica L. cropped in
Minas Gerais. Further analysis of the available literature suggested that the
mentioned patterns are general for C3 plants, as the case of the species under
study (Medrano et al., 2002).

Because plant functioning depends strongly on the ability of stomata to
control the water loss at the same time that the carbon assimilation happens,
perturbations in this control at leaf level can impact the patterns of plant growth
and production at the ecosystem level. Such changes should directly impact the
carbon budget and the ability of ecosystems to use water efficiently (Medrano et
al., 2002; Kosugi et al., 2006; Potts et al., 2006). Based on correlations of gs
with A and E, it was possible to infer the main patterns of stomatal conductance
defining gas exchange controls in the three ecosystems. These relations were
very similar among species and allow the definition of threshold gs values from
which the plants decrease the carbon assimilation and the transpiration,
increasing the water use efficiency in response to drought. Similar patterns of
regulation of gas exchange by gs were observed by Medrano et al. (2002), who
discuss the role of gs as a reference parameter to measure the sensitivity of
functioning, at the leaf level, to drought in C; plants. In fact, many gas exchange
parameters are strongly correlated with stomatal conductance, due to the
integrated down-regulation of the whole photosynthetic process by CO,
availability in the mesophyll.

We showed some gs thresholds, based on the results of literature survey.

The definition of threshold values of gs is important for the calibration of
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simulation models, to scale from the leaf level to the stand level and to study the
temporal and spatial dynamics of ecosystem functioning related to weather
variability (Lavorel et al., 1999; Hulme, 2005; Wright et al., 2005b). The
connections among dominant leaf traits could be seen as the first step towards
the prediction and simulation of ecosystem processes. As discussed by Dias et al
(1999), the relations of traits at the leaf level may represent some operational
advantages since it provides an insight into ecosystem functioning. Furthermore,
given a certain scenario of future climatic and land use conditions, and assuming
that those links are consistent, leaf traits may be used as a proxy for vulnerability
predictions and ecosystem responses in time. In this context, the analysis of leaf
traits and canopy processes could be a useful empirical input to modeling water

and carbon fluxes on a regional scale in Minas Gerais.

4.3 SCALING CONSIDERATIONS

We presented some regression equations among leaf traits and remotely
sensed parameters aiming to give an initial step toward to the linkages of leaf to
canopy functioning of ecosystems in Minas Gerais, related to seasonality.
However, predicting ecosystem behavior from leaf-scale traits, as well as
predicting leaf traits from remotely sensed parameters, could be more complex.
The complexity arises from the multiple interactions and feedbacks among plant,
atmosphere, soil and weather at different space time scales. For example, Kosugi
et al. (2006) observed some of the most important parameters for the evaluation
of forest carbon uptake with a multi-layer analysis in the physiological
characteristics of leaf gas exchange and concluded that the assessment of
seasonal variation in leaf stomatal and physiological attributes modify
ecosystem-scale fluxes. However, the links between the leaf processes and the

ecosystem processes were not well established in his work.
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In our study, the high determination coefficients between leaf and
canopy functioning indicated the trend in the variables behavior. As expect, the
correlations of variables from different sources and of different scales of time
and space can simple give a first insight about the influence of leaves on mass
and energy fluxes of the integrated ecosystem-environmental system in Minas
Gerais. As an example, considering that LSWI and NDVI are consistent indices
to measure functioning at the landscape level, as well as the control of gas
exchange by gs is a consistent pattern at the leaf level, the relationship between
LSWI and gs and NDVI and A can be worked out to up and downscaling
functioning in the ecosystems of Minas Gerais. These results confirmed that the
processes at the leaf level are critical to influence ecosystem functioning,
governing ecosystem carbon and water balance as also observed in other studies
(Field et al., 1995; Rambal et al., 2003; Osmond et al., 2004; Kosugi et al.,
2006).

It may be possible to overcome some of the challenges of scaling from
leaf to canopy through increased understanding and linking of processes that
adjust plant physiology in relation to ecosystems responses to seasonality. Such
exercises should be able to work out data at the leaf level and ecosystem level to
upscale and downscale functional and dynamical properties of the ecosystem.
The remotely sensed indices at the ecosystem level should be taken into account
in this process, especially for the parameterization of such approaches. The
scaling exercises would generate information to support and enhance simulation
models as well as the representations of the role of physiological processes in

determining the responses to climate changes at the landscape level.
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CHAPTER V

A bottom-up approach for the assessment of vulnerability to
climate changes based on the sensitivity of functional properties

to water availability of ecosystems in Minas Gerais, Brazil
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ABSTRACT

BARBOSA, Jodo Paulo Rodrigues Alves Delfino. A bottom-up approach for the
assessment of vulnerability to climate changes based on the sensitivity of
functional properties to water availability of ecosystems in Minas Gerais, Brazil.
In: . Vulnerability of the Minas Gerais landscape to global changes:
an initial step to a bottom-up approach. 2008. Chap. 5, 193 p. Thesis
(Agronomy/Plant Physiology) — Federal University of Lavras, Lavras.”

Currently global changes are a threat to ecosystem functioning and their
vulnerability to future scenarios can be stated in function of the sensitivity and
adaptation capacity of the main physiological processes to the limiting
environmental factor. This work was an initial step towards the vulnerability
assessment of ecosystems on the landscape of Minas Gerais, Southeast Brazil, to
the global changes, using such a concept. Basically, we built databases and
examined the relationships of functional process at the leaf and ecosystem levels
with the relative soil water content (RWC). Three case studies were used: the
north, where cerrado and eucalypt plantations were targeted; the west, with
cerrado and coffee plantations, and the south, where coffee plantations were
studied. The functioning of each ecosystem was evaluated by remote sensing of
vegetation indices. Three indices were extracted from MODIS imagery: NDVI,
LSWI and GPP. Leaf traits (A, E, gs, WUE and ¥Wmax) were obtained by a
literature survey. The RWC was simulated by an approach based on
temperature, energy balance, precipitation and vegetation and soil
characteristics. The regression analysis of vegetation indices and leaf traits with
RWC vyield exponential equations, with inflection points between 0.6 and 0.7.
We assumed that values below 0.7 were able to affect the normal functioning of
the ecosystems, being a risk threshold. This threshold was used on time-series of
RWC to derive indices of stress duration and stress intensity. These indices were
linearly correlated to the length of the dry season and to the amplitude of
seasons, extracted from remotely sensed time-series. Stress duration higher than
180 days can seriously threaten the landscape of Minas Gerais, by decreasing the
functional properties of ecosystems. The database and equations generated in
this study could be used in the improvement and construction of process-based
mechanistic models for landscape simulation, and on prediction of ecosystems
functioning in future scenarios, enhancing the conditions to the assessment of
regional vulnerabilities to the global changes.

Key-words: leaf traits, ecosystem functioning, remote sensing, drought stress.

* Guidance Committee: Prof. Dr. Angela Maria Soares (Adviser), Dr. Serge Rambal -
CEFE/CNRS (Co-adviser).
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RESUMO

BARBOSA, Jodo Paulo Rodrigues Alves Delfino. Uma abordagem tipo bottom-
up para 0 estudo da vulnerabilidade as mudancas climaticas, baseado na
sensibilidade de propriedades funcionais a disponibilidade hidrica de
ecossistemas de Minas Gerais. In: . Vulnerabilidade da paisagem de
Minas Gerais as mudancas globais: um passo inicial para uma abordagem tipo
bottom-up. 2008. Cap. 5, 193 p. Tese (Agronomia / Fisiologia Vegetal) —
Universidade Federal de Lavras, Lavras.”

As mudancas climaticas sdo0 uma ameaga para 0S ecossistemas e a sua
vulnerabilidade a cenarios futuros pode ser descrita em funcéo da sensibilidade e
da capacidade adaptativa dos principais processos fisiolégicos a um fator
ambiental limitante. Dentro desse contexto, foram utilizadas diferentes bases de
dados para avaliar as relacGes entre parametros funcionais no nivel foliar e do
ecossistema com o contetdo relativo de agua no solo (RWC). Trés casos foram
analisados: o norte, onde cerrado e eucaliptal foram estudados; o oeste, com
cafezal e cerrado; e o sul, com estudos em cafezal. O funcionamento de cada
ecossistema foi avaliado por trés indices de sensoriamento remoto, extraidos de
imagens MODIS: NDVI, LSWI e GPP. Caracteristicas foliares (A, E, gs, WUE
e Wmax) foram obtidas por revisao de literatura. O RWC foi simulado com base
nos valores didrios de temperatura, balanco de radiacdo, precipitacdo e
caracteristicas da vegetacdo e do solo. As regressdes dos indices de vegetacdo e
de caracteristicas foliares, em funcdo do RWC, ajustaram-se em equagdes
exponenciais, com pontos de inflexdo entre 0,6 e 0,7. Assumindo-se que valores
abaixo de 0,7 caracterizariam uma condicdo de estresse, foi estabelecido que tal
valor de seria o limite de risco para o funcionamento dos ecossistemas, sendo
possivel derivar indices relacionados a duragdo e a intensidade do estresse. Tais
indices foram linearmente relacionados com a duracdo da estacdo seca e com a
amplitude, extraidos das séries temporais dos pardmetros de sensoriamento
remoto. Valores de duragdo do estresse maiores que 180 dias podem afetar a
paisagem de Minas Gerais pela reducdo do funcionamento dos ecossistemas. A
base de dados e as equacdes geradas com esse estudo podem ser utilizadas na
melhoria e construcdo de modelos mecanicisticos, baseados em processos, para a
simulagdo da paisagem de Minas Gerais, bem como podem ser Uteis na predi¢do
do funcionamento dos ecossistemas em cenarios futuros, melhorando as
condicOes de conhecimento da vulnerabilidade regional as mudancas globais.
Palavras-chave: caracteristicas foliares, funcionamento de ecossistemas,
sensoriamento remoto, estresse hidrico.

* Comité Orientador: Prof’. Dr®. Angela Maria Soares (Orientadora), Dr. Serge Rambal -
DREAM/CEFE/CNRS (Co-orientador).
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1 INTRODUCTION

In recent years, studies of vegetation functioning based on simulation
models provided consistent evidence that the climatic trends for the next decades
will affect ecosystem functioning. Some simulations also predict potential
negative impacts of warming on biodiversity, food production, carbon
sequestration, water storage and other ecosystem services (Shaver et al., 2000;
Chaves et al., 2002; Rambal et al., 2003; Nemani et al., 2003; Santos & Costa,
2004; Chartzoulakis & Psarras, 2005; Hulme, 2005; Niyogi & Xue, 2006;
Harpole et al., 2007 among others). However, the present challenge is not only
to know that climate changes are able to affect vegetation, but rather to consider
the physiological and biophysical thresholds of the vulnerability of ecosystems
to those changes. This knowledge would be helpful to the establishment of
mitigation strategies to withstand extreme events, forecasted with higher
frequency and magnitude in the ongoing climate scenarios (Watson et al., 2000;
Tjoelker & Zhou, 2007).

The occurrence of extreme events seems to affect the cultivated and
natural ecosystems more than the rising atmospheric CO, concentrations. This is
because the alterations in the timing and amount of precipitation and
evapotranspiration, together with warming, can impact all chemical and
biological processes, limiting the carbon assimilation at all organizational levels.
Moreover, it has been suggested that soil moisture mediates other factors
affecting the ecosystem dynamics such as fires, heat waves, light and nutrient
availability and it is the primary factor defining the responses of vegetation to
environment. Therefore, the greatest obstacles to understanding the vulnerability
of ecosystems to global changes lie in the functional responses, at diverse levels,
resulting from interactions of processes affected by the environment (Kicklighter
et al., 1999; Shaver et al., 2000; Tjoelker & Zhou, 2007; Li et al., 2007).
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These interactions are dependent on the sensitivity and adaptation
capacity to abiotic stressors. Thus, the responses to climate variability can be
expected to vary among ecosystems in both, magnitude and intensity, depending
on the properties of the dominant species, interactions among species, and the
biological, physical and chemical environment (Rosenzweig et al., 2004; Lin,
2007; Hulme, 2005; Niyogi & Xue, 2006; Suttle et al., 2007; Harpole et al.,
2007). In particular, the interrelations of ecosystem functioning and leaf gas
exchange with environment, in water-limited areas, have been examined in
function of sensitivity to soil water availability. These interrelations can give
some insights about ecosystems vulnerability to weather variability, since soil
moisture availability is a function of timing and amount of precipitation,
temperature, wind speed, energy availability and vegetation properties (Schulze
et al., 1994; Reich et al., 1999; Niinemets, 2001).

Further, analyzing leaf trait data with information on a larger scale, such
as water balance, is the type of information that will greatly enhance the
representations and simulations of different vegetation responses, including
dynamic biological parameters of plant adjustments to environmental properties
(Wright et al., 2005a; Wright et al., 2005b). Information such as this can be used
to parameterize simulation models, and, consequently, have important
implications for predicting the impacts of future climate change over ecosystem
functioning.

The present study was undertaken to link data at local-scale
environmental conditions with ecosystem and micro-scale leaf functioning, and
consequently it provides an initial step toward the possibility to work with
dynamic-functional models as well as to assess the vulnerability to climate
changes of ecosystems in Minas Gerais in a bottom-up approach. Our objectives
were: (1) examine how the effects of drought regulated the functioning of
coffee, eucalypt and cerrado systems in three regions of Minas Gerais; (2)
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identify equations constrained by plant characteristics and soil water status that
may be used further to scale up ecosystem regulation from basic leaf-level
relationships; (3) to propose directions for simulation modeling and to build a
database able to support further simulation exercises in ecosystems of Minas
Gerais; and finally, (4) provide insights about landscape vulnerability to climate

changes in Minas Gerais using a bottom-up approach based on functioning.

2 STUDY CONDITIONS

2.1 SITES CHARACTERISTICS

This study was performed in three sites in the landscape of Minas
Gerais, southeast Brazil: We study a site in the north region (15°20° to 17°10°S,
42°20’ to 45°05°W and average 466 m of altitude) with cerrado and Eucaliptus
sp. plantations; a site in the south (21°30° to 22°00’S, 45°20° to 46°05’W and
1215 m of altitude), with Coffea arabica L. plantations, and a last site was
selected in the west of Minas Gerais (18°30° to 19°00°S, 46°10’ to 46°50°W, and
873 m of altitude) with coffee plantations and cerrado. The three study sites laid
over dystrophic, poor and deep soils with medium (approximately equal parts of
sand, silt and clay) to clayey (between 35 and 60% clay and equal parts of silt
and sand) texture. The declivity of the northern site ranged between 0% and
45%, between 13% to over 70% in the south and from 0% to 45% in the west of
Minas. The predominant climatic type in Minas Gerais, according to Képpen’s
classification is the Cwa: moist with mild dry winter (dry season — May to
August) and warm summer, which concentrate more than 80% of the annual

rainfall (wet season — December to March).
2.2 WEATHER AND SOIL WATER AVAILABILITY

The weather conditions from 2000 to 2006 in each study site were

verified from daily values of mean air temperature and precipitation. The
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weather datasets were obtained from automatic weather stations of the Centro de
Previsdo de Tempo e Estudos Climaticos - Instituto Nacional de Pesquisas
Espaciais (CPTEC-INPE — accessible at http:/satelite.cptec.inpe.br/PCD/pcd). We

used data available in the south (3 stations — Lavras, Machado and Itajuba),
north (2 stations - Januaria and Salinas) and west (2 stations — Araxa and
Patrocinio) to calculate anomalies in relation to published normal values (1961-
1990) for each region: north (Montes Claros and Araguai); south (Machado and
Lavras); west (Araxa and Uberaba) (Brasil, 1992).

The analysis of the anomalies observed in the dry and wet seasons
(performed by box-plots, and the comparison of averages by the Tukey test at
P<0.05), indicated that, in general, the west region of Minas Gerais showed the
lowest anomalies of temperature in the wet season (Figure 1A). In the north and
south of the state, the anomalies of temperature were higher in the wet season.
The anomalies observed in the dry season in the north and south, in the wet
season, and in the west in the dry season, were similar. The precipitation
anomalies, observed in the dry season, were higher than the anomalies observed
in the wet season in the three regions, nonetheless, the values stayed near the
normality (Figure 1B). In the wet season, the monthly precipitation was, in
general, below the normal values.

These results indicated that the analyzed period was, in general, drier
and warmer than normal, with warmer dry seasons, and drier wet seasons. In the
3 regions, the precipitation of the wet season has an important role in the soil
water balance, refilling the water depleted during 3 months of intense drought
(June, July and August). For this reason, the average reduction of 50mm month™
in the precipitation of the wet season could be important for the reduction of the
annual soil water budget. This effect could be enhanced by the observed
increment in the air temperature in the dry season, leading to longer and more

intense dry seasons throughout years.
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Figurel — Monthly distribution of mean air temperature (A) and precipitation
(B) anomalies in the wet (December, January, February and March) and
dry (June, July, August and September) seasons from 2000 to 2006
(n=24) in the three study sites in Minas Gerais (South, West and North).
The solid and the dotted lines in the box plots indicate the median and
the average of the raw data, respectively. The right and left of the boxes
indicate the 25th and the 75th percentiles, the left and right whiskers
indicate the 90th and 10th percentiles. Categories that do not share the
same letters in the vertical sense are significantly different at P<0.05.

The soil moisture, from 2000 to 2006, was assessed by a soil water
balance model (Rambal, 1993) that simulated, on a daily basis, the water balance
components (transpiration, evaporation and deep drainage or water yield) and
the water status of the rooted soil layer based in soil, root depth and weather
characteristics (mean temperature, net radiation and precipitation). In this model,
the daily value of soil moisture was equal to the difference between the water
storage in the rooted soil profile and the evapotranspiration. Further, this relation
was expressed using the concept of Relative soil Water Content (RWC), which
is the ratio of current moisture to moisture at field capacity. The field capacity in
the study sites was considered as 0.28 kg kg™ (Ruiz et al., 2003) and the depth of
the rooted soil as showed in figure 3.

The monthly distribution of the RWC values showed the seasonal
pattern of the soil water availability in the studied ecosystems. In general, the

values of RWC decreased from May to September and kept near to the field

160



capacity (RWC = 1) from December to February (Figures 2 A, B, C). Analyzing
the seasonal raw data of monthly RWC by box-plots, and comparing seasonal
averages by the Tukey test at P<0.05, we observed in the wet season the highest
RWC for cerrado in the west of Minas Gerais and the lowest for eucalypt
plantations (Figure 2D). Coffee plantations, in the west and south, and cerrado in
the north and west, showed intermediary RWC values in that season. In the dry
season, the coffee plantations in the south of the state showed the lowest values,
and cerrado in the north showed the highest RWC values.

The lower RWC values observed in the wet season for the ecosystems in
the north of Minas Gerais could be explained by the lower daily rainfall rates
observed in this region in relation to the south and west. However, during the
dry season, the leaf-fall in cerrado and the deep rooting characteristics of cerrado
and eucalypt, together with the more frequent precipitation in April and May in
the north of Minas Gerais, could maintain higher values of RWC for those
ecosystems in the dry season. The depletion of soil water in the coffee
plantations to the south of Minas Gerais could result from higher temperatures
during the winter together with the shallow rooting characteristic of the plants.

3VEGETATION FUNCTIONING

3.1 LEAF TRAITS

As substantial works have already been published on the ecophysiology
of coffee, eucalypt and functional groups of cerrado (deciduous, semideciduous,
brevideciduous and evergreen), we used a literature survey as the source of
information to build a database to evaluate the effects of drought on leaf
functioning. We searched for data of the stomatal conductance (gs), CO,
assimilation (A) and leaf transpiration (E). Plant water status was estimated with
predawn leaf water potential values (Wmax). Most of the data have been obtained

from research on mature plants, growing under normal conditions in the field or
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in greenhouse, with evaluations in the wet and dry seasons (chapter 1V, Table2).

The instantaneous leaf water use efficiency (WUE) was derived from the rate
between A and E.
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Figure 2 — Monthly Relative Water Content (RWC) simulated from 2000 to
2006 in (A) north of Minas Gerais for cerrado (O Cd North) and
eucalypt (O Ec North), (B) south of Minas Gerais for coffee (A Cf
South) and (C) west of Minas Gerais for coffee (VV Cf West) and
cerrado (<> Cd West). Values of RWC are averages + standard error of
days. (D) The box plots shows the monthly distribution of seasonal
RWC values (n=28), the solid and the dotted lines indicate,
respectively, the median and the average of the raw data. The top and
bottom of the boxes indicate the 25th and the 75th percentiles, the
whiskers above and below the boxes indicate the 90th and 10th

percentiles. Categories that do not share the same letter are
significantly different at P<0.05.
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The values of A of cerrado wood species ranged from 3 to 18.5 umol
m?s™. For coffee, the values ranged from 0.8 to 9.4 pmol m?™, and, for
eucalypt, from 3.1 to 20.1 umol m?s™. The values of gs observed for coffee
ranged from 0.01 to 0.14 mol ms™. For eucalypt, from 0.06 to 0.46 mol m?s™,
and for cerrado from 0.01 to 1.2 mol m™?s™. In general, transpiration rates of
cerrado wood species ranged from 0.2 to 8.5 mmol m™?s™, from 0.8 to 5.6 mmol
m?s™ to eucalypt, and from 0.2 to 2.3 mmol m?s™ to coffee. For ¥, the
values ranged from -1.3 MPa for cerrado and eucalypt and from -2.3 MPa for
coffee, to values near 0 MPa. The higher values of WUE were observed in the
dry season, ranging from 0.9 to 5.6; 1.3 to 7.1 and 1.5 to 4.5 pumol CO, [mmol
H,0O]" for cerrado, coffee and eucalypt, respectively. The average values +
standard error of the leaf traits are presented in figure 3.

The average density of eucalypt showed intermediate values (1700 stems
ha™) (Figure 3A) in relation to cerrado (1020 stems ha™) (Figure 3C) and coffee
plantations, which showed the highest plant density (3300 stems ha™) (Figure
3B). However, it is noticeable that the densities of coffee and eucalypt
plantations can vary according to plant spacing and techniques. The highest
values of the leaf area index (LAI) were observed in coffee plantations, and the
smallest in cerrado. The large deviations observed for the LAI values of coffee
and cerrado is due to a seasonal effect on leaf abscission. The root system of
cerrado is the deepest, and coffee has the shallowest. The values of the ratio
between canopy height and rooting depth for coffee was near 1.0. For eucalypt,
this value was around 4 and for cerrado 0.8. The lateral rooting length is also
variable among the different ecosystems. For coffee, the lateral expansion of
roots was observed to be of 1.8 m from the main stem, in a layer of 0.8 m from
the top soil. For eucalypt, the lateral expansion varied from 12 to 20 m in a soil
layer of 1.2 m. For some cerrado species, the lateral roots can reach 7 to 10 min

a layer of 1.5 m.
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Figure 3 — A representation of the three studied ecosystems in the landscape of Minas Gerais: (A) eucalypt plantation,
(B) coffee plantation and (C) cerrado. The average + standard error of leaf traits observed in the wet and in the
dry seasons and structural properties are shown: ¥min — minimum leaf water potential, MPa; Wmax —
maximum leaf water potential, MPa; WUE - leaf water use efficiency, umol CO, [mmol HZO]'l; E — leaf

transpiration rate, mmol m2s™; A - net CO, assimilation, pmol m? s™; gs — stomatal conductance, mol m?s;

LAI — leaf area index, m’m™; RD - root system depth, m; CH — canopy height, m.
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3.2 REMOTE SENSING OF ECOSYSTEM FUNCTIONING

The seasonal characteristics of ecosystem functioning were obtained by
remote sensing of vegetation indices. The indices NDVI (Normalized Difference
of Vegetation Index), LSWI (Land Surface Water Index) and GPP (Gross
Primary Production) were assessed from 2002 to 2006 by MODIS (Moderate
Resolution Imaging Spectroradiometer) products, in 8 days composite at spatial
resolution of 500m (NDVI and LSWI) and of 1km (GPP). The MODIS imagery
was treated to remove occasional sudden spikes caused by atmospheric effects
or non vegetated areas, by the TIMESAT 2.3 software (Jonsson & Eklundh,
2004). The data generated by this fitting process was used for the extraction of
the length and amplitude of seasons (Jonsson & Eklundh, 2002).

The plots used in this study were selected over thematic maps of the
study sites. The land cover maps were generated from Landsat TM images from
2002 (west, spatial resolution of 30m), from 2005 (south, spatial resolution of
10m) and from 2003 (north, spatial resolution of 30m). The maps from west and
southern sites were obtained from the Laboratério de Geoprocessamento-
Empresa de Pesquisa Agropecuaria de Minas Gerais (GEOSOLOS-EPAMIG),
and the northern vegetation map from the Laboratério de Estudos em Manejo
Florestal-Universidade Federal de Lavras (LEMAF-UFLA). We selected 5 plots
of each studied ecosystems, each plot was one replicate of the variance analysis
(ANOVA) and comparison of averages by the test of Tukey at o = 5%.

In general, the lowest values of NDVI, LSWI and GPP were observed in
the dry season. The values of NDVI and LSWI in the wet season were higher in
the ecosystems in the west and south (Figures 4A, B). In the dry season,
eucalypt plantations showed the highest values of LSWI, whereas cerrado, in the
north, the lowest. For GPP, eucalypt showed the highest values in the wet season
(Figure 4C). In the dry season the values were similar with the values observed

for coffee in the south of the state.
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In general, there were no differences in amplitudes of LSWI between the
cerrado ecosystems and coffee plantations, at different sites (Figure 4D).
However, the amplitudes for coffee were higher than those of cerrado. The
amplitudes of LSWI and NDVI observed for eucalypt were the lowest (Figures
4D, E). The NDVI amplitudes in the west were similar for coffee and cerrado.
The coffee in the south showed amplitude similar to the cerrado in the north of
Minas Gerais, whereas those values were smaller than the ones observed for
coffee in the west. The NDVI amplitudes observed for eucalypt were the
smallest. The highest amplitude was observed for eucalypt, and the lowest for
coffee in the south and west of Minas Gerais (Figure 4F). The length of the dry
season observed for LSWI, NDVI and for GPP in the different study sites

showed similar values along the analysis period (Figures 4 G, H, I).

4 SENSITIVITY ANALYSES

The sensitivity of leaf traits and ecosystem functioning to the soil water
status was examined by regression analysis, to identify equations that
constrained plant functioning by soil water availability. We correlated the values
of the 10th, 25th, 75th, 90th percentiles, the average and the median of the
normal distribution of the seasonal raw data of A, E, WUE, ¢S, Wnax, NDVI,
GPP and LSWI with RWC. The regression models were adjusted by the least
square method and the equation parameters were analyzed using the t-test at
P<0.01. In general, the regressions of the physiological properties in function of
RWC were fitted by an exponential model, that showed the decrease of
functioning with the decrease of the RWC, reaching the maximum values at
RWC = 1.0 (Figures 5 and 6). The inflection point of the adjusted equations in
function of RWC ranged from 0.6 and 0.7. At values below this threshold, we
could observe a generalized depletion in the functional properties of the three
studied ecosystems.
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Figure 5 — Relationships between RWC and: land surface water index (LSWI)
(A), normalized vegetation difference index (NDVI) (B) and of gross
primary production (GPP) (C) observed for cerrado in the north (@)
and in the west (O), for coffee in the south (A) and west (V)and
eucalypt in the north of Minas Gerais (L1). And relationships between
of RWC and: transpiration rate (E) (D), water use efficiency (WUE)
(E) and net carbon assimilation (A) (F) observed for cerrado (O),
coffee (A) and eucalypt () in Minas Gerais. The solid, dotted and
dashed lines are the fitted exponential equations for cerrado, eucalypt

and coffee, respectively.
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Gerais.

However, for the same RWC values, eucalypt was less sensitive than
coffee and cerrado at the ecosystem level, showing higher NDVI, LSWI and
GPP values (Figures 5A, B, C). Cerrado and the coffee plantations showed
similar equations to describe the remote sensed indices in function of RWC,
indicating a similar sensitivity to soil water availability depletion. Nonetheless,
the equations describing the leaf traits sensitivity of eucalypt plantations and
cerrado to soil moisture were more similar (Figures 5D, E, F). Although the leaf
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trait values were lower for coffee, the response of this species, at the leaf level,
to the depletion in the soil moisture was less drastic, except for the plant water

status, measured by the W,ax (Figures 6B).

5 VULNERABILITY ASSESSMENT

Assuming that soil moisture mediates the influence of other factors
affecting the ecosystems (as fires, light, heat waves, nutrient availability and
high CO, concentrations) (Rosenzweig et al., 2004; Lin, 2007; Hulme, 2005;
Harpole et al., 2007; Suttle et al., 2007) and considering the plant physiology as
the primary process defining ecosystems functioning and landscape dynamics,
we used the results of the sensitivity analysis to assess the vulnerability of the
landscape of Minas Gerais to climate changes. The concept used for the
evaluation of vulnerability was adapted from Luers et al. (2003) and from
Metzger et al. (2006). It basically consisted of first: to define the limit of risk
through a RWC threshold from where the ecosystems have their functioning
threatened. And second, from that point we measured susceptibility in terms of
the magnitude, duration and frequency of this stress situation.

We defined the threshold value of RWC = 0.7 based on the generalized
value of the inflection point of the regression curves of the sensitivity analysis.
Values of RWC below this threshold were considered as a stress condition, able
to affect the normal functioning of at least one feature of one ecosystem in the
landscape. The amount of time that RWC values were lower than 0.7 was the
stress duration and the integral of values below this threshold in time was the
stress intensity (Figure 7).

The stress duration and intensity observed for the studied ecosystems
from 2000 to 2006, in three regions of Minas Gerais are showed in table 1. In
general, the intensity and duration values tended to decrease from 2000 to 2006.
In fact, the values of temperature and precipitation anomalies, observed along
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the study period, decrease from 2000 to 2006. The stress indices observed for
coffee were the highest, whereas cerrado showed the lowest values. Moreover,
considering all values observed, the stress intensity increased exponentially with
the increment of stress duration (Figure 8). Considering the inflection point of
the curve (around 180 days), it was possible to observe a drastic increase in the

stress intensity when stress duration increased from this value.

0.2-

Relative water content

A—B =» Stress duration
W R_r RWC f (t) = Stress intensity

0.0+ S S —
Time (month)
Figure 7 — The definition of intensity and duration of stress based on the
threshold value of RWC=0.7 and on the time-series of RWC.

We correlated the amplitude of seasons and the length of the dry season,
extracted from the TimeSat 2.3 time-series of remotely sensed indices, with the
stress intensity and duration (Figure 9). High determination coefficients were
obtained for the linear regressions of length of dry seasons of LSWI, GPP and
NDVI in function of the stress duration for all studied ecosystems (Figures 9D,
E, F). As mentioned before, the values of the ecosystem function indices were,
in general, lower in the dry season for all the ecosystems (Figure 4), indicating
decrease of functional processes in this season, related to depletion of the water

storage in the soil. Long droughts can be thus associated to long stress periods
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and loss of functional activity of vegetation. Considering that LSWI, a measure
of surface moisture content at the canopy level, was well correlated to the RWC
and the length of the dry season of this index was also well correlated with the
stress duration (Figure 9D), there is the possibility of remotely sensed

assessment of the stress indices derivate from these sensitivity analysis.

Table 1 — Intensity and Duration of stress observed for cerrado, eucalypt and
coffee in three regions of Minas Gerais, southeast Brazil, from 2000 to

2006.
Ecosystem Cerrado Coffee Eucalypt
Region North West South West North
Year Stress Duration (days)
2000 201 206 208 224 224
2001 170 125 190 158 240
2002 131 161 193 188 213
2003 151 166 194 178 199
2004 160 67 103 76 184
2005 153 82 47 102 174
2006 66 74 147 83 106
Stress Intensity

2000 20.7 24.2 40.0 50.4 36.8
2001 20.9 8.8 23.9 25.2 40.0
2002 10.4 155 40.2 37.6 34.6
2003 13.6 15.0 38.7 41.3 317
2004 20.0 1.0 11.4 13.2 28.7
2005 9.1 2.3 3.0 17.2 26.7
2006 1.3 1.0 16.7 13.4 13.0

For the amplitudes of the time-series of remotely sensed indices, we also
verified a linear increment in function of stress intensity (Figures 9A, B, C).
However, only eucalypt showed high determination coefficients. The weak
relationship observed for the other studied ecosystems could be associated to the

fact that amplitudes indicate the difference in the functional properties between
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the wet and dry seasons, whereas the stress intensity associate only to decrease
in the functionality during the dry season. The tendency of amplitude increase
with the stress intensity increment confirm that the depletion of the soil water
has an important effect in the ecosystem functioning. Moreover, it opens the
possibility of inferring that the ecosystems are somewhat adapted to withstand
the standard duration and intensity imposed by the dry season every year.
However, the effects of extreme drought events can increase the stress effects

over functioning linearly.
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Figure 8 — Relationship between stress intensity (Si) and stress duration (Sd) in
the landscape of Minas Gerais, southeast Brazil, based in the
observations of cerrado in the north (@) and in the west (O) of Minas
Gerais, for coffee in the south (A) and west (V) of Minas Gerais and
eucalypt in the north of Minas Gerais ().
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9 - The relationships between stress intensity (Si) and amplitude of
seasons (As) of remote sensed vegetation indices: (A) LSWI, (B) NDVI
and (C) GPP. And relationships between the stress duration (Sd) and the
length of the dry season (LS) of remote sensed vegetation indices (D)
LSWI, (E) NDVI and (F) GPP observed for cerrado (O, —), coffee
(A7) and eucalypt (I ---), in the landscape of Minas Gerais, southeast
Brazil.

6 DISCUSSION

It is suggested that climatic change is going to affect directly and

indirectly the functioning and structure of ecosystems, although regional

climatic variations make the assessment of vulnerability on a regional level
difficult (Chartzoulakis & Psarras, 2005; Tjoelker & Zhou, 2007). Aiming to
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give an initial step towards the vulnerability assessment of the landscape of
Minas Gerais to global changes, we proposed an exercise based on ecosystem
functionality and drought stress. The proposed exercise was composed of a
procedure based on functional responses at the leaf and ecosystem levels to soil
water availability. The objective was to use these variables to study functional
sensitivity and from this analysis derive indices and thresholds that would
represent the risk levels to the ecosystem functioning.

An important goal of our procedure was the definition of the state of the
environmental variable able to characterize vulnerability indices. Since over the
past decade, much progress has been made in experimental research and long-
term observational studies to characterize and quantify the effects of drought
duration and magnitude in limiting the functional process of plants at diverse
levels, from leaf (Chaves, 1991; Chaves et al., 2002; Lawlor & Cornic, 2002) to
landscape (Rambal et al., 2003; Praxedes et al., 2006), we searched for relations
of leaf and canopy functioning with a parameter related to soil water availability.

The relative soil water availability was used as the risk factor because it
summarizes the variability in the precipitation regime, evapotranspiration rates
and energy balance. These environmental drivers affect the patterns of plant
growth and competition, modifying the ecosystem structure and dynamic
processes. Such changes should directly impact the carbon budget and the ability
of ecosystems to use water efficiently (Kosugi et al., 2006; Potts et al., 2006).
Additionally, there is a co-regulation of diverse factors affecting the ecosystems
functioning (such as fires, light, heat waves, nutrient availability and high CO,
concentrations) by the soil moisture (Law et al., 2000; Rosenzweig et al., 2004;
Lin, 2007; Hulme, 2005; Suttle et al., 2007; Harpole et al., 2007). To work with
only one forcing factor, which integrate other drivers and vegetation
characteristics, is also a positive point from the perspective of simulation

modeling and vulnerability assessment.
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As discussed by Rambal et al. (2003), the main limitation in using this
kind of information would be the definition of the lower limit of soil water
content, because this is species dependent. In the case of the deep-rooted tree
species, it is difficult to measure accurately how much water is available for the
plant in the whole profile, and how the importance of the water stored would be
to the control of the stomatal conductance on leaf gas exchange (Baldocchi et
al., 2004). In spite of the limitations in using RWC as the only variable to
describe the functioning at leaf and canopy level in relation to environment, our
results suggested that the three studied ecosystems in Minas Gerais showed their
functioning limited by soil water availability.

The correlations indicated that most of the variation in the leaf
physiology and ecosystem functioning could be explained by the variation of the
soil moisture along the year. Moreover, the three ecosystems showed reduction
of physiological activities when the water availability decreases to 70% of the
maximum capacity of water storage. This threshold of RWC was also observed
by Rambal et al. (2003) in mature Quercus ilex ecosystem in the Mediterranean
basin. Some Brazilian studies corroborate with the observations made in the
ecosystems of Minas Gerais, showing that the major factor limiting ecosystem
functioning is the soil water availability (Miranda et al., 1997; Araujo et al.,
2002; Silva et al., 2004; Silva et al., 2007).

At the leaf level, drought stress is acknowledge for the stomatal control
of assimilation, by restricting the supply of CO, to photosynthetic metabolism
(Castrillo, 1992; Pinheiro et al., 2001; Simioni et al., 2004 among others).
Whereas other studies suggest that photosynthesis may be more directly limited
by non-stomatal factors, particularly via a direct effect of drought associated to
high temperatures on the ATP synthase, thus leading to restricted photosynthetic
rates by the ATP supply, as cited by Lawlor & Cornic (2002). At the ecosystem

level, there is consent that the plant response to water availability is complex but
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often leads to decrease in biomass accumulation and production due to a
decrease in the leaf photosynthesis (Hutley et al., 2000; Hutley et al., 2001; Ichii
et al., 2007). Therefore, the knowledge on the adjustment of stomata in water
and carbon exchanges could be the starting point for the comprehension of the
vegetation responses to water availability and also to the up and downscaling
drought effects through time and space. From this point of view, our exercise
indicated directions and values for the development of simulation models as well
as for studies related to the vulnerability of plant physiology and production to
drought.

The results also enabled scaling procedures, by equaling two equations
in function of RWC, and then describing variables of the ecosystem level in
function of leaf traits or, inversely, describing leaf traits in function of remote
sensed indices. A similar approach was successfully showed by Rambal et al.
(2003). This procedure takes into account the functional relationships controlling
ecosystem fluxes at the leaf and at the ecosystem level. Although such an
approach is not mechanistic, because it does not link environmental factors with
stomatal functioning at the biochemical level, it has a character based on
sensitivity that could make it useful for the interpretation of field observations,
prediction of both conductance and gross assimilation at the ecosystem level,
remote sense prediction of leaf characteristic and modeling efforts (Jarvis,
1995). On the whole, and in spite of the simplifying assumptions used in the
representation of the ecosystem and leaf level, these equations could be useful
for predicting interactions between coffee, eucalypt and cerrado functioning with
the environment and for interpreting vulnerability at the landscape level.

Although we did not directly study landscape properties affected by
ecosystem functioning, we can assume that the landscape vulnerability is
supported on the interrelations among ecosystems, establishing landscape
dynamics. These interrelations are dependent on diverse factors conditioning the
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normal regional characteristics (fire occurrence, anthropogenic pressures,
primary production, competition, litter deposition, mass and energy fluxes,
hydrology, biodiversity, land cover structure among others) and imbalances in
these properties, due to perturbations in one ecosystem, could affect all the
landscape dynamics. In the next steps in this research, our intention is to work
with spatially explicit, mechanistic models, based on the present results to
simulate landscape dynamics using future climate scenarios. We also would
implement variables related to feedback responses of vegetation on the
atmosphere, land cover changes and fire regime approaches in the vulnerability
assessment. This would allow the prediction of ecosystems structure and
functioning in the future, supplying basic information necessary to the
establishment of mitigation strategies to withstand the negative impacts

forecasted with the ongoing climate trends over the landscape.
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1 RESEARCH OVERVIEW AND OUTCOMES

Over the course of this study, one key subject was to give an initial step
towards the assessment of the vulnerability of the landscape of Minas Gerais,
southeast Brazil, to global changes by the establishment and analysis of a
database composed by three axes: landscape properties, vegetation functioning
and environmental variables. Another key concern was to work in an integrative
approach across disciplines, across temporal and spatial scales, and across levels
of organization, considering the complex interactions among the different
themes related to the effects of global changes over the terrestrial ecosystems
(Figure 1). This procedure included analysis of time-series and correlation of
variables to describe ecophysiological responses generally related to site-
specific, annual seasonality and inter-annual non-standard weather conditions,
such as the ones caused by EI Nifio events.

The evaluation of near-past, present and future weather on Minas Gerais
indicated that the occurrence of drought would increase in the future. As a result,
most of the analytic procedure was dedicated to examine the direct effects of
temporal and spatial water limitation on landscape properties from functional
characteristics. Thus, we proposed a bottom-up approach to summarize this
complexity and to give insights on landscape vulnerability. This procedure was
applied in three case studies: coffee plantations, eucalypt forests and natural
cerrado ecosystem in the north, south and west of Minas Gerais.

In general, the analysis indicated that the characteristics of ecosystem
functioning, land cover structure and fire regime were largely influenced by
water availability on annual and inter-annual scales. Furthermore, the
differences in the weather characteristics among the studied sites in Minas
Gerais conditioned typical spatial patterns of landscape response to drought. We
could observe that most of the variability in the analyzed ecophysiological

characteristics must result from the remarkable effect of the dry season on all
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levels of organization. Such observations point that the annual-to-decadal and
the micro to meso-scale landscape responses to global changes in Minas Gerais

would largely depend on the seasonal drought effects over ecosystem

functioning.
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Landscape vulnerability to global changes in Minas Gerais:

an initial step to a bottom-up approach

Figure 1 — Representation of the database and of the procedure used to analyze
the three axes of datasets in function of seasonal, inter-annual and site-
specific water availability and weather anomalies influencing the
variability in the responses of ecosystems, aiming to assess the
landscape vulnerability in Minas Gerais in a bottom-up approach.

The sensitivity of the functional responses of the three ecosystems to
space-time moisture availability provided a summary of the sort of information
that could be used to understand the relationships among leaf-to-ecosystem as

well as to the adjustments of leaf and canopy parameters to environmental

186



perturbations. These results could be employed to assess biophysical aspects of
each ecosystem, to improve the representations of the processes related to
carbon assimilation and water transport and in scaling exercises, using remotely
sensed observations related to leaf functioning. This is positive in the proposed
approach for the assessment of landscape vulnerability by ecophysiological
parameters as well as for the perspectives of further parameterization and
validation of mechanistic process-based simulation models to the Minas Gerais
landscape.

Noticeable effects of the dry season over ecophysiological parameters of
the studied ecosystems were the generalized reduction in the values of the leaf
traits and remotely sensed indices. At the landscape level, the reduction of
precipitation rates, together with the increasing temperatures at the end of the
dry season conditioned the maximum fire occurrence in all the area of Minas
Gerais. However, the fire frequency in the north of Minas Gerais was higher
than in the other studied regions. Moreover, we observed that fire spots
concentrated in the borders of the areas under high and low anthropogenic
pressure and that the biomass burning tends to increase with the weather trends
into the next decades. Those observations could suggest that the landscape of
Minas Gerais could be a source of CO, for the atmosphere in the future if the
duration and severity of seasonal drought increases in the future.

In summary, the construction of a database of space-time information
related to land cover and fire regime, weather characteristics, vegetation and soil
maps, remotely sensed vegetation indices and leaf traits was an initial step
toward the study of the variety of the effects of climatic changes over landscape
dynamics in Minas Gerais. This preliminary information was worked together
with an integrative procedure for the study of the complex effects of climatic
changes over ecosystems functioning and landscape vulnerability. From these

perspectives, our results propitiated some advances in the understanding of the
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relationships of processes from leaf level to landscape, relating weather
variability, as well as in the spatial distribution of these features. These advances
have come from the relationships at a range of spatial and temporal scales,
especially in those which remote sensing data was combined with information

from other sources.

2 LIMITATION OF THE ANALYSIS

The results reported in this study depended on many assumptions built
into the database construction and analytic procedure that should to be
considered before any implications. Limitations can be associated with deficient
knowledge and representations of the physical processes related to weather
variability in function of global climatic models, the simplifications and
assumptions in the regression equations and dataset approaches, and also the
inherent variability of remote sensed data and the internal and inter-dataset
variability.

The first limitation implied on the use of global datasets to describe the
variability of temperature and precipitation at local scale. The wide range of
uncertainties inherent in downscaling these datasets to the regional level lies in
the restricted ability to describe and predict change in the inter-annual and
seasonal patterns of weather variability or in the frequency of extreme episodes,
which can be just as, or more important in determining vulnerability as average
temperature and precipitation. Moreover, the gap of observational weather
datasets and site-specific micrometeorological information limited our analysis.
The available data from weather stations is restricted to air temperature and
precipitation and is in a short-term series, some of which may be missing at any
given time and which are unlikely to reflect actual or recent-past weather
variability. Information related to solar radiation is available from an 8 year

time-series, from a network of automatic weather stations.
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Considering the scale of the characteristics under study, site-specific
micrometeorological information should be implemented in our datasets. There
is an evident gap of adequate observational data of ecosystem functioning and
structure, as well as biophysical characteristics at the site level in Minas Gerais.
The few available data consisted of scattered and isolated studies. This would
require an effort of the diverse research groups in Minas Gerais to work together
and put an observational network in practice or transect approaches on the main
ecosystems in the state.

A second important limitation of this study were the regression equations
generated from function equations of data from different sources and diverse
space-time scales. Moreover, some of the regression equations showed
restrictions due to the numerical approximations of the parameters. In spite of
these restrictions, the results could mark significant progress in our
understanding of how the leaf traits are related to ecosystem functioning and
how weather variability may affect the processes at both levels.

At the functional axis, the main limitation in our approach was the
literature information, obtained by extraction of average values from diverse
study conditions. In relation to cerrado ecosystem, the restriction was not to
consider the functional groups, because information on fluxes, litter formation
and root system at this level is under-represented in the literature, in spite of
their great significance for carbon storage, energy balance and their responses to
seasonal changing in moisture supply. Another constraint in the functional
information could be related to the inherent limitation of remote sensed indices,
due to the still unclear understanding of the critical factors controlling the
remote sensed signatures in the ecosystems of Minas Gerais at the biophysical,
biochemical and ecological levels. The validation of remotely sensed signatures
of each ecosystem could be solved by field experiments and observations.
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Due to those limitations, the insights on landscape vulnerability and the
ecophysiological responses to weather variability in Minas Gerais shown here
should be cautiously considered. Although some results were satisfactory from
some perspectives, predictions of the entire complexity of ecosystem responses
and landscape vulnerability should include long-term data collection and
monitoring; studying interactions across spatial scales, evaluating interactions
among different ecosystems to gain a better understanding of ecosystem function
and the global changes. This could be approached by experimental efforts, field
observations and by simulations with process-based, mechanistic and spatially
explicit models. Future research must be performed to analyze those
relationships, including all the aspects related to ecosystem functioning,
anthropogenic activities, fire regime, land cover and use. Furthermore, the
feedback responses of vegetation to the atmosphere in relation to weather

variability should be considered in future approaches.

3 VULNERABILITY OF THE LANDSCAPE OF MINAS
GERAIS TO GLOBAL CHANGES: FINAL REMARKS
AND PERSPECTIVES

In summary, the proposed procedure for the assessment of the landscape
vulnerability consisted in restricting only to drought the perturbation factors
affecting ecosystems responses to environment, to predict responses driven by
weather datasets that were downscaled to impacts at the leaf level (a top-down
approach). Then we redirected the analysis from the leaf to the landscape level,
where risks and thresholds of water availability affecting normal functioning
were the basic features in the vulnerability assessment (a bottom-up approach).
However, as diverse types of impacts are recognized and the interactions
between local, regional, and global scales becomes more documented, skillful

forecasts of the ecosystems responses and vulnerability becomes an increasingly
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challenging task. This challenge requires a greater focus on the assessment of
the social and environmental vulnerabilities, since impacts on landscape extend
far beyond mean temperature and precipitation, and other perturbations, such as
land use changes and ecological interactions can have important effects on
ecosystem functioning and landscape dynamics.

For this reason, we propose a more complex framework for vulnerability
assessment, where functioning is still place-based and has a bottom-up
perspective (Figure 2). However, the effects over ecophysiological responses
have other forcings. Additionally, in this framework the challenge is to use
mechanistic simulation models and field observations to interrelate and
determine thresholds at which negative effects of drought represent only one
threat and occur associated with the other forcings such as land-surface
dynamics; changes in agricultural practices, such as irrigation and other
management; animal, pathogen and insect dynamics; fire occurrence; interaction
among plant species and soil dynamics.

The interaction among species may play important roles in shaping the
ecophysiological responses, as competition for water, light and nutrients can
determine allocation patterns and resilience capacity. Under certain
circumstances, the patterns of species interaction have important implications on
the regional fluxes of mass and energy. For this reason factors such as dispersal
ability and competition for nutrients and water, insect herbivory and plant
diseases will need to be implemented and coupled with functional properties in
future approaches. This would make possible a better interpretation of the results
and patterns of landscape vulnerability that we observed in this study.

Another important consideration within the framework of possibilities
assessed in the present study is the changing picture of land use, and its
interactions with climate change effects, ecosystems functioning and fire

occurrence. This is a more difficult issue to be implemented, since it depends on
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anthropogenic pressures. Such variables are clearly important and will certainly
define the fine-scale limitations on the functional patterns of natural and
managed ecosystems on the landscape. One approach to assess and include the
social component in the framework is to question the community about their
current knowledge and reaction to effects due to impacts of the existing weather
conditions, and this way determine their risk threshold.

Further, we will need to better develop our understanding of how
information on the leaf, canopy, ecosystem and biogeochemical fluxes might be
used together in scaling exercises to generate long-term predictions, based on
relative sensitivity and adaptation strategies to climate change. We also need
improved models of the temporal and spatial responses of ecosystems to
environment, because it is increasingly clear that long-term responses to
warming and increased CO, may differ greatly among ecosystems and possible
feedback on the atmosphere is still uncertain. For the construction of such
models, a broader array of experiments in contrasting ecosystem types into the
regional landscape is needed; including both whole system manipulations and
more focused experimental treatments at the leaf level. Also needed are the
long-term monitoring of weather, and the development of research networks that
will allow spatial extrapolation and validation of predictions based on intensive
experimental studies.

Our results and this framework for analysis, comparison, and prediction
of ecosystem responses to environment is only a-part-of-the-whole in the climate
change research in Minas Gerais. For now, the principal applications of this
initial step and of this framework, are the statement of the dimensions of
complexity of the responses at diverse scales; the integrative approach needed to
study the effects of global changes that is not just multidisciplinary, but truly
interdisciplinary; the establishment of the main connections between processes;

to know the limitations and to point out the necessity of the subsequent studies
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and, finally, as a reminder of the major constraints on long-term predictions
based on relatively small-area and short-term studies. With this bottom-up
perspective, the distribution of impacts across ecosystems in Minas Gerais
would be assessed, and objectively confirmed, as a more accurate assessment
and prediction of the local impacts of the global changes. We think this could be
a more beneficial and realistic approach than seeking to downscale to the local
region from global approaches and that this knowledge is an important
component of the strategy to understand, simulate, anticipate and, finally, set up
strategies to mitigate and/or adapt the potential effects of global changes on

ecosystems and socio-economic activities on the Minas Gerais landscape.
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Figure 2 — A framework to analyze and predict the effects of climate changes
over landscape dynamics in Minas Gerais.
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