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RESUMO

A complexidade e a interagdo dos problemas ambientais tém direcionado os estudos de estrutura
da paisagem enfatizando escalas espaciais amplas, relacionados aos efeitos ecoldgicos dos
padrdes espaciais dos ecossistemas. As alteragdes na paisagem resultam no comprometimento do
capital natural e das funcbes ecossistémicas que regulam ou modulam os bens e servicos
proporcionados ao bem-estar humano, suportados pelas propriedades e/ou processos fisicos,
biolégicos ou quimicos que ocorrem nos sistemas naturais. Para a compreensdo das trajetorias
dos processos naturais e antropicos da paisagem, muitos estudos tém abordado os modelos
baseados na dindmica dos usos e cobertura da terra, que permitem evidenciar os possiveis
caminhos da transformacdo da paisagem e dessa forma avaliar implicacbes no cenéario de
sustentabilidade ambiental ao longo do tempo. Dessa forma, esta tese pretende a elaboragédo de
cenarios e projecOes dos padrdes da paisagem resultantes da interacdo sociedade-natureza, com
base em indicadores estruturais da paisagem do Municipio de Sdo Carlos, embasando a discussdo
sobre as alteracdes do capital natural na capacidade de sustentabilidade em proporcionar servigos

ecossistémicos.

Palavras-chave: naturalidade; vulnerabilidade, indicadores de sustentabilidade; conservacdo da

biodiversidade.



ABSTRACT

The complexity and interaction of environmental problems have directed the landscape structure
studies, which emphasizes broad spatial scales related to ecological effects of spatial patterns of
the ecosystems. Changes in the landscape result in the impairment of natural capital and
ecosystem functions that regulate or modulate the goods and services provided to human well-
being, supported by the properties and/or physical, biological or chemical processes that occur in
natural systems. For understanding the trajectories of natural and anthropogenic processes of
landscape, many studies have addressed the models based on land use and land cover dynamics,
which reflect the potential of the landscape transformation and thus assess implications for
environmental sustainability scenario to over time. Thus, this thesis aims to draw up scenarios
and projections of landscape patterns resulting from the interaction society and nature, based on
structural indicators of the municipality of San Carlos landscape, basing the discussion on

changes in natural capital in sustainable capacity in provide ecosystem services.

Key-words: naturalness, vulnerability; sustainability indicators; biodiversity conservation
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1. INTRODUCAO GERAL

Estudos recentes revelaram os impactos ambientais do uso de terra ao longo de escalas
globais até escalas locais, que vdo desde mudangas climaticas regionais, no ciclo hidroldgico e do
carbono, até o declinio na biodiversidade através da perda e fragmentacao de habitats, degradacao
do solo e da agua e super-exploracdo de espécies nativas (Lambin et al 2003; Foley et al 2005).
Isto mostra que os problemas ambientais estdo se tornando cada vez mais complexos, interativos
e globais, fazendo com que estudos de conservagdo se movam para escalas cada vez mais amplas,
como a estrutura da paisagem (Baker, 1992).

A ecologia de paisagem tornou-se uma é&rea de estudo com um desenvolvimento
acelerado a partir da metade da década de 80 do século passado, parcialmente, devido a insercéo
da andlise espacial e da modelagem junto a pesquisa ecolégica (Li & Wu, 2004).

Uma paisagem é resultado da sucessdo de estados em um intervalo de tempo e sua
constante evolugdo pode conduzir a impactos ecoldgicos (Forman & Gordon, 1986). Suas
alteracdes possuem um efeito profundo nas fungdes ecossistémicas e podem regular ou modular
os beneficios que a sociedade obtém de propriedades e/ou processos fisicos, biolégicos ou
quimicos que ocorrem nos sistemas naturais (Mitsova et al., 2011).

Atividades socioecondmicas tém sido um dos fatores mais importantes para a mudanga na
trajetdria do uso de terra. No lugar de séries de dados temporais de mudanca em imagens de
satélite, pesquisadores estdo mais focados em mudancas nas trajetorias do uso de terra. (Mukesh

and Vozenilek 2014).
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A andlise abrangente da cobertura de terra fornece a dindmica temporal e a natureza de
sua mudanca e também pode proporcionar novas informacgdes sobre o tipo de mudanca na
paisagem (Borri and VVozenilek 2014).

A configuracdo futura da paisagem (Ahmed et al. 2013), com base nas projecdes e
cenarios obtidos na dindmica dos usos da terra, pode ser utilizada para auxiliar no entendimento
geral da relacdo de padrdes espaco-temporais, fatores diretos e indiretos de pressdo e impactos
ecologicos de uso da terra e mudancas em sua cobertura. Também possibilitam esclarecer
aspectos sobre a relacdo entre biodiversidade, funcao ecossistémica, condi¢cdes ambientais, além
de padrdes de mudanca na cobertura da terra, e por fim possibilitar a compressdo e previsao dos
efeitos ecoldgicos e ambientais em multiplas escalas (Wu, 2013).

A analise da trajetéria € uma nova abordagem para a pesquisa em mudancas de cobertura
da terra, com base em cada pixel na série temporal (Skalos & Engstova 2010) desenvolvido para
0 mapeamento a longo prazo. A trajetdria temporal esta sendo utilizada para identificar as
tendéncias de uso de terra ao longo do tempo e a relagdo entre os fatores que moldam a relacéo
homem-meio ambiente e sua influéncia dentro de uma determinada regido (Boori & Amaro,
2011).

O municipio de Sdo Carlos possui aspectos historico-sociais bem tipicos da regido
noroeste do Estado de S&o Paulo. Seu desenvolvimento iniciou-se no final do século XVIII e foi
elevada ao status de cidade apds a expansdo das plantacbes de cafe, que marcou o inicio da
primeira atividade econdmica importante do Municipio (IBGE, 2016). Tal atividade, combinada
com a imigragdo — pincipalmente alema - permitiu o desenvolvimento e crescimento da cidade.
Atualmente, a cidade se destaca principalmente pelo plantio de cana-de-agucar, para a priducéo

de combistivel. Desta forma, neste estudo, utilizamos o Municipio de Sdo Carlos como meio de
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estudar a modificacdo de suas paisagens ao longo dos anos, e para isto, foram gerados cenarios e
projecdes dos padrbes da paisagem resultantes da interacdo sociedade-natureza.

1.1. OBJETIVOS

Este trabalho teve como objetivo gerar cenarios e projeces dos padrdes da paisagem
resultantes da interacdo sociedade-natureza e embasar a discussao sobre as alteragdes nas funcoes

e servicos ecossistémicos do Municipio de Séo Carlos.

1.1.1. OBJETIVOS ESPECIFICOS

e Discutir a dindmica de uso e ocupacdo da terra e as implicagdes das mudancgas nos
componentes, natural e antropogénico, do territério municipal de Sdo Carlos no intervalo
de tempo de 1989 a 2014, para os anos de 1989, 1994, 1999, 2004, 2009 e 2014.

e Utilizar indicadores estruturais da paisagem para a quantificacdo da sustentabilidade do
territério municipal de Sdo Carlos no periodo de 25 anos (1989, 2004 e 2014);

e Analisar a trajetéria dos principais tipos de uso e cobertura da terra, natural,
antropogénico e outros, do territdrio municipal de Sdo Carlos no periodo de 50 anos

(1965, 1989 e 2014);

1.2. ESTRUTURA DA TESE

A tese foi estruturada em trés capitulos, escritos na forma de artigos cientificos

independentes. Cada um deles possui sua prépria introducdo ao assunto abordado, descricdo
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metodoldgica, discussdo dos resultados obtidos e suas respectivas conclusdes. Ao final dos trés

artigos sdo apresentadas as consideracdes finais dos principais resultados da tese.

1.2.1. CAPITULO 1: MUDANCAS NA PAISAGEM E CLASSIFICACAO DOS
ECOSSISTEMAS NO MUNICIPIO DE SAO CARLOS, SP.

A area de estudo, Municipio de Séo Carlos, SP, foi investigada utilizando os parametros
de uso e ocupacao da terra de uma série temporal, 1989, 1999, 2004, 2009 e 2014, bem como dos
resultados relatados por SOARES et al (2003) e FUSHITA (2011).

Os mapas de uso e ocupacdo da terra para os anos 1989, 1999, 2004, 2009 e 2014 foram
elaborados utilizando imagens LANDSAT-5 sensor TM e LANDSAT-8 (apenas para 2014),
subsidiado pela base de dados do municipio de Sdo Carlos, disponivel no Laboratorio de Analise
e Planejamento Ambiental (LAPA/UFSCar), relacionada a caracterizacdo ambiental (hidrografia,
malha viaria, hipsometria, geologia, pedologia e uso e ocupacédo da terra para a série temporal de

1989, 1999, 2004, 2009 e 2014.

1.2.2. CAPITULO 2: QUANTIFICACAO DA SUSTENTABILIDADE ECOLOGICA
NA ANALISE DA PAISAGEM CULTURAL

Processos que atuam na interacdo sociedade-natureza imprimem os tipos de uso da terra

que definem o padrdo espacial das paisagens culturais com valores estéticos, econdmicos e
ecologicos e culturais, resultando em degradacéo do habitat, perda de solo e empobrecimento dos
ecossistemas naturais. Estes processos comprometem a sustentabilidade ambiental e o capital
natural que proporciona 0s Servigos ecossistémicos para o bem-estar humano. O indice de
Urbanidade e o Indicador de Vulnerabilidade da Paisagem foram utilizados para a quantificacao

da paisagem cultural, no periodo de 1989, 2004 e 2014 e para identificar cenarios para a
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biodiversidade, além de produzir uma escala para quantificar o desempenho da sustentabilidade
ecologica. Para identificar os tipos de usos da terra foram utilizadas imagens Landsat 5 TM para
0s anos de 1989, 2004 e 2014. Os tipos de usos da terra refletem a naturalidade e vulnerabilidade
da paisagem e os indicadores refletem um aspecto fundamental da interacdo natureza-sociedade
sobre as consequéncias da intensidade do uso da terra nas perdas de habitat, da naturalidade e da
resiliéncia da paisagem cultural. Além disso, sdo Uteis para divulgar os problemas relacionados
com a complexidade e sustentabilidade ecoldgica da paisagem do municipio de So Carlos para

0s tomadores de decisdo e para a sociedade.

1.2.3. CAPITULO 3: TRAJETORIA DA COBERTURA FLORESTAL E AGRICOLA.
A COMPREENSAO LOCAL DAS MUDANCAS DO USO DA TERRA.

O conceito de mudanca de trajetéria tem atraido muita atencdo do ponto de vista teorico,
sendo usado para descrever a tendéncia do uso e cobertura da terra através de perfis de dados
multitemporais. Estas trajetdrias definem as tendéncias, ao longo do tempo, das interacdes entre
os fatores que interferem na interacdo entre a sociedade e 0 ambiente e os seus efeitos em uma
determinada regido. Estas trajetorias assumem diferentes formas e dependem das circunstancias
regionais e das politicas governamentais.

A area de estudo compreende o limite territorial do municipio de S&do Carlos,
operacionalizando a trajetdria das mudancgas dos principais tipos de usos da terra (natural,
antropogénico e outros), ao longo de um periodo de 50 anos (1965 — 2014). Este estudo ressalta a
importancia de compreender a importancia da dinamica da paisagem para propoésitos de

sustentabilidade e conservagéo.
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2. CAPITULO 1: MUDANCAS NA PAISAGEM E CLASSIFICACAO DOS

ECOSSISTEMAS NO MUNICIPIO DE SAO CARLOS, SP.

RESUMO. Processos que atuam na interagdo sociedade-natureza imprimem os tipos de uso da
terra que definem o padrdo espacial das paisagens culturais com valores estéticos, econdmicos e
ecoldgicos, resultando em degradacdo do habitat, perda de solo e empobrecimento dos
ecossistemas naturais. Estes processos comprometem a sustentabilidade ambiental e o capital
natural que proporciona 0s servigos ecossistémicos para o bem-estar humano. Dessa forma, o
estudo da dindmica dos usos de terra de uma regido permite auxiliar planejadores e tomadores de
decisdo a implementar politicas para o territorio municipal. O municipio de Séo Carlos foi
selecionado para este estudo por apresentar um cenario associado a projetos de desenvolvimento
que determinam mudancas rapidas no uso da terra, tipicas para os municipios da regido noroeste
do Estado de S&o Paulo. Para identificar os tipos de usos da terra foram utilizadas imagens
Landsat para os anos de 1989, 1994, 1999, 2004, 2009 e 2014. Os resultados relatam duas
tendéncias de mudancas da paisagem: uma reducao inicial e progressiva recuperacao da area total
dos ecossistemas naturais, e um aumento na area total dos sistemas antropogénicos. Essas
mudangas temporais e espaciais resultam das agdes desenvolvimentistas priorizadas pelos setores
governamentais, com destaque para as atividades agricolas (principalmente o cultivo de cana-de-
acucar), bem como de instrumentos legais assegurando a averbacdo de Reservas Legais e a

implementag&o de Areas de Preservacio Permanente no municipio de So Carlos.

Palavras-chave: uso e cobertura da terra; antropizacdo da paisagem; padrdo espacial e temporal

da paisagem; sustentabilidade ambiental.
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ABSTRACT. Landscape change and ecosystem classification in Sdo Carlos municipal
district. Processes that act in the society-nature interaction shape the land-use types that define
the spatial pattern of cultural landscapes with high aesthetic, economic and ecological values,
resulting in habitat degradation, soil loss and natural ecosystems impoverishment. These
processes commit the environmental sustainability, and the natural capital that provides the
ecosystems services for the human well-being. Thus, the land use dynamics study of a region
enables assisting planners and decision makers to implement science-based policies for the
municipality. The municipal district of Sdo Carlos was selected for study by presenting a scenery
associated to development projects that determine fast changes in the land-use, typical for the
municipal districts of the Sdo Paulo province no northwest region. To identify the land-use
changes it was used LandSat 5 TM images for the period of 1989, 1994, 1999, 2004, 2009 and
2014. The results showed two main temporary tendencies in the landscape change: the reduction
in the total area of natural ecosystems, and an increase in the total area of anthropogenic systems.
These temporal and spatial changes resulting from the regional development actions mainly
related to the reduction of anthropogenic agricultural area and a consequent improvement in
qualitative integrity of forest fragment Sdo Carlos and expansion of non-agricultural anthropic
areas. Besides, they are useful to bring out problems related to the complexity of the landscape
ecological sustainability of the Sdo Carlos municipal district for decision makers and to the

society.

Key-words: land and cover use; landscape anthropization; spatial and temporal pattern of the

landscape; environmental sustainability.
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2.1.INTRODUCAO

Os problemas ambientais estdo se tornando cada vez mais complexos, interativos e
globais, induzindo os estudos de conservacdo para escalas da paisagem cada vez mais amplas
(Baker, 1992). Uma unidade de gerenciamento da paisagem resulta de uma sucessdo de estados
em um intervalo de tempo que pode conduzir a impactos ecologicos (Forman & Gordon, 1986).
Essas mudancas influenciam a continuidade e a manutencdo das funcdes ecossistémicas, além de
regular ou modular os beneficios que a sociedade obtém das propriedades e/ou processos fisicos,
bioldgicos ou quimicos que ocorrem nos sistemas naturais (Mitsova et al., 2011).

As mudancas no uso de terra em escala global nos ultimos 50 anos resultaram na
melhoria do bem-estar humano e do desenvolvimento econdmico, causando, entretanto, sérios

problemas ambientais (MEA 2005; Perez-Soba et al, 2008).

As atividades de uso do solo que convertem paisagens naturais para 0 uso humano,
assim como aquelas relacionadas a préaticas de manejo em areas antropizadas, transformaram uma
grande proporcédo da superficie do planeta. Ao remover florestas tropicais, praticar agricultura de
subsisténcia, intensificar a producdo agricola, ou expandir centros urbanos, as a¢cdes humanas
estdo mudando a paisagem global de forma aguda. Embora as praticas de uso da terra sejam
muito diversificadas para as diferentes regides do mundo, o resultado final € geralmente o
mesmo: a aquisicdo de recursos naturais para as necessidades humanas imediatas, muitas vezes,
as custas da degradacéo das condi¢des ambientais (Foley et al. 2005).

Paisagens mudam através de praticas de uso de terra (Kienast 1993) resultantes das
interacdes entre fatores abiodticos e socioeconémicos (Forman 1995; Zonneveld 1995), devido a
cultura rural e diferente tipos de tecnologia agricola (Bowman et al. 2001; Chen et al. 2001;

Hietala-Koivu 2002).
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A antropizacdo da paisagem em resposta aos fatores socioecondémicos define o uso e
cobertura da terra e o padrdo espacial e temporal dos recursos naturais (Forman 1995; Irwin and
Geoghegan 2001; Blasi et al. 2003; Acosta et al. 2005). Os recursos naturais, por sua vez,
definem os padrbes espaciais da paisagem cultural, que sdo diversas em valores estéticos,
econémicos e ecoldgicos, e resultam na degradacdo de habitats, perda de solo e empobrecimento
dos sistemas suporte de vida (Haberl et al.,, 2004). Tais processos interferem com a
sustentabilidade, uma vez que esgotam o capital natural, que proporciona os bens e servicos
decorrentes dos diferentes usos de terra, que resultam das questdes econémicas, ambientais e
sociais mais relevantes de uma regido, possibilitando a identificacdo de funcbes ambientais que
sdo comprometidas ou favorecidas em diversos cenarios de mudanca de uso da terra (Perez-Soba

et al., 2008; Pereira et al. 2010).

A andlise de mudancas temporais e espaciais do uso e cobertura da terra é essencial para
0 planejamento da paisagem direcionado a conservacao dos sistemas suporte de vida (Christensen
et al. 1996; Blasi et al. 2003; Haberl et al. 2004).

Com base nas informacdes dos atributos fisicos da paisagem, é possivel compreender as
limitacGes determinadas aos usos de terra e ainda determinar suas mudangas. Para isto, é
fundamental disponibilizar essas informacGes em formato digital, além associa-las ao uso de
técnicas de geoprocessamento, que permitam detectar e monitorar as mudancas na paisagem,

além de contribuir para a tomada de decisdes embasadas e responsaveis.

Este estudo teve como objetivo identificar as mudancas do uso da terra em termos dos
tipos de ecossistemas resultantes na paisagem, com relacdo a intensidade e a dindmica do uso e
cobertura da terra, no periodo entre 1989 a 2014, na perspectiva de compreender a dindmica dos

distdrbios antropicos no comprometimento das areas ocupadas pelos sistemas suporte de vida do
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municipio de Sao Carlos (SP). O municipio de Sdo Carlos foi selecionado para estudo por
apresentar um cenario de antropizacdo, decorrente das agdes desenvolvimentistas locais que
determinam mudancas rapidas no uso da terra, caracteristico dos municipios da regido noroeste

do estado de Sdo Paulo.
2.2.MATERIAL E METODOS
2.2.1. Area de estudo

O municipio de Sdo Carlos conta com uma érea fisica de 1.136,907 km? e possui uma
populacdo total de 241.389 habitantes (IBGE, 2015), esta localizado na regido noroeste estado de
Sdo Paulo, Brasil, entre as coordenadas 47°30° e 48°30° Longitude Oeste e 21°30° e 22°30°

Latitude Sul (Figura 1).

UTM 238
Cédrrego Alegre

0 10,00
e e

| 22°30's

Estado de Sdo Paulo

Quildmetros 47°30'W

Figura 1. Localizagdo do municipio de S&o Carlos, SP.
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2.2.2. Dinamica dos usos da terra

A analise da sequéncia historica dos usos e cobertura da terra pelo uso de imagens € um
método importante para determinar o padrao espacial e temporal da cobertura da terra na escala
da paisagem. Para identificar a dinamica dos usos e cobertura da terra foram utilizadas imagens
LandSat 5 TM com resolucdo espacial de 30 m, referentes a drbita 220 e ponto de passagem 75,
com datas de passagem 24 de outubro de 1989, 20 de setembro de 1994, 2 de setembro de 1999,
30 de agosto de 2004, 25 de agosto de 2009 e imagem de satélite LandSat-8 sensor OLI, com

resolucdo espacial de 30 m, drbita 220 e ponto de passagem 75, de 07 de junho de 2014.

Em ambiente SIG ENVI 4.8 foram geradas imagens através da composicdo falsa cor das
bandas 5, 4 e 3, respectivamente, nos canais RGB. A classificacdo qualitativa e quantitativa dos
tipos de uso e ocupacdo da terra foi obtida com base na interpretacdo visual (manual), efetuada
através do software Mapinfo 11.0. Para esta metodologia de classificacdo, foram elaboradas
legendas para as imagens de satélite dos seis anos estudados (1989, 1994, 1999, 2004, 2009 e
2014) e a categorizacdo dos usos da terra foi discriminada com base nos critérios tonalidade,
textura e contexto (Crosta 1992; Moreira 2011). Durante a classificacdo da imagem de 2014
foram realizadas saidas de campo para o reconhecimento e esclarecimentos dos tipos de uso de
terra atuais (Tabela 1), de registros fotograficos e de coordenadas geograficas. Apds esta

categorizacao e edi¢Oes necessarias o resultado sofreu uma andlise final para conferéncia.

Com base no mapeamento dos usos da terra para os anos de 1989, 1994, 1999, 2004, 2009
e 2014 foi efetuada uma classificacdo ecossistémica das unidades (areas) identificadas, com base
em critérios relacionados a perda de naturalidade e na capacidade de auto-regulacdo dos
ecossistemas, definidas com base em um gradiente de predominancia de componentes naturais e

culturais na paisagem (Haber, 1994). A classificacdo ecossistémica foi operacionalizada em dois
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Tabela 1. Classificacao dos tipos de ecossistemas da paisagem do municipio de S&o Carlos (SP). Fotos tiradas em abril de 2014.

Tipos de Tipos de uso e cobertura da Terra
Ecossistemas

Mata Secunddria Cerrado Campo Sujo

Natural
Pastagem Ciclo Curto Agricultura Perene Silvicultura Propriedades rurais
Antrépico
Agricola
Mineragdo
Antrdépico

Nao-agricola

Rios e Lagos Areas alagadas

Ambiente
Aquatico




niveis hierarquicos de detalhamento: um nivel primario relacionado a classificacdo dos tipos de
ecossistemas, e um nivel secundario envolvendo os tipos de uso e cobertura de terra destes

ecossistemas.

2.3. RESULTADOS e DISCUSSAO

2.3.1. Mudancas na cobertura da terra

A ocupagcdo espacial do municipio de Sdo Carlos, historicamente tem apresentado usos da
terra bastante diferenciados como reflexo das agcdes desenvolvimentistas priorizadas pelos setores
governamentais, com destaque para as atividades agricolas (principalmente o cultivo de cana-de-

acucar).

Para compreender de forma mais ampla a influéncia do processo de transformacéo da
paisagem do municipio ao longo de 25 anos, foram identificados quatro tipos de ecossistemas
(Natural, Antropico Agricola, Antropico Ndo-Agricola e Ambientes Aquaticos), posteriormente
agrupados em 13 tipos de uso e cobertura da terra: Mata Secundaria, Campo Sujo, Cerrado,
Pastagem, Ciclo Curto, Cultura Perene, Silvicultura, Pequenas Propriedades Rurais, Loteamento
(locais separados para uma posterior construcdo), Urbanizacdo, Mineracdo, Rios e Lagos e Areas
Alagadas (Tabela 2), para o periodo de 1989 a 2014. A representacdo espacial e temporal dos
quatro tipos de ecossistemas (Natural, Antropico Agricola, Antropico Ndo-Agricola e Ambientes

Aquaticos), para o periodo de 1989 a 2014, esta representada na Figura 2.
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Figura 2. Dinamica espacial e temporal do territorio municipal de Sdo Carlos (SP) para os anos de 1989 (a), 1994 (b), 1999 (c), 2004
(d), 2009 (e) e 2014 (f), considerando quatro tipos de Ecossistemas (Aquaticos, Naturais, Antropogénicos Agricolas e Antropogénicos

Né&o-agricolas), com base na predominancia de componentes naturais e culturais.



Tabela 2. Tipos de Ecossistemas e de usos e cobertura da terra e suas respectivas areas identificados no municipio de Séo Carlos (SP),
para 0s anos de 1989, 1994, 1999, 2004, 2009 e 2014.

Tipos de Tipos de uso e 1989 1994 1999 2004 2009 2014
Ecossistemas ~ coberturadaterra Area (ha) % Area (ha) % Area (ha) % Area (ha) % Area (ha) % Area (ha) %
Mata Secundaria 11.295,48 994 14.182,12 12,46 14.289,98 1257 16.726,53 14,71 1454983 12,79 16.379,40 14,41
Cerrado 13.304,04 11,70 11.428,15 10,04 7.656,78 6,74 7.853,66 6,91 7.865,31 6,91 13.375,95 11,77
Natural Campo Sujo 5.956,24 5,24 1.456,22 1,28 2.039,69 1,79 2.036550 1,79 478,93 0,42 771,55 0,68
Subtotal 30.555,76 26,88 27.066,49 23,78 23.986,45 21,10 26.616,68 2340 22.894,07 20,12 30.526,91 26,85
Pastagem 10.475,58 9,22 13.829,74 12,15 10.094,60 8,88 11.919,65 10,48 6.696,13 5,89 10.085,71 8,87
Ciclo Curto 55.570,54 48,89 60.834,49 5345 63.17580 55,57 56.532,85 49,71 61.117,15 53,72 55.826,37 49,11
Agricultura Perene 5.095,34 4,48 2.155,97 1,89 3.31535 2,92 5.649,57 4,97 7.12755 6,26 2.862,66 2,52
Antropico  Silvicultura 2.915,55 2,56 2.395,01 2,10 2.566,60 2,26 2.751,38 2,42 2.125,11 1,87 2.14951 1,89
Agricola Propriedades Rurais 1.932,38 1,70 77,12 0,07 243477 2,14 723 0,01 2.186,60 1,92 49,39 0,04
Subtotal 75.989,38 66,85 79.292,32 69,67 81.587,11 71,77 76.860,67 67,58 79.252,53 69,66 70.973,64 62,43
Antrépico Loteamento 47,34 0,04 1.351,70 1,19 0,00 0,00 252050 2,22 458,28 0,40 1.219,05 1,07
N&o-agricola Urbanizacdo 4.978,65 4,38 4.185,67 3,68 6.525,12 5,74 5.610,47 4,93 9.299,22 8,17 9.002,92 7,92
Mineragdo 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 416,27 0,37
Subtotal 5.025,99 4,42 5.537,37 487 6.525,12 574 8.13097 7,15 9.757,50 8,558 10.638,24 9,36
imbii_nte Rios e Lagos 467,78 0,41 524,63 0,46 407,23 0,36 685,35 0,60 464,94 041 786,20 0,69
uatico

) Areas Alagadas 1.631,26 1,44 1.396,63 1,23 1.178,13 1,04 1.436,69 1,26 1.409,22 1,24 751,81 0,66
Subtotal 2.099,04 1,85 192126 1,69 158535 1,39 2.122,04 1,87 1.874,16 1,65 153801 1,35
Total 11.3670,17 100,00 11.3817,45 100,00 11.3684,03 100,00 11.3730,37 100,00 11.3778,26 100,00 11.3676,80 100,00




Ecossistemas Naturais compreendem os Sistemas Suporte de Vida da paisagem
com predominio dos componentes naturais e de processos biolégicos. Ecossistemas
Antrépicos Agricolas compreendem as areas intencionalmente estabelecidas para as
atividades agropecuarias, basicamente dependentes do controle e manejo humano.
Ecossistemas Antropicos Nao-agricolas compreendem as areas urbano-industriais com
predominio de estruturas e processos tecnoldgicos. Ecossistemas Aquéaticos
compreendem os rios e lagos presentes no municipio, além das &reas alagadas. A
extensdo e a alteracdo das areas destes usos no periodo de 1989 — 2014 esta apresentada

na Tabela 2.

A classe Ecossistema Natural esta representada pelos tipos fitofisionémicos
Mata Secundéria, Cerrado e Campo Sujo (Tabela 2). Apesar dos valores totais
ocupados por essas areas serem bem proximos em 1989 e em 2014 (inicio e término do
periodo estudado, respectivamente), houve uma reducdo da area desta classe entre 1989
e 1999 (de 26,88% para 21,10%). Em 2009, esta classe atingiu seu menor valor
(20,12%). Esta trajetoria evidencia que houve uma recomposicdo da Area de
Ecossistema Natural no periodo estudado; em 1989 esta classe ocupava 30.555,76 ha da
area total do territério municipal, enquanto que em 2014, esta &rea apresentou um
ligeiro decréscimo para 30.526,91 ha. Esta recomposi¢cdo pode estar relacionada
primeiramente a mecanizacdo da agricultura, que impede o plantio em &reas declivosas
(com um declive superior a 8-10%) (Baptista & Neto, 2005) e também pela averbacao
de areas de Reserva Legal no municipio, além da presenca de APPs. E importante
ressaltar, entretanto, que mesmo com a recomposi¢do da area natural, ndo pode ser
considerado que a qualidade das areas recompostas é similar aquela observada em 1989.
Em 2014, a classe de ecossistema natural se apresenta mais fragmentada, além de uma

composicdo bastante diferenciada: mata secundaria ocupa 14,41% do territdrio



municipal, enquanto que em 1989, ocupava apenas 9,94%; de maneira similar o tipo e
cobertura da terra relacionada a campo sujo ocupava 5,24% do territério municipal em

1989, passando a ocupar 0,68% em 2014 (Tabela 2).

A classe Antropica Agricola est representada, pelos usos de terra: Agricultura
Perene, Ciclo Curto, Pastagem, Silvicultura e Pequenas Propriedades Rurais (Tabela 2).
Esta matriz ocupa a maior parte do territério municipal em todos os anos estudados,
sendo considerada a principal forca de mudanca direta na paisagem. Em 1989, esta
classe ocupava 75.989,38ha da area total do municipio de Sdo Carlos, e passou a ocupar
70.973,64ha em 2014, sendo culturas de ciclo curto (onde esta inserido o solo exposto)
0 Uso mais representativo dessa classe, seguido pela pastagem. Entre os anos de 1989 e
1999 houve um incremento na area de cultivo ciclo curto, relacionado principalmente ao
plantio de cana-de-acUcar, ocupando o maximo de cobertura da &rea total do municipio,
63.175,8 ha. Em 2014, o total de &rea coberta pela plantacdo de ciclo curto foi de
55.826,37ha. Esta reducdo da atividade agricola deve-se, em parte, ao fato da paisagem
do municipio, em sua porcdo sul pertencer a uma regido de cuestas basélticas, que
possuem costas e montes em declives ndo assimétricos, que impedem a utilizacdo de

maquinas para o plantio e colheita de cana-de-agucar.

A classe Antrdpica Nao-Agricola contemplou os usos Urbanizacéo, Loteamento
e Mineracdo, ocupando uma extensdo de 5.025,99ha (cerca de 4,42% do territorio
municipal) em 1989, enquanto que em 2014, essa area aumentou para 10.638,24ha
(9,36% do territorio municipal) (Tabela 2). Apesar de ser o tipo de uso que apresentou
maior indice de crescimento durante o periodo estudado, este ndo corresponde ao
principal fator de pressdo de mudanca na paisagem do municipio. O uso mineracao
(relacionando com a retirada de areia) foi observado apenas em 2014, possivelmente

pela melhoria da resolugdo do satélite, ja que a imagem deste ano foi obtida pelo



LANDSAT-8. O aumento do uso antropico ndo-agricola esta diretamente relacionado
com o crescimento demografico, que no periodo de 1991 a 2014, aumentou de 158.221
para 238.958 habitantes (aumento de 66% da populacdo total) (IBGE, 2015). A direcdo
predominante dessa expansdo esta ocorrendo na direcdo Noroeste-Sudoeste, direcdo
definida pelo plano diretor da cidade de Sao Carlos

(http://www.saocarlos.sp.gov.br/index.php/utilidade-publica/plano-diretor.html).

Entretanto, nem sempre o crescimento populacional esta diretamente relacionado
com a perda de florestas em condigdes locais. Em alguns casos é possivel perceber que
a melhoria no manejo das florestas e a restauracdo de cobertura florestal esta associada
com a densidade populacional. H4 uma percepcdo comum de que as florestas sdo fontes
ilimitadas de recursos em areas com baixa densidade populacional, e isto pode resultar
na difusdo do desmatamento e na falta de instituicGes para regular 0 acesso aso recursos
florestais (Interagbes Homem-Ambiente em Ecossistemas Florestais) (dos Santos,

2011).

De modo contrério ao apontado para a atual condicdo dos ecossistemas do
mundo (MEA, 2005), o municipio de Sdo Carlos evidencia, no periodo de 25 anos,
pouca mudanca entre os totais de areas antropicas agricolas e areas naturais. Entretanto,
considerando o total de uso antropico (agricola e ndo agricola) este ocupa cerca de
71,27% da area do Municipio de Sdo Carlos em 1989 e 71,79% em 2014, o que mostra

a condicdo de antropizagdo da paisagem do Municipio de S&o Carlos.

A classe Ambiente Aquatico esta representada por rios e lagos, além de represas
e &reas alagadas. Esta classe apresentou uma pequena variagcdo nas areas ocupadas por
cada tipo de uso de terra, mantendo uma média de ocupacdo de 1,63% da &rea total do
territério municipal, durante o periodo estudado. No ano de 2014, este uso atingiu o

menor valor de ocupacdo, cerca de 1,35% (1.538,00ha) da é&rea total territdrio
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municipal, condizente com o prolongado periodo de estiagem iniciado em 2014 (Tabela

2).

A transformacdo e substituicdo dos Sistemas Suporte de Vida, de forma
predominante, pelos Ecossistemas Antropogénicos resultam na perda das formas de
biodiversidade (genética, de espécies e de habitat) que proporcionam os bens e servigos
ambientais para o atendimento do bem-estar humano, incluindo as necessidades basicas
na forma de alimento, agua, substancias medicinais, etc. A mudanca no padrao espacial
da paisagem resulta também no aumento de outros servicos ambientais, tais como a
producdo agricola e animal, que contribuem com ganhos substanciais ao bem-estar
humano e ao desenvolvimento econémico, embora simultaneamente estejam
relacionados aos custos ambientais crescentes na forma da perda de habitats e no
comprometimento da qualidade ambiental da paisagem. A transformacdo, em escala
regional, dos Sistemas Suporte de Vida para condi¢des cada vez mais antropogénicas,
acarreta a diminuicdo do potencial da sustentabilidade regional, devido a perda dos
recursos naturais e das funcdes ambientais que determinam a qualidade ambiental da
paisagem necessaria para a manutencdo do desenvolvimento econdmico e social. A
direcdo principal de expansdo da zona urbana da cidade de Sao Carlos estd em
concordancia com a direcdo definida no plano diretor da cidade, entretanto é possivel
observar a expansdo em areas protecdo e preservacdo de mananciais, 0 que sugere a

falta de superviséo por falta do poder executivo municipal (Costa et al. 2012).

A questdo primordial da Conservacdo dos sistemas suporte de vida estd pautada
na definicdo do tamanho da area do territério municipal que pode ser convertida
(alterada) para uso humano, em relagdo a condigdo minima de naturalidade da paisagem
assegurada pela continuidade de ecossistemas naturais funcionais. Ou mesmo, quais

areas devem ser conservadas e/ou restauradas para que sejam diminuidas as pressdes



sobre a biodiversidade remanescente em uma determinada regido, na perspectiva de que
sejam reestabelecidos os bens e servigos proporcionados ao bem-estar humano, além de
uma maior observancia e superviséo das diretrizes presentes no plano diretor municipal

de Sédo Carlos.
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3. CAPITULO 2: QUANTIFICACAO DA SUSTENTABILIDADE
AMBIENTAL NA ANALISE DE UMA PAISAGEM CULTURAL.

RESUMO. Quantificacdo da Sustentabilidade Ambiental na Anélise de uma
Paisagem Cultural. O uso de terra € moldado pelas interacBes entre a natureza e
sociedade, e estas interagcdes podem inibir a sustentabilidade ambiental e deplecionar o
capital natural que provém o0s servigcos ecossistémicos dos quais 0s seres humanos
dependem. Dois indices estruturais de paisagem (indice de Urbanidade e indice de
Vulnerabilidade da Paisagem) foram propostos para aumentar a interpretabilidade da
avaliacdo sustentabilidade ambiental dos usos de terra de um municipio. Uma série
temporal de dados de sensoriamento remoto LandSat 5 do Municipio de S&o Carlos para
0s anos de 1989, 2004 e 2014 revelaram que as mudangas nos usos de terra ndo
acontecem de forma progressiva e gradual. No periodo de 25 anos, as principais
tendéncias na paisagem incluem a perda e aumento da cobertura florestal, de forma que
a mesma permaneceu quantitativamente similar durante o periodo, devido a reducdo do
uso antropogénico agricultural. Adicionalmente, o total de uso antropogénico aumentou,
como resultado do aumento da urbanizacdo. A agregagdo dos indicadores permitiu a
identificacdo de maior naturalidade e menor vulnerabilidade, assim como menor
naturalidade e maior vulnerabilidade sob condigdes locais de sub-bacias, que indicam a
necessidade de estratégias diversas para conservacdo da biodiversidade local e da
sustentabilidade ambiental. Estes cenérios preliminares permitem a comunicagdo de
problemas de sustentabilidade ambiental em diferentes escalas de paisagem para a
comunidade cientifica, assim como planejadores, tomadores de decisdo e o publico em
geral.

Palavras-chave: Uso de terra, Indicador quantitativo, Indice de Urbanidade, Indicador

de Vulnerabilidade da Paisagem.
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ABSTRACT. Towards the Quantification of Environmental Sustainability in
Cultural Landscape Analysis. Land use is shaped by the interactions between nature
and society, and these interactions can inhibit environmental sustainability and deplete
the natural capital that provides the ecosystem services upon which humans depend.
Two structural landscape indicators (Urbanity Index and Landscape Vulnerability
Indicator) have been proposed to improve the interpretability of environmental
sustainability assessments of municipal land use changes. A time series of LandSat 5
Thematic Mapper remote sensing data from S&o Carlos municipality for the years 1989,
2004 and 2014 revealed that land use changes do not take place in a progressive and
gradual way. Over the 25-year period, the main trends in the landscape include the loss
and increase of forest cover so that it has remained quantitatively similar over time due
to reduced anthropogenic agricultural land use. Additionally, total anthropogenic land
use has increased as a result of growing urbanization. The aggregation of both indicators
enabled the identification of greater naturalness and lower vulnerability, as well as
lower naturalness and higher vulnerability under local sub-basin conditions, which
indicate the need for different potential strategies for local biodiversity conservation and
environmental sustainability. These preliminary scenarios provide a way to
communicate problems of environmental sustainability at different landscape scales to

the scientific community as well as to planners, policy makers and the broader public.

Key-words: Land use; Quantifiable indicator, Urbanity Index; Landscape Vulnerability

Indicator.
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3.1. INTRODUCTION

The global changes in land use over the last fifty years have resulted in
improvements to human welfare and economic development, but they have also caused

serious environmental problems (MEA, 2003; Perez-Soba et al. 2008).

The analysis of temporal and spatial changes in land use and cover is essential to
landscape planning focused on the conservation of life support systems (Christensen et
al. 1996; Blasi et al. 2003; Haberl et al. 2003).

Changes in the landscape due to land use practices (Kienast, 1993) result from
interactions between abiotic, biotic and socio-economic factors (Forman 1995;
Zonneveld 1995), such as rural culture and different types of agricultural technology
(Bowman et al. 2001; Chen et al. 2001; Hietala-Koivu, 2002).

Anthropization in response to socio-economic factors defines the land use and
cover and natural resource patterns (Forman, 1995; Irwin and Geoghegan, 2001; Blasi
et al. 2003; Acosta et al. 2005) that, in turn, define the spatial patterns of the cultural
landscape, which incorporates diverse aesthetic, economic and ecological values and
can drive habitat degradation and soil loss and impoverish life support systems (Haberl
et. al., 2003). These processes interfere with sustainability as they deplete the natural
capital that provides goods and services through different land uses, and they represent
the most relevant economic, environmental and societal issues to a region. They further
enable the identification of land use functions that are hindered or enhanced under

various land use change scenarios (Perez-Soba et al. 2008; Pereira et al. 2010).

The assessment of ecosystem sustainability requires a set of indicators that can be
used at different spatial, temporal and hierarchical levels. Structural landscape

indicators are ecologically sensitive tools that reflect the correlation between multiple
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land uses, their temporal and spatial changes, and the influence that policies might have
on steering those changes towards sustainability (Wiens et al. 1993; Turner et al. 2003;
Haberl et al. 2003; Wrbka et al. 2004; Perez-Soba et al., 2008). These tools also allow
the dynamics of the naturalness of a landscape, which can decrease or increase due to
anthropic activities, to be monitored in time and space. This can provide essential
information about current and historical conditions and the interactions between nature
and society, which can be disseminated to the scientific community, the general public

and decision makers.

This study examines the interactions between different land uses, their temporal and
spatial changes between 1989 and 2014, and how these changes have affected
environmental sustainability in the Sdo Carlos municipality with the goal of answering
the following questions:

a) Do structural landscape indicators distinguish changes in naturalness and

vulnerability as a result of land use change?

b) Did the environmental sustainability of the sub-basins of the Sdo Carlos

municipality change over the 25-year period?

3.2. METHODS

3.2.1. Characterization of the study area

The S&o Carlos municipality covers an area of 1,136.907 km?and is located in the
northeast region of S&o Paulo state, Brazil, between 47°30' and 48°30" W and 21°30" and
22°30" S. Ten sub-basins have been delimited within the municipality, and they are

enclosed by the Mogi-Guagu or Tieté-Jacaré river basins (Figure 3).
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Figura 3. Location of Sdo Carlos municipality, SP, and a detailed representation of the
basin boundaries: Ribeirdo das Guabirobas (1), Ribeirdo das Cabaceiras (2), Ribeirdo de
Araras (3), Rio Mogi-Guacu (4), Rio do Quilombo (5), Chibarro (6), Ribeirdo do

Pantano (7), Monjolinho (8), Jacaré-Guacu (9), and Feijdo (10).

According to a demographic census, Sdo Carlos municipality had a total population
of 241.389 inhabitants (IBGE, 2015). Its original vegetation cover is characterized by
various savanna physiognomies.

Initial reports of landscape change in the Sdo Carlos municipality due to human
influence date back to the end of the seventeenth century and the beginning of local
settlement. The vegetation at this time was reported to be savanna, sparsely arboreal
savanna, and marsh (27%); arboreal savanna (16%); semi-deciduous forest and riparian

forest (55%), and deciduous forest with Araucaria angustifolia (2%) (Bert.) O. Ktze
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(Soares et al., 2003). Three centuries later, in 1994, the natural vegetation was evaluated
via aerial photographs and found to cover 7% of the total area of the municipality. The
vegetation was composed of savanna (2%), arboreal savanna (2.5%), semi-deciduous
and riparian forests (1%), and areas of regeneration (1.5%); the A. angustifolia semi-
deciduous forest was extinct (Soares et al., 2003).

From 1991 to 2000, surveys of legal proceedings involving deforestation in S&o
Carlos municipality identified the loss of 1,121.62 ha of natural vegetation,
approximately 100 ha/year, which was threatening water quality and causing habitat
degradation and the loss of biodiversity. The total area of natural and semi-natural
vegetation was estimated to be 14.1% of the total area if the municipality (Cintra et al.
2004).

Based on screen digitization of Landsat-5 Thematic Mapper (TM) imagery, natural
vegetation covered 28% (31,776.4 ha) of the S&o Carlos municipality in 2012. Of that
total, 61% (19,561.7 ha) was enclosed by the Tiete-Jacaré river basin and 39%

(12,214.7 ha) by the Mogi Guagu river basin (Bertini et al. 2015).

3.2.2. Land use dynamics

Land use dynamics were characterized by screen digitizing Landsat imagery with a
spatial resolution of 30 m and a multispectral composite of three bands near the
infrared, red and green wavelengths. Landsat-5 (TM) imagery (path 220; row 075) was
obtained for 24 October 1989 and 30 August 2004, and Landsat-8 Operational Land
Imager (OLI) imagery was also used for 7 June 2014.

The land use and cover typologies were discriminated by tone, texture and context
criteria (Crosta, 1992; Moreira, 2011) through manual polygon digitalization (visual
interpretation) in Maplinfo 10 software. Each polygon was related to a previously
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established land use and cover: pasture, annual and perennial cultivation, exposed soil,
forestry, forest, savanna, short-shrub savanna, aquatic, wetland, and settlement. The
land use types were classified based on decreasing naturalness or increasing artificiality

(Haber, 1994).
3.2.3. Structural landscape indicators

The environmental impacts that land use changes have had on naturalness and
landscape vulnerability were analyzed based on the Urbanity Index (Ul) and the
Landscape Vulnerability Index (LVI). For this procedure, land use was considered to be
the main driver of change in the ecosystem (MEA, 2003); this study did not consider
indirect drivers related to demographic, economic, socio-political, cultural, religious,
scientific or technological conditions (Nelson et al. 2006; Pereira et al. 2010).

The Ul (O’Neill et al. 1988) reflects the naturalness of the landscape condition and
estimates (Equation 1) the extent to which landscapes are dominated by strongly

human-altered systems (Wrbka et al. 2004):

A+U

where U = urban area; A = agricultural area; F = forest area, and W = aquatic and
wetland areas. The spatial representation of the Ul was obtained based on the RASTER
VECTOR, AREA and IMAGE CALCULATOR commands in the IDRISI Selva
software (Eastman, 2012) and fuzzy logic (transformed by a linear function with a
minimum value of 0 and a maximum value of 1). This representation considers the
maximum degree of naturalness (Ul = 0) and the minimum degree of naturalness (Ul =

1), which correspond to the predominance of strongly human-altered systems.
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The LVI indicates the susceptibility of a landscape to environmental impacts, i.e.,
environmental vulnerability decreases as the ability of the landscape to minimize
environmental impacts increases (Canter, 1996; Turner et al. 2003; Adger, 2006). The
LVI values were obtained by two metrics, the Vegetation Quality Index (VQI) and the
Water Quality Index (WQI) (Equation 2).

VI = VQI+WQI

)

The VQI was adapted from the Environmental Quality Index (Bojorquez-Tapia et
al. 2002), and the WQI is based on the functional curves from the Habitat Quality Index
(Canter 1996). This approach assumes that land use and cover are related to the
environmental vulnerability of the vegetation and water.

The VQI was estimated (Equation 3) from the values of three metrics of vegetation
patches: Area (AREA), shape (SHAPE) and distance (DISTANCE) between patches,
which were obtained from the land use reclassification of the S&o Carlos municipality

for 1989, 2004 and 2014. IDRISI Selva software was used to adjust the VQI, WQI and

LV1 values by fuzzy logic with a minimum value of 0 and a maximum value of 1.

AREA+SHAPE+DISTANCE

! 3)

VQI =
The WQI describes the susceptibility of water, which is related to the distances
between water resources and the sources of impact represented by different land uses.
The distances were estimated by the DISTANCE module in IDRISI Selva (Eastman
2012) and transformed by fuzzy logic with a minimum value of 0 and a maximum value
of 1.
After transformation by fuzzy logic, with a minimum value of 0 and a maximum
value of 1, the LVI values were represented spatially; a higher LVI value (1) reflected
lower landscape resilience, and a lower LVI value (zero) reflected higher landscape

resilience.
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A permutational multivariate analysis of variance (PERMANOVA) (Anderson,
2005; Anderson, 2001) with Euclidian distance was used to test the null hypothesis of
equal degrees of naturalness and landscape vulnerability, based on Ul and LVI values,
between 1989, 2004 and 2014. A pair-wise a posteriori comparison was performed on a
subsample of 500 points, which were randomly sampled from each time period (1989,

2004, 2014) without overlap for a total of 1,500 sampling points.

3.2.4. Forecasted environmental sustainability scenarios

The recognition that land use changes affect multiple dimensions of
sustainability has been embodied by the concept of ecosystem goods and services
(Constanza et al. 1997) or environmental functions (De Groot et al., 2002). This concept
is particularly useful for identifying the environmental, social and economic functions
of land use (Wiggering et al., 2003; De Groot, 2006) as part of sustainable land
development; it even requires an assessment of the impact of land use change on the

three dimensions of sustainability (Perez-Soba et al., 2008).

The Sdo Carlos sustainability assessment was based on a clear separation
between the social/cultural and the natural/cultivated capital and mainly focused on

environmental sustainability at the sub-basin level.

The environmental sustainability outcomes due to land use changes in different sub-
basin-level scenarios were interpretable through overlapping Ul and LVI values for
1989, 2004 and 2014 using the OVERLAY command in IDRISI Selva.

To test the null hypothesis of equal degrees of environmental sustainability between
sub-basins in 1989, 2004 and 2014, the PERMANOVA test was applied (Anderson

2005; Anderson 2001) with Euclidian distance. A pair-wise a posteriori comparison of
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100 randomly sampled points with no overlap for a total of 3,000 sampling points was
used.

The sampling was accomplished with the “dismo” (Hijmans et. al., 2014) and
“raster” (Hijmans, 2015) packages for program R (R Core Team 2013), and the

PERMANOVA test was performed with the “vegan” package.

3.3. RESULTS AND DISCUSSION

3.3.1. Land Use

Four primary land uses were identified for 1989, 2004 and 2012: (1) forest,
including secondary forest, savanna and short-shrub savanna without direct human
influence; (2) anthropogenic agricultural, which is created by human influence and
includes pasture, perennial and annual crops, bare soil and forestry; (3) anthropogenic
non-agricultural, which includes settlements, road networks, industrial complexes, and

mining areas, and (4) water (Figure 4).
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Figura 4. Land use dynamics (ha and %) in the S&o Carlos municipality (S&o Paulo, Brazil) in 1989 (a), 2004 (b), and 2014 (c).
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The changes in land use in Sdo Carlos municipality depend on history, social and
economic conditions, and ecological context, and do not progress in a linear way. Over
the 25-year period, the main trends in the landscape include the loss and increase of
forest cover so that it has remained quantitatively similar over time due to reduced
anthropogenic agricultural land use and increased anthropogenic non-agricultural land
cover, respectively. The minimal changes in forest cover, from 26.91 to 26.38% from
1989 to 2014 (Figure 4), highlights forest recovery to a similar quantitative condition as
evaluated 25 years ago.

The anthropogenic agricultural land use type declined from 66.60 to 63.08% of the
total area of the Sdo Carlos municipality over the 25-year period (1989 to 2014) (Figure
4). This decreasing artificiality might be related to local or regional agriculture
mechanization, which has made planting and harvesting on steeper slopes impossible
and thereby promoted the recovery of natural areas. Agricultural activity related to
sugar cane cultivation was the main driver of habitat change between 1989 and 2014.

The increasing anthropization of the Sdo Carlos municipality (71.02% to 72.26%,
between 1989 and 2014) has been promoted by an increase in anthropogenic non-
agricultural land use (4.42% to 9.18% between 1989 and 2014) (Figure 4). While
urbanization was not a predominant driver of change compared to anthropogenic
agricultural land use, the demographic data for the Sdo Carlos municipality (IBGE,
2010) indicate increased urbanization with a population growth of 66%, from 158,221
to 238,958 inhabitants, between 1991 and 2014.

Water cover decreased from 2.07 to 1.35% of the total area of the S&o Carlos
municipality between 1989 and 2014 (Figure 4), which is likely due to a period of
prolonged drought that began in 2013. This drought, which caused a collapse in the

water supply, is considered an extreme weather event, and records of increased average
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temperature and reduced rainfall at national and local scales suggest that water crises
similar to that from 2013 to 2015 could become routine. However, the land use changes
in the Sdo Carlos municipality, i.e., deforestation, changes in the extent of cultivated
lands, and urbanization, are processes that are not strongly affected by interannual

climatic variability.

3.3.2. Landscape Sustainability Index
The Ul and LVI values for 1989, 2004 and 2014 that resulted from the various land use
change scenarios for the S&o Carlos municipality are shown in Figures 5a, b, and ¢ and
Figures 5d, e, and f, respectively. Areas with high naturalness and low vulnerability
(Ul and LVI values <0.3) were characterized by conditions favorable to environmental
sustainability, whereas those with low naturalness and high vulnerability (Ul and
LV1>0.7) exhibited conditions unfavorable to environmental sustainability. The results
for the pair wise comparison test can be found as a supplementary material for this

article.

However, the Ul and LVI values for 1989, 2004 and 2014 for S&o Carlos
municipality were not significantly different at the 5% level (F = 0.584; p = 0.543),
were interchangeable, and could be assigned at random to the three periods in

accordance with the null hypothesis.

The total municipal area required to support agricultural and urban expansion
(71.02% to 72.26% between 1989 and 2014) increased by 1.2% over 25 years (Figure
4) with dominance of anthropogenic agricultural land use. There was minimal change in
forest cover, from 26.91 to 26.38%, over the 25-year period (1989 to 2014), which has

maintained the naturalness and vulnerability of the landscape for 25 years.
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In terms of land use dynamics, the spatial patterns of the landscape in the
municipality did not change significantly during the 25-year period. Thus, using only
time as a factor, it was not possible to demonstrate statistically significant, distinct
circumstances of naturalness and landscape vulnerability as drivers of land use change.

The particular sub-basin environmental sustainability scenarios related to naturalness
and landscape vulnerability for 1989, 2004 and 2014 are illustrated in Figure 6.

Since the municipal territory corresponds to a mosaic of land uses, and the Ul and
LVI mean values are not normally distributed, median values were used for each sub-
basin as a measure of performance to identify regions with favorable and unfavorable
conditions for naturalness and landscape vulnerability.

The boxplots (Figure 7) for each sub-basin display an uneven distribution of the
median Ul and LV values for 1989, 2004 and 2014 in relation to favorable (Ul and LVI
< 0.3) and unfavorable (Ul and LVI > 0.7) conditions for environmental sustainability.

The PERMANOVA statistical test revealed statistically significant differences in
naturalness and landscape vulnerability between sub-basins (F = 7.863; p = 0.001) at the
5% level of significance for 1989, 2004 and 2014. A pair-wise a posteriori comparison
between each sub-basin was performed for each year studied.

In 1989, except for a few pairs, most of the sub-basins were significantly different
at the 5% level of significance (F = 7.863; p = 0.001) in relation to favorable (Ul and
LVI < 0.3) and unfavorable (Ul and LVI > 0.7) conditions for environmental
sustainability. Similar results were observed for 2004 and 2014; most of the sub-basins
were significantly different at the 5% level of significance (F = 27.07; p =0.001 and F =

18.408; p = 0.001, respectively), except for a few pairs.
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values for each sub-basin in the Sdo Carlos municipality in 1989 (a) 2004 (b) and 2014 (c). Sub-basins: Ribeirdo das Guabirobas (1), Ribeirdo

das Cabaceiras (2), Ribeirdo de Araras (3), Rio Mogi-Guagu (4), Rio do Quilombo (5), Chibarro (6), Ribeirdo do Pantano (7), Monjolinho (8),
Jacarée-Guagu (9), Feijao (10).
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Figura 7. Boxplots with median Urbanity Index (Ul) (a, b and ¢) and Landscape
Vulnerability Index (LVI) (d, e and f) values for 1989 (a and d), 2004 (b and e) and
2014 (c and f). Numbers on the x-axis represent the sub-basins of the Séo Carlos
municipality: (1) Ribeirdo de Araras, (2) Cabaceiras, (3) Chibarro, (4) Feijao, (5)
Ribeirdo das Guabirobas, (6) Jacare-Guacl, (7) Mogi-Guact, (8) Monjolinho, (9)
Quilombo, (10) Ribeirdo dos Pantano.
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Scenarios with higher naturalness and lower vulnerability (Ul and LVI < 0.3)
featured favorable conditions for environmental sustainability, which were identified in
the Jacaré-Guacu and Feijdo sub-basins for 1989, 2004 and 2014 (Figure 6). In the
Jacaré-Guagl sub-basin, this trend is likely due to the reduction in anthropogenic
agricultural areas, the prevailing driver of landscape change; a consequent improvement
in qualitative integrity (form, area and distance) of the forest fragments; and by virtue of
being a basaltic cuestas region located in a legally protected area. The increased
naturalness appears to be due to the establishment of new protected areas (Cintra et al.
2004) and by government policies encouraging the recovery of permanent preservation
areas (Ros-Golla, 2005).

Lower naturalness and higher vulnerability (Ul and LVI > 0.7) scenarios
characterized by unfavorable conditions for environmental sustainability were identified
in the Monjolinho and Ribeirdo das Guabirobas sub-basins for 1989, 2004 and 2014
(Figure 6). This trend is supported by the increase in anthropogenic agricultural and
non-agricultural land use and a consequent loss of forest in these two sub-basins.
Although urbanization is not the major driver of change in the municipality, the urban
area of S&o Carlos is fully contained within the Monjolinho sub-basin, which has shown
increasing urbanization between 1989 and 2014 (Figure 4).

Expanding the requirements for environmental sustainability, which are defined by
median Ul and LVI values > 0.7, should adversely affect economic and social
development. However, this trend was not evident in the S&o Carlos municipality over
the 25-year study period; the trajectory of land use change exhibits approximately the
same degree of expansion of natural ecosystems and anthropogenic areas. However, this

trajectory of land use change can promote a better understanding of the conditions

29



necessary for environmental sustainability using smaller, more clearly defined spatial
resolutions at the sub-basin rather than the municipal scale.

The essential question relates to the uncertainties over the boundaries of each of the
different value frameworks (Ul values and the percentage of forest land use area since
2014), i.e., the amount of the natural ecosystem that should be conserved for non-
utilitarian values considering resilience and option values; its role in providing and
sustaining ecosystem services; and, finally, its ability to persist under current trends and
policies given the trade-offs with economic development and the growth of
anthropogenic agricultural and non-agricultural land uses.

The primary issues are guided by the need to define the size of the municipal area
that can be altered for human use in relation to the minimum degree of landscape
naturalness that can ensure natural ecosystem maintenance. Additionally, the sub-basin
areas should be prioritized to reduce the effects of the drivers of change on local life-
support systems so that ecosystem services can be restored.

Fundamental strategies related to the creation and maintenance of legally protected
areas and the encouragement of the recovery of life-support areas, whether legally
protected or not, to minimize risks to biodiversity are required for landscape
biodiversity conservation at the sub-basin or municipality scale.

After running the various land use change scenarios (1989 — 2004 — 2014), the three
environmental land use functions that were most affected were (1) the provision of
abiotic resources, which corresponds to the role of land use change in regulating the
supply and quality of water, air and minerals; (2) the support and provision of biotic
resources, which correspond to the capacity of the territory to support biodiversity; and

(3) the maintenance of ecosystem processes related to agricultural production,
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hydrological and nutrient cycling, and soil formation. All of these functions are directly

related to the level of anthropogenic (agricultural and urban) land use.

This study presents an approach to environmental analysis and planning at a smaller and
more clearly defined spatial resolution to promote land use changes that support an
environmental sustainability friendly sub-basin scenario. This preliminary scenario can
be seen as a provocative, scientifically and experimentally grounded approach that
planners and decision makers can discuss to potentially implement spatially explicit
policies for their municipality and to expand knowledge about its development and
environmental sustainability. The resulting scenario shows the importance of a
proactive attitude towards the environment, and it highlights the drivers of change that
can be the focus of environmental management agencies in planning, resulting in better

policies for activities in pre-established protected areas.
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4. CAPITULO 3: HISTORY OF FOREST AND AGRICULTURE LAND

COVER: A LOCAL UNDERSTANDING OF LAND USE CHANGE

RESUMO. A analise da trajetoria do uso e cobertura da terra proporciona tanto o tempo
e a natureza das mudancas de cobertura da terra para 0 monitoramento da dindmica de
uso e cobertura da terra. Foram estudadas as trajetérias de mudanca de uso e cobertura
da terra para trés datas diferentes (1965, 1989 e 2014), extraidas de imagens de satélite
pelo método de classificacdo orientada a objeto. Este estudo foi realizado em uma
paisagem cultural (municipio de Séo Carlos, SP, Brasil), com trés classes principais uso
e cobertura da terra (floresta, agricultura e outros usos). Os resultados mostraram a
variabilidade espaco-temporal do padrdo da paisagem e das mudancas das trajetorias da
floresta e da agricultura. Com base na analise dessas trajetdrias da paisagem pode ser
demonstrado que 0s usos e cobertura da terra relacionados a agricultura e a florestas séo
causadas pelas atividades humanas. Os resultados refletem as interacdes conflitantes
entre os sistemas ambiental e social na area de estudo. Uma questdo-chave para reverter
a pressdo exercida sobre uso e cobertura florestal depende dos incentivos que movem a
relacdo conflituosa entre a sociedade e o territorio municipal. Transicdo e trajetoria da
paisagem mais sustentdveis para o0 municipio de Sdo Carlos sdo extremamente
dependentes do papel regulador do governo, por meio de estratégias relacionadas com a
implementac&o de areas legalmente protegidas (Reservas Legais e Areas de Preservagio

Permanente).

Palavras-chave: Uso-cobertura da terra; mudancas nas trajetorias; sustentabilidade da

paisagem; areas legalmente protegidas; sensoriamento remoto.
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ABSTRACT. Land use trajectory analysis provides both the time and origin of land
cover changes to monitor land use dynamics. It was studied land cover change
trajectories for three different dates (1965, 1989, and 2014), extracted from satellite
Imageries by oriented classification method. This study was carried out on a cultural
landscape (Sado Carlos municipality, SP, Brazil), with three major land use-cover classes
(forest, agriculture, and other uses). The results showed the spatio-temporal variability
of landscape pattern and forest and agriculture changes trajectories. Analysis base on
these landscape trajectories demonstrates that agriculture and forest land use-cover
changes have been caused by human activities. The results reflect the conflicting
interactions between environmental and human systems in the study area. A key
question to revert the pressure exerted on forest land use-cover depends on the
incentives that move society from conflicting relation with municipal territory. More
sustainable landscape transition and trajectory to S&o Carlos municipality are extremely
dependent of the regulatory role of the government through strategies related to the
implementation of legally protected areas (Legal Reserves and Areas of Permanent

Preservation).

Key-words: land use-cover; change trajectories; landscape sustainability; legally

protected areas; remote sensing.
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4.1.INTRODUCTION

Land-use practices are essential for human well-being, because they provide
natural resources and ecosystems services. On the other hand, can also degrading the
ecosystems and services upon which human depend (DeFries et al 2004).

Recent studies have revealed the environmental impacts of land use throughout
global to local scales; ranging from changes in regional climate; in the carbon and
hydrologic cycles; declines in biodiversity through the loss and fragmentation of
habitats; degradation of soil and water, and overexploitation of native species (Lambin
et al 2003; Foley et al 2005).

This process takes different forms and depends on circumstances, national,
regional and local contexts, and government policies.

Forest transitions describe the idea asserts that stocks of forest change as
societies undergo development, industrialization and urbanization. They occur at
various scales and may characterize an entire country, a province within a country, or a
county within a geographical region (Mather and Needle 1998).

The impact of a forest transition on biodiversity varies from place to place, and
begin during a period of deforestation. Initially, natural areas decline in extent as
growing forested lands conversion into agricultural areas to meet human populations
demands (Rudel et al. 2005).

Socio-economic activities have been one of the most important factors for land
cover change trajectories. In place of temporal series dates of change in satellite
imageries, researchers are more focus on temporal land cover change trajectories

(Mukesh and Vozenilek 2014).
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Trajectory analysis is a new approach for land cover change research based on
each pixel’s in time serie (Skalos and Engstova 2010) developed for long term mapping.
Temporal trajectory is using to identify land use trends over time among the
relationships between the factors that shape the human-environment relation and their
influence within a particular region (Boori and Amaro, 2011). The analysis of land
cover trajectory provides the timing and nature of land cover changes and can also
provide new information about what kind of land cover change occurred on landscape
(Borri and VVozenilek 2014)

This paper presents land cover change trajectory analysis for forest, agriculture
and others for five decades (1965, 1989 and 2015) in the S&o Carlos municipality, S&o
Paulo, Brazil, highlighted the importance of understanding landscape dynamics for
sustainability and conservation purposes. This research seeks to: 1. Carry the spatio-
temporal variability of landscape trajectories in the municipal territory, (2). Evidence if
land cover change trajectory can undermine the long-term environmental sustainability
of reducing the negative environmental impacts of land use while maintaining

ecosystem goods and services.

4.2.MATERIAL AND METHODS

4.2.1. Study area

The Sdo Carlos municipality has an area of 1.136,907 km? and is located in the

northeast region from S&o Paulo state, Brazil, between coordinates 47°30° e 48°30°

Longitude West e 21°30” e 22°30° Latitude South (Figure 8).
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4.2.2. Methods
The trajectories of land use changes for the Sdo Carlos (SP) municipality was
analyzed over a period of 50 years (1965-2014), based on information from

topographic maps for the year 1965 (IBGE 1971), and Landsat imagery for 1989 and

2014.

21°30'S

UTM 23S
Cdrrego Alegre

22°30'S

0 10,00
=

Estado de 540 Paulo

Quildmetros 47°30'W

Figura 8. Location of Sdo Carlos municipality, SP, Brazil.

The land use typologies for 1965 were obtained by vectorization of the thematic
information from topographic maps of the study area (IBGE, 1971). The land use
typologies for 1989 and 2014 were obtained through Landsat imageries with a pixel size
of 30x30 m, collected in October, 24, 1989 (TM-5 sensor), and in June 07, 2014 (OLI
sensor). The spectral bands 3, 4, and 5 were processed using the ENVI 4.7 software
resulting in a R5G4B3 color composition for Landsat imagery. The land use typologies

were discriminated (by object oriented classification method) through visual
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interpretation (on screen digitizing) based on tone, texture and context (Crosta 1992;
Moreira 2011).

To simplify for illustration purposes the spatial and temporal dynamics of
landscape trajectories, it was defined three land use classes: forest (secondary forest,
savanna and short-shrub savanna), agriculture (perennial and annual crops, bare soil,
pasture, and forestry), and others (settlements, road network, industrial complexes,
mining areas, and water bodies).

The spatial representation of trajectories of land use changes for the period 1965,
1989, and 2014 were obtained based on the IDRISI Selva software command
CROSSTAB.

The conservative (Legal Reserves and Areas of Permanent Preservation) and
punitive (environmental damages process) survey mechanisms, to protect natural
vegetation on private farmland to So Carlos municipality, were based on Brazilian
Forest Code.

Legal Reserves (LR) information (spatial distribution, area, and establishment
period), between 1983 to 2014, were obtained through geodatabase from Coordination
of Biodiversity and Natural Resources — Environmental Secretary of the State of S&o
Paulo).

The Areas of Permanent Preservation (APPs) information (spatial distribution
and area) were obtained through hydrographic map from the Geographic and
Cartographic Institute (IBGE 1971). Areas of Permanent Preservation thematic map
were overlaid with forest coverage map resulting in quantitative data to estimate total

APPs percentage area.
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The environmental damages processes, from 2004 to 2014, were obtained
through documents registered in the Coordination of Environmental Inspection -

Environmental Secretary of the State of Sdo Paulo.

4.3. RESULTS AND DISCUSSION

Recent release of forest cover change estimates for Brazil provides an
opportunity to assess variable forest transitions and explore its implications to promote
sustainability. The trajectory of forest loss in Brazil between 2000 and 2010 (236,600
km?) had the most responsible expansion of agricultural activities, representing 65% of
total deforestation in the period. In the corresponding period the expansion of pasture
areas accounted for the other 35% of deforestation, totaling 127,200 km? of areas of the
Amazon or the Atlantic Forest. Particularly, between 2010 to 2012, there was an
increase in the processes of land use and cover in Brazil, where changes in the
landscape reached 3.5% of the country. The expansion of the agricultural frontier has
intensified, with the deforestation of an area of 77,520 km? (68% of total deforestation),
while the expansion of planted pastures accounted for 28% of deforestation, or 32,120
km? (IDS 2015).

Natural landscape conversion for human use or changing management practices
has also transformed a large proportion of the Sdo Paulo state’s land surface. By
clearing Atlantic forest, practicing subsistence agriculture, intensifying sugar-cane
production, or expanding urban centers, human actions are changing the province’s
landscape in expressive ways (Ribeiro et al. 2009). In a similar way patches of Cerrado
(tropical savanna) are continuously under threat due the edges effects and also to

following land use types around these remnants: pasture, annual crops, perennial crops,
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sugar cane cultivation, forestry, settlement, road network, and industrial complexes
(Durigan et al., 2007).

Landscape change through human influence for Sdo Carlos municipal territory
from 1994, shows that natural vegetation used to occupy 7% of the municipality total
area, with savanna (2%), arboreal savanna (2.5%), semi-deciduous and riparian forests
(1%), regeneration areas (1.5%), and the extinction of the semi-deciduous forest with A.
angustifolia (Soares et al., 2003). A legal proceedings survey for S&o Carlos municipal
territory only involving deforestation activities, from 1991 to 2000, identified the loss of
1,121.62ha of natural vegetation, roughly 100ha/year. This total of natural and semi
natural vegetation area was estimated in 14.1% of the municipal territory total area
(Cintra et al. 2006). The natural vegetation occupied 28% (31,776.4ha) of the Sé&o
Carlos municipality total area, in 2012 (Bertini et al. 2015).

Multi-temporal information of the processes and patterns of land use change is
particularly useful in cultural landscapes, where changes have been rapid. Furthermore
this information provides the opportunity to understand how historical land use changes
affect environmental and socio-economic sustainability. The spatial and temporal of
land use and cover change trajectories for five decades (1965, 1989 and 2015) of the
study area was illustrated in Figure 9. The time series of remote sensing data revealed
that land use and cover changes do not take place in a progressive and gradual way to
Séo Carlos municipality. Period of rapid and abrupt change (1965 — 1989) was followed
by a recovery of forest areas (1989 — 2014) for a similar quantitative condition existing
as 1989.

Agricultural land use and cover including pasture, perennial and annual crops,
bare soil and forestry makes up the largest percent with 54.17%, 66.60% and 63.26%

respectively for 1965, 1989 and 2014. Forest areas including secondary forest, savanna
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and short-shrub savanna makes up the next largest land use, and occurs predominantly
in areas with greater relief. Forest area decreased during the first period of study from
41.75% to 26.91% (1965 — 1989), but then reaches a subsequent recovery in the
proportion of forested area (26.39%) during the second period (1989 — 2014). Others
land use class (including settlement, road network, industrial complexes, mining areas,
and water bodies) increased during all period (4.08%, 6.49%, and 10.35%, respectively
for 1965, 1984, and 2014) (Figure 9). The expansion of the urban area in the 50-year
period reflects a rapid and significant municipal population growth, with a population
around 70,000 in 1965 to a total population of 238 ,958 inhabitants in 2014, with the
potential to reach 241,389 in 2015 (http / /www.cidades.ibge.gov.br/).

Change trajectories between the years 1965, 1989, and 2014 were compared on a
pixel-by-pixel basis to examine possible land use change. Land use classification

trajectories for 1965 — 1989 — 2014 are showed in Figure 10.
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Around forty percent of the landscape remained in the same land use class from
1965 to 2014, with 9,237.78ha (8.14%) of forest (F — F — F), 34,715.52 ha (30.58%) of
agriculture (A — A—A) and 1,901.43ha (1.67%) of others areas (O — O — O) in last five
decades (Figure 10).

From the fraction of the total forest area in 2014 (26.39%), besides the one
remained (9,237.78ha / 8.14% / F — F — F) in this type of use, the remaining fraction
(18,25%) refers to: Forest area converted to other use types and returned to the forest
condition (3.63% / F — A — F and F — O —F); transformation from agricultural area to
forest area (13.15% / A—-F—-F, A— A—F, and A — O - F), and transformation from
other land use types to forest areas (1.46% /O - F—-F, O-A-F,and O -0 -F)
(Figure 10).

From the agriculture total area in 2014 (63.26%), around 34,715.52ha (30.58
% / A - A - A) remained in the same type of use. Agriculture take the place of
30,173.49ha (27.11 %) of forest between 1965-2014 (1.4 % /F-F-A; 2287 %/ F- A
- A, and 00:23 % / F O - A). Agriculture take the place of others of land use (729.54ha)
between 1965-2014 (O-F-A/0.19%; O-A-A/020%,and O-0-A/0.25 %)
(Figure 10).

The others land use class in 2014 replaced 3.41% of areas occupied by forest in
1965 (F-F-0/0.95%; F—A-0/1.20%, and F — O — O / 1.26%). Others land use
take the place of 5,647.41ha of agriculture land use between 1965-2014 (A —F -0/
0.85%; A— A —-0/2.60%, and A — O -0/ 1.52%) (Figure 10).

During the first period (1965-1989), the main trajectories were dominated by
deforestation transitions that led to the increase of agriculture land as a result of logging
practices. In this first period, nearly 15.0% of S&o Carlos municipality was replaced by

agriculture or other use class (Figure 10). It seems that these changes were induced by
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organized human activities that coincide with the local practical situation. Deforestation
was caused by either permanent or sudden forces that take place in the municipal
territory.

In the municipal territory, the period of randon change, coincidentally of a large
amount of deforestation coincides with the national process characterized by trade
policies wich opened up the economy to international trade in favour of alcool
production. The Brazilian National Alcohol Program (Proalcool) incentives, with the
sugar cane expanded in S&o Paulo State from 1980. The Proalcool was created in 1975
to concentrate all the national efforts to increase the alcohol production and use. During
phase one (1975-1979), the government policies searched to facilitate both distillery
expansions and higher conversion rates in the mixture gasoline—alcohol. In phase two,
from 1980, the Brazilian government kept authorizing and subsidizing the vast
expansion of sugar cane production capacity and industrial investments in mills and in
distilleries (Oliveira, 2002).

From Figure 11, most of the contiguity forest area is in the north and southeast
of in 1965 was replaced (F — F — A/ 3.48% and F — A - A/ 22.87%) by agriculture.
Only 8.14% of S&o Carlos municipality was occupied by forest area that remains for
five decades.

The study area suffers serious forest losses in a 50 years period, wich has
brought great damage to local biodiversity and to the local residents. In order to
biodiversity conservation, the government takes measures to better the ecological
environments.

In 2014, the vegetation in legally protected areas in S&o Carlos municipality
occupied 23,085.91ha (20.6%), with 20,968.24ha (18.50%) of Legal Reserves and

2,387.67ha (2.10%) of Areas of Permanent Preservation (Figure 12).

51



180000.000 200000.000 220000.000
g 8
g + —+ g
g g
g g
g -+ + B
8 8
N
7A
UTM-235
Corrego Alegre
I +
25 0 25 5 75 10km
T
180000.000 200000.000 220000.000
Legend
1965-1989-2014 ( ha % ) 1965-1989-2014 ( ha % )
Bl F-F-F (9237.78- 8.14) O-A-F (24291- 0.21)
Bl A-F-F (844398- 7.44) F-0-F (230.58- 0.20)
Il O-F-F ( 84555-0.74) A-0O-F (334.35- 0.29)
B F-A-F (3890.07-343) O-0-F (576.18- 0.51)
B A-A-F (6,156.09- 542)

Figura 11. Forest

land use trajectory during 1965-1989-2014 in the Sdo Carlos

municipality. “‘F*’ refers to forest, “A” agriculture, and *“‘O’’ other use classes.
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The amount of remaining vegetation (6,871.58ha / 5.78%) of Sdo Carlos

municipality not legally protected was more susceptible to anthropic occupation. This
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unprotected natural vegetation would become under increased conversion pressure from
agriculture to compensate for the lost production associated with the restrictions that
apply on Areas of Permanent Preservation and Legal Reserves (Sparovek et al 2012).
The governance and law enforcement were important tools for re-conversion of
current agricultural land to forest land in S&o Carlos municipality. The increase in
vegetation area was associated with the establishment of Legal Reserves between 1999
and 2014 (Figure 13). The absence of establishment legal reserve between 2010 - 2014
may be explained by the reduction of legal requirements for conservation in substitutive
Brazil’s Forest Code. In July 2010, the Brazilian parliament began the analysis of a

revision of Forest Code (Sparovek et al 2012).
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Figura 13. Establishment period of Legal Reserve areas and forest trajectory area in

Sao Carlos municipality between 1989 - 2014.

The Brazilian Forest Code is the central piece of legislation regulating land use
and management on private properties. This law was established in 1934 and created in
1965 (Law N° 4771, 15™ September 1965), was amended by Law N° 7802 of 18™ July,

1989 and the Temporary Act N° 1956-57, of 14* December 2000.The substitutive Forest
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Code (Law N° 12.651, 25" May 2012) reduced requirements for protection of natural
vegetation on private farmland and allowed protect natural vegetation outside the farm
(Soares-Filho et al 2014).

The Brazilian Forest Code required landowners to conserve native vegetation on
their rural properties through two mechanisms: Legal Reserves and Areas of Permanent
Preservation. The Brazilian Forest Code presents the guidelines for establishment of
Legal Reserves, which include forests, excluding the APP. The size of the Legal
Reserves corresponds to a percentage of the property’s total area of rural that varies
according to their location in the country. In State of Sdo Paulo, the percentage to be
retained is 20% of the total property. Areas of Permanent Preservation’s include riparian
areas that protect riverside forest buffer and hilltop areas with high elevations and steep
slopes.

The establishment of Legal Reserves and Areas of Permanent Preservation can
be considered a preventive environmental practice that requires not only the defense
against imminent damages, but that also encourages the protection and regular use of
the natural resources (Cintra et al, 2006). Furthermore, the Brazilian legislation has
punitive mechanisms related to denouncement of environmental damage.

In S&o Carlos municipality, forest area increase between 2010 and 2014 can be
associated with the actions to environmental damage repair (Figure 13). There were
126 occurrences in this period (2010 — 2014), compared to a total of 194 occurrences
between 2003 and 2014.

The punitive approach penalizes legally the infringer to repair the effects of
environmental damages, for example, when damage related deforestation is identified,

an official document (Environmental Recovery Commitment Agreement / TCRA) is
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signed by the infringer and environmental agencies, to formalize measures to be

implemented for native vegetation recovery/restoration.

4.4. CONCLUSION

Accurate land use change trajectories analysis was useful for devising future
changes for landscape sustainability and planning strategies for territorial municipality.
A very important process to estimate the rate, pattern and type of land cover change
trajectories in order to predict changes for sustainable development.

Such changes, often caused by the interaction of climatic and land use factors,
have an important impact on ecosystem processes. However the land cover changes for
Sdo Carlos municipality data — deforestation, changes in the extent of cultivated lands,
and urbanization — are processes of conversion that are not strongly affected by
interannual climatic variability.

The present level of the local biodiversity in S&o Carlos municipality is related
to 29,957.49ha (26.39%) of forested area, set by a change in landscape structure with
reduction in size, increase in number and in the isolation of the fragments, and loss of
landscape connectivity (Figure 12).

The question is what amount of forest area should be remain under current
trends and policies given trade-offs with economic development and agriculture?

According review carried out by Andrén (1994) and Fahrig (2003), based on
species of temperate areas, it can be considered a threshold of around 30% of remaining
habitat, above which the effects of biodiversity loss would be due to habitat loss. Below

this threshold there would be a drastic effect on the spatial distribution of the habitat.
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However, this threshold has no empirical support, as shown by results obtained
in tropical regions reporting fragmentation effects on habitat loss process (Develey and
Metzger 2006). However, there is evidence that landscapes with less than 30% of
natural habitat tend to have only small fragments and isolated, thus supporting
impoverished communities, and this for different taxonomic groups (Martensen et al
2008;. Metzger et al 2009.).

Thus, the threshold of 30% could be considered as the lower limit of forest that
should have a managed landscape by man to balance the economic use and biodiversity
conservation (Metzger 2010). However, even considering the area values of Legal
Reserve and Permanent Protection Areas (Figure 12) the municipality of Sdo Carlos
doesnt have a forest cover area above this threshold.

S&o Carlos municipality has achievement in reducing landscape deforestation.
However, this profit is not yet assured. Our study suggests that Forest Code will allow
additional deforestation facing local developmental actions. Fortunately, government
initiatives are aligning to assist conservation efforts at expanding legally protected areas
at S&o Carlos municipality. These implementing regional strategies can support the
complete set of ecosystem services, and get improve the managed landscape

sustainability.
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5. CONSIDERAGCOES FINAIS

Neste trabalho, foi possivel observar padrGes da paisagem do municipio de S&o
Carlos desde 1965 até 2014. No primeiro capitulo, com a dindmica do uso de uso e
ocupacdo da terra discutimos as implicagbes das mudangas nos componentes, natural e
antropogénico, do territorio municipal de S8o Carlos. Depois, com o auxilio de
indicadores estruturais da paisagem, foi possivel quantificar a sustentabilidade do
territério municipal. Por fim, foi feita a analise da composi¢do temporal da trajetoria dos
principais tipos de uso e cobertura da terra.

Podemos concluir que as trés funcdes ambientais do uso de terra mais afetadas
foram (1) a provisdo de recursos abi6ticos, que correspondem ao papel da mudanca no
uso da terra que regula a oferta e qualidade de agua, ar e minerais, (2) a disponibilizacdo
de recursos bioticos, que se relacionam com a capacidade do territério em suportar a
biodiversidade e (3) a manutencdo dos processos ecossistémicos relacionados com a

producdo agricola, ciclagem de nutrientes e formacao do solo.

Todas essas funcdes sdo diretamente relacionadas com o nivel de uso de solo
antropogénico (agricultural e urbano). A transformacdo, em escala regional, dos
Sistemas Suporte de Vida para condi¢des cada vez mais antropogénicas, acarreta a
diminuicdo do potencial da sustentabilidade regional, devido a perda dos recursos
naturais e das fungdes ambientais que determinam a qualidade ambiental da paisagem
necessaria para a manutencdo do desenvolvimento econdmico e social. Também
resultam na perda das formas de biodiversidade (genética, de espécies e de habitat) que
proporcionam 0s bens e servigos ambientais para o atendimento do bem-estar humano,
incluindo as necessidades basicas na forma de alimento, dgua, substancias medicinais,

etc.
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E importante ento, definir do tamanho da area do territério municipal que pode
ser convertida (alterada) para uso humano, em relagdo a condicdo minima de
naturalidade da paisagem assegurada pela continuidade de ecossistemas naturais
funcionais. Ou mesmo, quais areas devem ser conservadas e/ou restauradas para que
sejam diminuidas as pressdes sobre a biodiversidade remanescente em uma determinada
regido, na perspectiva de que sejam reestabelecidos os bens e servigcos proporcionados

a0 bem-estar humano.

O municipio de Sao Carlos, na atualidade, possui um numero abaixo do limiar
de 30% de &rea natural que deve ser mantido para um territorio gerido pelo homem para
equilibrar o uso econémico e a conservacdo da biodiversidade e este nimero ainda pode
ser reduzido se levado em conta que o Novo Codigo Florestal permitird desmatamento
adicional voltado para acdes de desenvolvimento local. Um ponto positivo € o fato de
que as iniciativas do governo estdo se alinhando para ajudar os esforcos de conservagao
na expansdo das areas legalmente protegidas no municipio de Sdo Carlos. Estas
estratégias regionais de aplicacdo pode suportar o conjunto completo de servicos
ecossistemicos, e obter melhorar a sustentabilidade da paisagem gerenciada.

Este trabalho entdo pode ser visto como como uma abordagem provocativa,
cientificamente e experimentalmente fundamentada para que os planejadores e
tomadores de decisdo possam discutir a implementacdo de politicas e para ampliar o
conhecimento sobre o desenvolvimento e sustentabilidade ambiental do municipio. O
cenario resultante mostra a importancia de uma atitude pré-ativa em relagdo ao
ambiente, e destaca os fatores de mudanca que podem ser o foco das agéncias de gestdo
e planejamento ambiental, resultando em melhores politicas para atividades em areas

protegidas pré- estabelecidas.
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