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RESUMO

A degradacdo das florestas em todo mundo constitui-se um dos mais graves
problemas ambientais a ser enfrentado pelas sociedades, a salde dos ecossistemas e 0
bem-estar social, proporcionados pelos bens e servigos ecossistémicos, estdo a cada dia
mais ameacados. Pensar em preservagdo, conservacao e restauracdo perpassa por
entender 0s processos inerentes a estes e a propria degradacdo. Nesse sentido, o0 objetivo
desse trabalho foi analisar as implicacGes ambientais causadas pelo desmatamento ciliar
no baixo curso do rio Mearim, no Maranhdo. Para isso, um primeiro capitulo trouxe
uma revisao de literatura focada nos principais conceitos e nas pesquisas atuais com fim
de apresentar um panorama da teméatica. Um segundo capitulo aborda as possibilidades
de utilizar as informacdes de bandas espectrais (Green, Red, Red Edge e NIR) e indices
de vegetacdo (NDVI, NDVIre, Vigreen) baseados em Sensoriamento Remoto para
definir gradientes de degradacdo florestal, testar a sensibilidade desses em vegetacdo
em zonas hidrograficas (Aquética, Semi Aquética e Terra Firme) e ainda quanto a
composicdo da biomassa florestal. Analises estatisticas (ANOVA e regressdo linear)
foram realizadas e constatou-se a sensibilidade de NDVI, NDVIre e Vlgreen para
definir dois dos quatro niveis de degradacdo propostos e para diferenciar vegetacdo em
uma das trés zonas hidrograficas apresentadas. A reflectdncia na banda Red Edge
apresenta sensibilidade as zonas hidrograficas. indices e bandas sdo sensiveis a
composicao da biomassa florestal.

Palavras-chave: Degradacéo florestal. Biomassa. Sensoriamento Remoto.



ABSTRACT

Degradation of forests throughout the world is one of the most serious
environmental problems facing societies, ecosystem health and social welfare, provided
by ecosystem goods and services, are increasingly threatened. Thinking about
preservation, conservation and restoration goes through understanding the inherent
processes and degradation itself. In this sense, the objective of this work was to analyze
the environmental implications caused by ciliary deforestation in the lower course of the
Mearim river, in Maranhdo. For this, a first chapter brought a literature review focused
on the main concepts and current research in order to present a panorama of the theme.
A second chapter deals with the possibilities of using spectral bands (Green, Red, Red
Edge and NIR) and vegetation indices (NDVI, NDVIre, Vigreen) based on Remote
Sensing to define forest degradation gradients, vegetation in watersheds (Aquatic,
SemiAquatic and Terra Firma) and also on the composition of forest biomass. Statistical
analyzes (ANOVA and linear regression) were performed and the sensitivity of NDVI,
NDVIre and Vigreen was determined to define two of the four levels of degradation
proposed and to differentiate vegetation in one of the three hydrographic zones
presented. Red Edge reflectance shows sensitivity to hydrographic zones. Indices and

bands are sensitive to the composition of forest biomass.

Key words: Forest degradation. Biomass. Remote Sensing.
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1. INTRODUCAO

Matas riparias sao sistemas de extrema importancia para o equilibrio ecolégico,
pois contribuem para manutencdo da biodiversidade (GRAY et al., 2014), oferecem
protecdo aos corpos hidricos e prestam uma série de servigos ecossistémicos, entretanto
figuram entre os sistemas que mais sofrem degradacdo e desmatamento no Brasil. O
modo historico de uso e ocupacgédo do solo, que ndo é uma particularidade do Brasil, mas
uma tendéncia da humanidade, associado aos meios modernos de producdo: do espaco,
de alimentos e dos bens, fizeram com que em alguns corpos d’agua as matas riparias
tenham sido extintas, em outros tenham sido reduzidas e ainda outras sofram processo
de degradacdo em niveis variados.

Embora o Brasil possua legislacdo especifica (Brasil, 2012) que garanta a
preservacdo das matas ciliares, na pratica essa protecdo ndo ocorre como esperado e 0
que se tem sdo rios, lagos e nascentes com suas APPs devastadas. O rio Mearim é um
dos mais importantes rios do estado do Maranhdo e sua Area de Preservago
Permanente vem sendo suprimida e do que resta, grande parte passa por processo de
degradacdo (SILVA et al.,, 2017). A rizicultura, a piscicultura e a pecuaria sdo as
principais responsaveis pela perda da vegetacdo nessa area.

Monitorar vastas areas de vegetacdo nunca foi uma tarefa facil, seja pela
extensao, pela dificuldade de acesso, ou por falta de
recursos, porém o advento e o aprimoramento das técnicas de sensoriamento remoto
tem permitido monitorar desmatamento e queimadas, entretanto monitorar degradacédo
florestal continua sendo uma tarefa dificil devido aos diversos fatores envolvidos no
processo.

O que se tem até o presente momento sdo os indices de Vegetacdo (IVs) que se
relacionam com indices e Area Folear e podem ser utilizados para estimar biomassa,
ainda assim nao foi possivel até agora estabelecer gradientes de degradacédo florestal
baseados em Vs e reflectancia.

Diante do exposto, esta pesquisa teve como objetivo inferir sobre o estado de
conservacdo da mata riparia no baixo curso do rio Mearim utilizando dados de
reflectancia e 1Vs baseados em reflectancias obtidas por imagens de sensoriamento
remoto, bem como apontar as implicacdes ambientais locais do desmatamento da

referida floresta riparia.
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1.1 Caracterizacdo e importancia da mata riparia

Mata ripéria ou mata ciliar € a denominagdo dada a vegetacao que se desenvolve
ao longo de cursos d’agua. Kageyama et al., (2001) descrevem mata ciliar como aquela
caracteristica de margens ou areas adjacentes a corpos d’agua (rios, lagos, represas,
cOrregos ou varzeas) composta por espécies tipicas, resistentes ou tolerantes ao
encharcamento ou excesso de agua no solo.

Matas ciliares sdo fundamentais para conservacdo da biodiversidade e
influenciam na reducdo do assoreamento e na qualidade da agua e sdo influenciadas
pelos sistemas aquaticos que elas margeiam (CASTRO, 2012).

Inimeras sdo as funcgdes atribuidas as matas ciliares, Castro (2012), Kageyama
(2001) e Rizzo (2007) sdo unadnimes em categoriza-las como corredores ecol6gicos
ressaltando a importancia dessas matas na minimizacdo de impactos ocasionados por
lixiviacdo de defensivos e fertilizantes agricolas que sdo carreados para corpos d’agua,
erosdo e assoreamento, entre outros.

Devido a reconhecida importancia das florestas riparias (matas ciliares), esses
sistemas sdo protegidos por lei no Brasil, e o principal instrumento de protecdo € o
Caodigo Florestal Brasileiro, Lei n°® 12.651/2012. Entretanto na pratica o que se tem
observado € a degradacdo ou desmatamento dessas matas, embora também seja possivel

observar pontuais iniciativas de restauracao.
1.2 Degradacéo e recuperacdo de mata riparia

Degradacéo florestal é um processo de mudancas dentro da floreta e ndo deve
ser confundido com desmatamento, que por sua vez é a mudanca de floreta para ndo
floresta. FAO (2009). Florestas podem permanecer degradadas por longo tempo e

nunca se tornarem completamente desmatadas (ANGELSEN, 2008).

De acordo com FAO (2009), para 0 monitoramento de mudangas durante o
processo de degradacdo, muitas vezes se faz necessario distinguir os niveis da
degradacéo florestal, e que qualquer definicdo especifica que inclua valores limiares,
determinara os limites entre floresta ndo degradada e degradada, e floresta degradada e
area desmatada (ndo floresta), e lembra: medir grau de degradacdo pode ser complexo

devido a natureza multifacetada do processo.
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A International Tropical Timber Organization (ITTO) em “Criteria and
indicators for the sustainable management of tropical forests”, afirma que indicadores
identificam a informacao necessaria para avaliar e monitorar a mudanca tanto na propria
floresta, quanto como parte dos sistemas ambientais e de manejo florestal utilizados. E
que uma série temporal dos valores de qualquer indicador mensuravel ou claramente

descritivo pode fornecer informagdes sobre a dire¢do da mudanca (ITTO, 2016).

Bahia (2007) lembra que a degradagé@o das matas ciliares no Brasil acompanha o
processo histérico de colonizagdo portuguesa e elenca algumas das principais causas,
entre elas: o processo de crescimento desordenado das cidades e o rapido crescimento
da agricultura e da pecuéria. E segue:

A destruicdo das matas cria inimeros problemas como: solos
descobertos sujeitos a erosdo, reduzindo a fertilidade e a quantidade
de solo dtil para agricultura, aumentando assim o0s gastos na produgao,
assoreamento dos rios, substituindo a agua por terra nos seus leitos, o
que também diminui a vida Util de barragens e hidrelétricas; risco de
secar as nascentes dos rios; aumento das possibilidades de inundac6es
em éareas urbanas e rurais; poluicdo das aguas pela presenca de
residuos diversos, carregados diretamente para rios
lagos, barragens e lagoas, tornando a agua nao utilizavel; perda da
biodiversidade, com o desaparecimento de plantas e animais
importantes para o equilibrio da natureza, muitos desses, fonte de

alimento para o préprio ser humano, como peixes, por exemplo
(BAHIA, 2007).

Celentano et al (2016), afirmam que a degradacdo da floresta riparia na
Amazonia oriental brasileira tem grave efeito negativo nas propriedades do solo e nos
subsequentes servicos ecossistémicos. Nunes et al., (2014) constataram que a pratica do

desmatamento é recorrente em florestas riparias na regido amazonica brasileira.

Para Zelarayan et al (2014), no Maranhdo é preocupante a degradacdo e o
desmatamento das florestas riparias porque essas florestas protegem a agua que esta se

tornando um recurso escasso.

Recuperar matas ciliares pode ser significativamente benéfico considerando que
as mesmas sao fundamentais para o equilibrio ambiental ndo apenas em escala local,
mas também em escalas regional e global, pois as florestas em crescimento fixam
carbono contribuindo dessa forma coma reducdo dos gases do efeito estufa.
(BARBOSA, 2006).
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1.3 Rio Mearim

O rio Mearim é um dos maiores e esta entre 0s mais importantes rios
genuinamente maranhenses, com extensdo de mais 930 km, pertence a uma bacia
hidrografica que recebe seu nome. Nasce na serra da Menina, préximo a Fortaleza dos
Nogueiras, a 650 m de altitude e desemboca na baia de Sdo Marcos, entre Sdo Luis e
Alcantara (IBGE, 1997).

De acordo com ISAM (2014), “a Bacia Hidrografica do Rio Mearim ¢ a maior
do estado do Maranhdo com area de 99.058,68 km2, com populacdo de 1.681.307

habitantes e abrangéncia em 83 municipios”.

O baixo Mearim estende-se desde Porto Seco das Mulatas a baia de Sdo Marcos
onde se bifurca em dois bragos que contornam a ilha dos Caranguejos, nesse trecho sua

caracteristica principal € a formacao de meandros (IBGE, 1997).

A importancia do rio Mearim é conhecida desde longa data, Galvdo (1955) cita:
“na baixada, as bordas do estuario do Mearim, o homem extrai cera de carnauba,
quebra o babagu, nas "ilhas" de terras mais altas, tenta a lavoura e prepara farinha
(seca ou d'dgua), colhe arroz, milho, algoddo, fava e feijao”. Contudo, “a bacia
hidrografica do rio Mearim tem sofrido de modo progressivo e constante [...] ndo

sendo tomadas a¢des em prol da sua revitalizacdo a levardo a morte”. ISAM (2014).
1.4 Sensoriamento Remoto

O Sensoriamento Remoto pode ser entendido como "tecnologia que permite a
aquisicdo de informacdes sobre objetos sem contato fisico com eles” (SANTOS, 2013).
Ou ainda como uma "ciéncia que visa 0 desenvolvimento da obtencdo de imagens da
superficie terrestre por meio da deteccdo e medicdo quantitativa das respostas das

interacOes da radiacdo eletromagnética com os materiais terrestres” (MENESES, 2012).

Para Meneses (2012), a base cientifica para definir o sensoriamento remoto esta
nos seguintes preceitos: i) "exigéncia”, trata-se da auséncia de matéria no espago entre o
sensor e o0 objeto alvo; ii) "consequéncia”, entendida como a possibilidade de transporte
de informacdo do objeto pelo espagco vazio; iii) "processo”, em que a radiagdo
eletromagnética (Unica forma de energia capaz de se transportar pelo espaco) é o elo de

comunicagéo entre 0 objeto e 0 sensor.



17

De acordo com Matos e Kirchner, (2008) o sensoriamento remoto tem papel
primordial na estimativa indireta de biomassa, utilizando-se de modelos matematicos
em equacdes desenvolvidas com os valores digitais dos sensores remotos o que diminui
custos e tempo em relacao a quantificacdo classica de biomassa. Para Watzlawick et al.,
(2009) o avango no processamento das imagens de satélite tem permitido melhor
caracterizacdo da estrutura das florestas e, consequentemente de sua biomassa e estoque
de carbono.

1.5 Indices de vegetagdo

indices de vegetacio sdo formados a partir de combinagdes de valores espectrais
de imagens de satélites, sdo modelos matematicos utilizados para indicar vigor da
vegetacdo. De acordo com Gamon et al.,, (1995) podem ser utilizados como

indicadores de biomassa.

Para Ponzoni e Shimabukuro (2009) a aplicacdo de indices de vegetacdo deve
ser precedida pela transformacdo dos NUmeros Digitais (NDs) das imagens em valores
de reflectancia, isto porque segundo esses autores imagens de sensores diferentes ou
ainda de um mesmao sensor em diferentes bandas podem nédo apresentar compatibilidade

entre NDs o que impossibilitaria caracteriza¢do por NDs.

O Normalized Difference Vegetation Index (NDVI) é um dos varios indices que
existem para o estudo da quantidade de biomassa verde e dos parametros de
crescimento e desenvolvimento da vegetacdo. Trata-se de uma das ferramentas geradas
por técnicas de sensoriamento remoto empregada em trabalhos que relacionam as
informacdes captadas pelos sensores com a vegetacdo da area imageada (RIBEIRO,
2012).

O NDVI utiliza a diferenca da reflectancia entre a faixa do infravermelho
proximo (onde a vegetacdo saudavel reflete maior quantidade de luz) e no canal do
vermelho, na faixa do visivel (onde a vegetacdo saudavel absorve maior quantidade de
luz). Os valores do indice variam de -1 a 1, sendo que quanto mais proximo de 1, mais
densa é a vegetacdo e zero esta para pixels ndo vegetados (RODRIGUES, RIBEIRO,
VAZ, 2013).

Uma variagdo do NDVI foi proposta por Gitelson e Merzlyak, (1994)

substituindo a banda red pela red edge, o Red Edge Normalized Vegetation Index-
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NDVIre = (RNIR-RRed Edge)/(RNIR+RRed Edge). Em 1996 Gitelson et al.., (1996)
propdem o uso de um indice baseado na relacdo entre as bandas NIR e Green, o
GNDVI= (Nir-green)/(Nir+Green), afirmando que esse indice € mais sensivel as

variacdes de clorofila.

Gitelson et al (2002) sugerem um indice que utiliza somente bandas na regido do
visivel para estimar a Fracdo Vegetacdo (FV), o Vigreen = (Rgreen-Rred)
/(Rgreen+Rred), ap6s terem comparado o VIgreen com outros indices incluindo o
NDVI, obtendo resposta mais significativa quanto a percepcao da fracdo vegetacéo.

indices de vegetacdo, ndo sdo quantidades fisicas intrinsecas, embora de fato
estejam correlacionados com certas propriedades fisicas do dossel da vegetacdo, como
indice de area foliar e biomassa, entre outros. Assim sendo, os indices de vegetacdo sao

medidas altamente Uteis, apesar das suas limitacdes (CARLSON,1997).
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CAPITULO 2

RAPIDEYE FAILS TO DISTINGUISH DIFFERENT DEGREES OF RIPARIAN
FOREST DEGRADATION OF THE MEARIM RIVER, EASTERN PERIPHERY
OF AMAZONIA

Submetido a revista: International Journal of Applied Earth Observation and
Geoinformation
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RapidEye fails to distinguish different degrees of riparian forest degradation of
the Mearim river, eastern periphery of Amazonia

Running title: Remote sensing of riparian forests

Abstract

This study evaluates the RapidEye images in distinguishing different types of
riparian forests of the lower Mearim river, eastern periphery of Amazonia. We cover
four degradation levels (ranging from intact mature riparian forests to degraded
pastures) and three hydric zones (aquatic, semiaquatic and terra firme). For this purpose,
we take advantage of georeferenced field data on aboveground biomass and vegetation
composition in 32 riparian forest transects was used(published in Silva et al., 2017), and
associate pure-pixel (i.e. pixels entirely within a hydrographic zone) spectral data and
vegetation indices obtained from RapidEye image of May 2011 (end of rainy season)
with the field truth. Our results indicate that RapidEye precisely differentiates between
the three hydrographic zones, but all spectral bands and common indices fail to relate to
riparian forest biomass and to differentiate between the four degradation levels and only
weakly differentiates between tall forests and degraded pastures. We also did not detect
any significant relationships between any spectral band or index and riparian vegetation
composition (i.e. legume biomass or biomass shares on terra-firme or of characteristic
‘aninga’ (Montrichardia sp., Araceae) in the aquatic zone, with the only exception of

herbaceous / gramineous vegetation.

Keywords: forest degradation; hydric zones; remote sensing; spectral bands; vegetation

composition.

Introduction

Riparian forests are considered priority ecosystems because the provision of
wide range of functions and ecosystem services, the influence in quality and quantity of
water (Souza, Fonseca, Liborio, & Tanaka, 2013), the retention of large carbon stoks
(Zelarayan et al., 2015, Souza et al., 2016), and also the riparian forests are primordial

for the survival of traditional populations (Castro, 2012). Therefore, riparian forests are
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specially protected by law in Brazil (Federal law No. 12.651 / 2012). However, riparian
forests are threatened by deforestation pressure and degradation (Silva et al., 2017),
with serious negative effects on soil properties and subsequent ecosystem services
(Celentano et al., 2016), causing great socioeconomic and environmental damage
(Zelarayan et al., 2015).

The monitoring of vegetation by remote sensing has been widely used since the
second half of the last century (Tucker, 1979; Gamon et al., 1995) The obtaining of
physical-chemical as well as biological information from large areas of the earth's
surface is possible by combining new satellites with operational products and advances
in remote sensing techniques (Pereira et al 2010).

Reflectance of vegetation in the spectral bands is not enough to characterize it,
since the solar radiation varies with time and atmospheric conditions, though the
combination of several spectral bands to form the vegetation indices can help to solve
this problem (Jackson & Huet, 1991), enabling to infer in biophysical characteristics
such as foliar area and biomass indices (Myneni et al., 1997; Gitelson et al., 2003; Kross
et al., 2015). Over the past 40 years, a significant number of spectral indices have been
proposed, focusing on precision agriculture.

The normalized difference vegetation index (NDVI) is widely used worldwide
(Kross et al., (2015); Aradjo et al., (2010); Le Maire et al., 2011; Borowik et al., 2013,
Fensholt, Proud, 2012). NDVI is the ratio between near infrared (NIR) and red band in
the visible region, and was proposed by Rousse et al., (1973).As an alternative to the
NDVI, Gitelson and Merzlyak, (1994) presented the Red Edge Normalized Vegetation
Index (NDVIre), which constitutes in the ratio between the NIR and red edge bands.
The red edge presents the advantage of being sensitive to specific plant species.
Gitelson et al., (1996) propose the use of an index based on the ratio between the NIR
and Green bands (GNDVI), stating that this index is more sensitive to chlorophyll
variations. Gitelson et al., (2002) also propose Vlgreen, that is the ratio between green
and red wavelengths to estimate distinct vegetation fractions, supposedly with better
results for vegetation characterization than other indices such as NDVI. So far no
spectral index that is efficient to detect gradients of forest degradation is found.

Thus, this paper discusses the sensitivity of spectral indices (NDVI, NDVlre,
GNDVI and Vlgreen) and reflectance in the blue, green, red, red edge and NIR bands to
monitor riparian forest status (biomass and functional composition as a function of

anthropogenic degradation and different hydric zones) in the lower course of the
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Mearim River, eastern periphery of Amazonia, Brazil.

Methods

Study region and vegetation sampling scheme

The study region is part of the lower course of the Mearim river between the
coordinates 3°31'31.76"S / 44°50'13.39"W and 3° 24'45.49"S / 44°47'56.75"W, located
at the eastern periphery of Amazonia, in the north of the Maranh&o state, Brazil, (figure
1), encompassing the municipalities of Arari and Vitéria do Mearim. The region is a
fluvial-marine plain, with an Aw (two distinct season, a 7 months rany season and 5
months dry season) climate according to Koppen classification, presenting average
temperatures above 18° and a rainy period (January to July) and a dry period (August to
December) (IBGE, 2002). Terrain is flat and low-lying (approx.3-9 m a.s.l.), the soils
are alluvial hydromorphic Vertisols, which likewise predominate in many other coastal
sections of the eastern Amazonian lowlands (USDA,2010) suitable for rice production

that together with fish farming represents the agribusiness activities in the region.

In this area the riparian forest was well characterized by Silva et al., (2017), who
also classified it into four levels of forest degradation distributed in three hydrographic
zones.

Levels of forest degradation:

MF = mature undisturbed multistrata riparian rainforest. Estimated aboveground
biomass 300+ 440Mg/ha™

WD = weakly degraded (selective logging a.o.) riparian forest. Estimated aboveground
biomass 190 + 270 Mg/ ha™

MD = medium degraded/mid-sized (i.e. 5-10 yr.-old) secondary riparian forest.
Estimated aboveground biomass 70 + <120 Mg/ ha™*

SD = strongly degraded/devastated pastures and bushlands. Estimated aboveground
biomass >20 + 30 Mg/ ha™

Hydrographic zones:

A = Aquatic: daily inundation at high flood, partially exposed at low-tide during dry

season but constantly flooded during rainy season;
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SA = Semi-Aquatic: transition-zone regularly inundated at high floods (floods at
mid/end of rainy season);
TF = ‘Terra Firme’: upland plateau, inundated only during exceptional floods at peak

rainy season of wet years.

P }A{;

Legenaa oz NS RPNt AP S T 037

% :'a"‘?:‘h% WA4°53'  wdd°51' wd4°50' wd4%40' wad4B' wA4PAT' wa4®46
rasi
[ South America DEGRADATION LEVELS NUNES, Z. M. e MOREIRA, J. F (2016)
MF LANDSAT 5 (USGS)
WD DATUM: WGS 84
:’ég UTM: ZONE 23M

Figure 1- Study area of the lower Mearim river, and location of the 32 transects: MF = mature
undisturbed riparian rainforest, WD = weakly degraded tall riparan forests, MD = mid-level degradation
secondary forest regrowth, SD = strongly degraded pastures and bushlands.

Pixel delimitations and attributes

We selected 32 georeferenced transects with 0% cloud cover from the 40
transects of Silva et al. (2017) study, totaling 14.645 m? We transformed all terra
firme, semi-aquatic and aquatic sections of these transects into shapefiles using
SPRING software version 5.4.3. As the positioning of Silva et al. (2017) transects
always had been within larger stretches of £ homogenous riparian forest vegetation
belonging to the same degradation level, we identified a total of 1007 pixels totally

within the plots, but some belonging to more than one water zone, we removed 240
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mixed pixels (part in a water zone and part in another), we used 766 pure pixels

(completely inside a water zone) in our regression analyzes

For each pixel we (i) generate all spectral data of the RapidEye images was generated
(blue: 440 - 510 nm, green: 520 - 590 nm, red: 630 - 685 nm, red-edge: 690 - 730 nm,
NIR: 760 - 850 nm) and subsequently all relevant spectral indices was calculated:

NDVI = (NIR-Red) / (NIR+Red), Rouse et al., (1974);

NDVIre = (NIR- Red Rdge) / (NIR+Red Edge), Gitelson and Merzlyak (1994);

GNDVI= (Nir-green)/(Nir+Green), (Gitelson et al., 1996);

Vlgreen = (Green- Red)/(Green+Red), Gitelson et al., (2002);

VARIgreen = (Green-Red)/(green+Red-blue), Gitelson et al., 2002).

We subsequently associate all key ground-truth data of Silva et al. (2017) study
with each pixel, and in case of mixed pixels the averages of two hydric zones weighted
by their area-percentages within the respective pixel was computed. Vegetation ground-
truth data included in this study are total aboveground biomass, growth-form
composition and biomass shares of key functional plant groups, notably of all legume
trees and lianas, and of ‘aninga’ (the two morphologically similar Montrichardia

species M. arborescens and M. linifera) in the aquatic zone.

Statistical analyzes

We evaluated the data distribution both visually through histograms and with
Kolmogorov Smirnov, Lilliefor and Shapiro-Wilk tests against normality. The effects of
the aquatic zones on the spectral bands were verified via ANOVAs and subsequent
Tukey test at the 5% significance-level. Total aboveground biomass was analyzed by
the non-parametric Kruskall Wallis test (Dunn method). The relationship between
spectral bands and aboveground biomass or vegetation composition was analyzed via
linear regressions. Statistical analyses were performed with Statistica 8.0 and the graphs

was generated with Sigmaplot 12.5.

Results and discussion

Distinction of hydrographic zones



27

Figure 2 shows a clear and significant distinction of aquatic (A), semiaquatic
(SA) and terra firme (TF) hydric zones by the red edge spectral band. By contrast, no
other spectral band, nor spectral index distinguished unambiguously between the three

hydric zones (data not shown).
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Figure 2 — Red edge reflectance from aquatic (A), semiaquatic (SA) and terra firme (TF) of riparian
forests (all degradation levels combined): means +SE, letters refer to the Tukey-Kramer test at the 5%
significance-level.

Reflectance response in spectral bands and vegetation indices to levels of forest
degradation.

All spectral bands and spectral indices were insensitive to degradation gradients,
without any significant differences between degradation levels (data not shown). In a
second step, we compare the extremes of degradation levels, and the undisturbes mature
riparian rainforest (MF) vs strongly degraded pastures / bushlands (SD) was performed
resulting in significant differences in two indices (GNDVI and VARIgreen), though

with a degree of variability and incertainty too large to be of practical use (Figure 3).
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Figure 3- Contrasts of VARIgreen and GNDVI in areas with and without forest

Remote sensing is an indispensable tool for monitoring and forest management,
however, it has not yet been possible to detect degradation gradients via remote sensing
data. One of the possible explanations for the non-detection of forest degradation
gradients, either by reflection of the spectral bands or by vegetation indices, is the
saturation of the vegetation indexes with the increase of the folear area index. Povh et
al. (2008) analyzed the NDVI behavior in cereals and found NDVI saturation and
reflectance in the red band when the leaf area index was greater than 2.

The greater amount of shade in the mature forest compared to secondary
vegetation may be further possible explanation. For Ponzoni and Shimabukuro (2010),
the amount of shade in a mature forest that is taller than a regenerating forest can mask
and compromise the expected direct relationship between NDVI and biomass.

However, GNDVI and VARIgreen distinguished between the degradation levels
MF and SD, suggesting that it may be possible to use these indices to distinguish

between mature forests and heavily degraded lands.

3.3 Reflectance response in spectral bands and spectral indices to riparian forest
biomass and composition

We investigated if bands and indices related with total aboveground biomass or
vegetation composition. We did not find any significant correlation between any spetral

band or index and total aboveground biomass, nor with vegetation composition (i.e.,
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biomass shares of key functional groups such as legume trees and lianas in terra firme,
or the conspicuous ‘aninga’ (Montrichardia spp.) in the aquatic zone (data not shown).
The only exception to this finding is the herbaceous / grassy layer, with weak but near-
significant linear relationships between (In-transformed) biomass shares or absolute
biomass of herbaceous and gramineous vegetation with some spectral bands and

indices, as shown in Tables 1 and 2.

Table 1. In% herbaceous / total aerial biomass

Bands r’ p
Red edge 0,3368 0,0233
NIR 0,2375 0,0654

Table 2. In Biomass of herbaceous

Bands/index r? p

Blue 0,1161 0,0564
Red 0,1813 0,0151
NDVire 0,2004 0,0102
NDVI 0,1215 0,0506
Vigreen 0,1204 0,0517
VARIgreen 0,1190 0,0532
GNDVI 0,1740 0,0175

Conclusions

Our results show that through Remote Sensing it is possible to distinguish
between hydrographic zones, but that high-resolution RapidEye images fail to
differentiate between degradation-levels and only barely are capable of differentiating
between mature riparian rainforests and strongly degraded pastures / bushlands, and are
also insensitive to riparian vegetation composition (key functional groups or total
aboveground biomass). Thus, this form of remote sensing fails to meet the practical
demands for the extrapolation of ground truth data or for the monitoring of riparian

forests.
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