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RESUMO

A ferrugem do café (Hemileia vastatrix Berkeley & Broome) € a principal doenca desse plantio
no Brasil. O controle é realizado com produtos quimicos de acordo com o calendario, a fim de
evitar a epidemia da doenca. O objetivo deste trabalho foi identificar a ferrugem do café usando
MSI/Sentinel-2 por meio de andlises envolvendo indices de vegetacdo e dados de incidéncia,
desfolhamento e produtividade obtidos in situ. A area amostral esta situada no campo
experimental da EPAMIG, em Trés Pontas-MG. Ela conteve duas parcelas na lavoura de café,
com 42 anos de idade, suscetivel a ferrugem. O controle quimico convencional da doencga foi
realizado em apenas uma das parcelas. A incidéncia de ferrugem do café em areas com e sem
controle quimico foi avaliada mensalmente durante cinco meses, de dezembro de 2018 a abril
de 2019, periodo com condicdes ambientais ideais para a ocorréncia da ferrugem do café. Apds
correlacdo de Pearson, realizada entre 10 diferentes indices de vegetacdo com dados de
incidéncia de ferrugem, desfolha e produtividade, foram verificadas relacdes entre as variaveis
em estudo. As correlacdes ocorreram principalmente entre os niveis de incidéncia de ferrugem
do café em fevereiro de 2019 e os indices de vegetacdo gerados com imagem do Sentinel - 2 de
agosto de 2018, setembro de 2018 e fevereiro de 2019 (IREClago r = 0,566; IREClset r = 0,493;
NDMIfev r = -0,518; NDVI(RE1)fev r = -0,562; CI(RE1)fev r = -0,573; MSR(RE1)fev r = -
0,569), para areas onde ndo houve controle da ferrugem do café. Os indices obtidos por meio
de relacdes que utilizam apenas as bandas Red-Edge 1 e Near Infra-Red (NDVI(REL), CI(RE1)
e MSR(RE1)) foram mais sensiveis para capturar as mudancas espectrais da vegetacdo devido
a ocorréncia da ferrugem do café no decorrer dos meses. Ja o indice IRECI demonstrou
sensibilidade para predicdo de areas com maior potencial de incidéncia da ferrugem do café.

Palavras-chave: Sensoriamento remoto. Indices de vegetacdo. Hemileia vastatrix. Sentinel-2.



ABSTRACT

Coffee rust (Hemileia vastatrix Berkeley & Broome) is the main coffee disease in Brazil. The
control of coffee rust is carried out with chemicals according to the calendar to prevent the
disease epidemic. The objective of this work was to identify coffee rust using MSI / Sentinel-2
by means of analyzes involving vegetation indeces and coffee rust incidence, defoliation and
yeld data obtained in situ. The sample area located in the EPAMIG experimental field in Trés
Pontas-MG contained two plots in 42 years old coffee crop, in a cultivar susceptible to rust.
Conventional chemical control of rust was carried out in only one of the plots. Coffee rust
incidence in areas with and without chemical control were assessed monthly for five months,
from December 2018 to April 2019, a period with ideal environmental conditions for the
occurrence of the disease. After Pearson's correlation performed between 10 different
vegetation indexes with data on coffee rust incidence, defoliation and yeld, relationships
between the variables under study were verified. Correlations occurred mainly between coffee
rust levels in February 2019 and the vegetation indices generated with the Sentinel-2 image
from August 2018, September 2018 and February 2019 (IREClayg r = 0.566; IREClsep r = 0.493;
NDMIgen r =-0.518; NDVI(REL)ren r =-0.562; CI(RE1)ren r =-0.573; MSR(RE1)ren r = -0.569),
for areas where there was no coffee rust control. The indeces obtained through relationships
that use only the Red-Edge 1 and Near Infra-Red bands (NDVI (RE1), ClI (RE1) and MSR
(RE1)) were more sensitive to capture the spectral changes of vegetation due to the occurrence
of coffee rust over the months. The IRECI index, on the other hand, demonstrated sensitivity to
predict areas with a higher potential for coffee rust incidence.

Keywords: Remote sensing. Vegetation indices. Hemilea vastatrix. Sentinel-2
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1 INTRODUCAO

O cafeé (Coffea arabica L.) é de grande relevancia econdmica, social e cultural no Brasil
e no mundo. O manejo adequado das culturas pode garantir boa produtividade, gerar maior
retorno econdmico e causar menos impacto ambiental.

A ferrugem do café representa uma ameaca significativa para os produtores brasileiros,
pois encontra condi¢cdes ambientais favoraveis na maioria das regides cafeeiras do pais, onde
ainda ha amplo uso de cultivares suscetiveis (POZZA et al., 2010). O fungo patogénico pode
causar perdas de até 50% se nenhuma medida de controle for empregada (KUSHALAPPA e
ESKES 1989; ZAMBOLIM, 2016).

O controle da ferrugem do café é realizado em area total com o uso de fungicidas
protetores e sistémicos nas folhas ou sistémicos com aplicacdo via solo. As pulverizacbes
agroquimicas séo baseadas em calendario, comegando em novembro/dezembro e continuando
até abril (EMBRAPA, 1999). A distribuicdo espacial e temporal da incidéncia da ferrugem do
café é heterogénea na lavoura, podendo-se supor que a estratégia atual de controle da ferrugem
em area total possa ser substituida pelo manejo localizado nos focos de incidéncia da doenca
(ALVES et al., 2009).

Um método dentro do sensoriamento remoto para estudos de vegetacdo € o uso de
indices de vegetacdo. Trata-se de operacGes matematicas que envolvem duas ou mais bandas
gue melhoram as propriedades da vegetacdo, permitindo intercomparacdes espaciais e
temporais confiaveis da atividade fotossintética e da estrutura do dossel da vegetacdo em estudo
(HUETE et al., 2002). A l6gica dos principais indices de vegetacao utilizados é baseada no fato
de que a energia refletida nas regibes do vermelho e Near-Infrared (NIR) esta diretamente
relacionada a atividade fotossintética do dossel vegetal, bem como no pressuposto de que o uso
de duas ou mais bandas espectrais pode minimizar substancialmente as principais fontes de
ruido que afetam a resposta da vegetacdo (FERREIRA; FERREIRA; FERREIRA, 2008).

Alteracdes observadas nas propriedades espectrais da regido NIR podem fornecer
informagdes sobre problemas de senescéncia e estresse de vegetagdo (JENSEN, 2011). O sensor
Multi-Spectral Instrument (MSI) incorporado no satélite Sentinel-2 obtém informagdes de
refletdncia espectral da superficie terrestre registrando-as em treze diferentes bandas do
espectro eletromagnético (ESA, 2015). Cinco dessas treze bandas estdo posicionadas na regido
espectral do NIR e, mais especificamente, trés dessas cinco localizam-se na zona de réapido
crescimento de reflectancia, ao avaliar-se o dossel vegetal, conhecido como Red-Edge.

Chemura, Mutanga e Dube (2017a) discriminaram trés niveis de severidade da ferrugem do
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café nas folhas de café, mas em condigdes de estufa com base em medicOes de refletdncia
aplicadas para simular as bandas de sensor de satélite Sentinel-2. Segundo os autores, as bandas
localizadas na posicao espectral do Red-Edge podem ser Uteis para deteccdo de doencas e
avaliacdo do status da cultura do café.

Partindo da hipdtese de que é possivel detectar alteracbes no comportamento espectral
das plantas devido a incidéncia da ferrugem do café por meio do sensoriamento remoto orbital.
Este trabalho foi desenvolvido com objetivo de avaliar a efetividade de diferentes indices de
vegetacdo para deteccdo remota de sinais e sintomas de incidéncia da ferrugem do café na
lavoura e caracterizar a assinatura espectral da cultura cafeeira com diferentes niveis de

incidéncia da doenca.

2 REFERENCIAL TEORICO

2.1 Cafeicultura

A producdo mundial de café para 2019/20 ficou abaixo da safra de 2018/19 (169,3
milhdes de sacas de 60 kg). Isso representou um declinio estimado em 5,3 milhdes de sacas,
devido principalmente as lavouras arbicas do Brasil estarem em ano de bienalidade baixa. As
exportacGes mundiais foram estimadas em 115,4 milhdes de sacas, 0 que representa queda em
torno de 4,7 milhGes de sacas em relacdo a safra anterior, devido principalmente a menores
embarques do Brasil e Honduras. Com consumo global recorde estimado em 166,4 milhdes de
sacas, espera-se queda nos estoques da commaodity entorno de 400 mil sacas, para 35,0 milhdes
de sacas (USDA, 2019).

2.1.1 Contextualizacdo do café no Brasil

Uma Unica planta de café cultivada em Amsterda deu origem aos cafezais do Suriname,
Guiana e do Brasil, quando, por volta de 1727, adentrou o territério brasileiro através do estado
do Pard (MAPA, 2017).

Passados cem anos da chegada do café no pais, a commodity se tornou o principal
produto de exportagé@o nacional e, ainda nos dias atuais, é de extrema importancia na balanca
comercial brasileira, permanecendo entre 0s dez produtos mais vendidos pelo Brasil para o
mundo (MAPA, 2017). Ainda segundo o Ministério da Agricultura, Pecuéria e Abastecimento,

alguns reflexos da producdo cafeeira na economia e geografia brasileira sdo: uma cadeia
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produtiva que gera mais de 8 milhdes de empregos e uma &rea de lavouras que ocupa 2,22
milhdes de hectares distribuidos por cerca de 1900 municipios em 15 estados da federacéo.

A producdo total de café no Brasil é estimada entre 57,15 e 62,02 de sacas café
beneficiado, o que significa um aumento de até 25,80 % em relacao a safra anterior (CONAB,
2020). Ainda de acordo com a Companhia Nacional de Abastecimento, a produtividade
brasileira de café para a safra estara entre 30,31 e 32,89 scs/ha, 0 que representa um acréscimo

na faixa de 11,40 a 20,90 % em relacédo a producéo por area do ano anterior.

2.1.2 Café em Minas Gerais

O estado de Minas Gerais € 0 maior produtor de café do pais e sua participacao
corresponde a mais da metade da producdo cafeeira nacional, com estimativa de producédo de
aproximadamente 30,71 a 32,08 milhdes de sacas de café para o ano de 2020, o0 que representa
um incremento na faixa de 25,1% a 30,7% em relacdo a safra de 2019 (CONAB, 2020). Ainda
segundo a Companhia Nacional de Abastecimento, a produtividade média do estado devera
estar entre 29,72 e 31,04 scs/ha numa area estimada em 1.033.443,1 ha, o que significa um
aumento 5,1 % na &rea destinada as lavouras de café e de 12,4 a 21,9 % na produtividade em

relacdo a safra anterior.

2.2 Fenologia das plantas de café

O café é uma planta perene e pode manter-se com boa produtividade por longos periodos
desde que haja um manejo adequado da lavoura. Uma peculiaridade interessante da planta
guanto ao seu ciclo de producdo é a bienalidade (FIGURA 1), que consiste em anos de alta
producdo seguidos de anos de baixa producéo. Tal fato se deve a caracteristica da planta crescer
vegetativamente e granar os frutos concomitantemente. Assim, quando ha grande demanda
energética para enchimento de grdos, ela ndo consegue desenvolver os ramos plagiotropicos
adequadamente, acarretando baixa produgdo no ano seguinte (CAMARGO E CAMARGO,
2001).
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Figura 1 — Bienalidade verificada na producéo total de café no territdrio brasileiro (arabica e
conilon) ao longo dos anos.
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Na fenologia do cafeeiro (QUADRO 1), as fases de vegetacdo e a formacdo de gemas

florais ocorrem simultaneamente as fases de florada, inicio do enchimento (chumbinho),

expansao rapida e granacao dos frutos em diferentes partes dos ramos. Ja a indugdo e maturagéo

de gemas florais ocorrem numa parte dos ramos ao mesmo tempo em que ha maturacdo dos

frutos e posteriores fases de senescéncia e emissdo de ramos terciarios e quaternarios noutros
trechos dos plagiotrépicos (CAMARGO E CAMARGO, 2001).

Quadro 1 — Fases fenologicas do cafeeiro.

PERIODO VEGETATIVO

Set | Out | Nov | Dez | Jan | Fev | Mar

Abr | Mai [ Jun | Jul | Ago

Vegetacao e formacdo de gemas florais

Inducdo e maturacdo de gemas florais

Florada, chumbinho e expansao
rapida dos frutos

Granagcdo dos frutos

Maturag&o dos frutos

| Repouso

PERIODO REPRODUTIVO
Set | Out | Nov [ Dez | Jan | Fev | Mar | Abr | Mai | Jun | Jul | Ago
Repouso,

senescéncia,
ramos 3° e 4°

Periodo reprodutivo (novo periodo vegetativo)

Autopoda

Fonte: Adaptado de Camargo e Camargo (2001).
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2.2.1 Produtividade e incidéncia da ferrugem do cafeeiro

A relacdo entre plantas com maior carga de frutos e maior incidéncia de ferrugem do
café tem sido amplamente discutida na literatura especializada (ZAMBOLIM et al., 1992;
CARVALHO et al., 2001; AVELINO et al., 2004, 2006; COSTA et al., 2006; LOPEZ-BRAVO
etal., 2012; CUSTODIO et al., 2014; SILVA et al., 2019). Sendo assim, espera-se que em anos
com bienalidade alta haja maior incidéncia geral da doenca. Contudo, praticas de manejo
também afetam a bienalidade. Como exemplo, observou-se que a poda dos cafezais leva a uma
maior carga de frutos (AVELINO et al., 2004), e que a técnica de manejo pode ser utilizada de

forma diferente dentro de uma lavoura.

2.3 Ferrugem do cafeeiro

A ferrugem do cafeeiro, causada pelo fungo Hemileia vastatrix, tem alto potencial para
causar danos ao cafezal e pode gerar perdas de produtividade em até 50% do volume de graos
esperados caso ndo sejam empregadas medidas de controle (KUSHALAPPA e ESKES 1989;
ZAMBOLIM, 2016).

Avaliando a severidade da ferrugem, constatou-se que durante os meses de novembro a
marco, houve picos de severidade da doenca. Tal fato foi devido & ocorréncia de condicdes
climaticas favoraveis a infeccdo, ou seja, temperaturas entre 20 e 25 °C e molhamento foliar,
somado a ocorréncia da fase fenoldgica de crescimento vegetativo das plantas de café (VALE
et al., 2000).

Segundo Zambolim (2016), doenca fungica representa uma ameaca significativa e
aumenta os custos de producdo nas lavouras de café do Brasil, pois encontra condicGes
ambientais favoraveis na maioria das regides cafeeiras e ainda ha amplo uso de cultivares
suscetiveis nas lavouras do pais. O autor ainda diz que os esfor¢os de pesquisa devem continuar
objetivando o desenvolvimento de cultivares com resisténcia duradoura, a descoberta de novas
moléculas quimicas que podem se mover sistemicamente no floema e o0 monitoramento
continuo das populagdes de Hemileia vastatrix.

Somando-se a possibilidade de otimizacdo da producéo ao fato de que a distribuicéo e
intensidade de incidéncia da ferrugem do cafeeiro ndo € homogénea na lavoura, pode-se assumir
gue a atual estratégia de controle da ferrugem baseada na area total pode ser substituida pelo

manejo localizado nos focos de incidéncia da doenca (ALVES et al., 2009).
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2.4 Agricultura de precisao

As técnicas de agricultura de precisdo podem oferecer beneficios potenciais em
lucratividade, produtividade, sustentabilidade, qualidade e rastreabilidade das -culturas,
protecdo ambiental, seguranca alimentar e desenvolvimento econémico rural (Liaghat &
Balasundram 2010). A tomada de deciséo sobre o gerenciamento de doengas em campo pode
ser acessada usando sistema de informacdes geograficas (SIG), sistema global de navegacao
por satélite (GNSS), geocomputacdo, sensoriamento remoto, tecnologia de aplicacdo a taxa
variavel integrada ao processamento avancado de informacGes em mapas georreferenciados
durante o crescimento, desenvolvimento e producéo da lavoura (Auernhammer 2001; Liaghat
& Balasundram 2010).

2.4.1 Utilizacdo do sensoriamento remoto na cultura do café e em outras culturas agricolas

Utilizou-se imagens do Landsat-8 OLI/TIRS associadas a dados de campo de incidéncia
da ferrugem do café para analise do comportamento espectro-temporal de plantas com
diferentes niveis de incidéncia da doenca sob diferentes sistemas de irrigacdo. Observou-se que
em areas com alta incidéncia da ferrugem do café houve menor refletdncia nas regibes
espectrais do NIR e verde. Por outro lado, houve um aumento da refletancia nas regides
espectrais do infravermelho de ondas curtas (SWIR) e vermelho. Esses resultados foram obtidos
para culturas sob pivo central e sistema de sequeiro (PIRES et al., 2020).

Por meio do uso de indices de vegetacdo derivados de imagens multiespectrais Landsat-
5 TM e suas correlagdes com dados de nutricdo das plantas, textura do solo e infestacdo por
praga obtidos in situ, demonstrou-se a possibilidade de identificacdo e mapeamento do estresse
das plantas na lavoura cafeeira (MARIN et al., 2019). O indice de vegetagdo NDVI calculado
com uso de imagens Landsat 7 ETM+ foi utilizado para avaliar a queda de folhas na lavoura
cafeeira causada pela ferrugem do café em fazendas na Guatemala. Observou-se que o valor do
desvio padrdo do NDVI em fazendas danificadas aumentou a medida que o valor médio do
NDVI diminuiu. Além disso, analisando as alteragdes anuais do NDVI, verificou-se que a
progressao da doenca ndo é homogénea nas culturas (KATSUHAMA et al., 2018).

Utilizando-se de séries temporais dos indices de vegetacdo EVI e NDVI subprodutos
MODIS (Moderate-Resolution Imaging Spectroradiometer) para caracterizagdo da bienalidade
da lavoura cafeeira, obteve-se indicadores qualitativos de alteragdes fenoldgicas durante analise
bianual (COUTO JR. et al., 2013). Os autores identificaram saturacdo do NDVI quando
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comparado ao EVI. Contudo, ambos os indices tiveram seu perfil temporal coincidentes com
os estagios fenoldgicos da lavoura cafeeira descritos em campo.

Chemura et al. (2018), trabalhando com indices de vegetacdo e bandas isoladas
registradas pelo satélite Sentinel-2, conseguiram validar o potencial de seu uso para estimativa
dos teores de nitrogénio de lavoura cafeeira no Zimbabwe. O autor ainda relata que, com o uso
dos indices de vegetacdo, pode-se obter a melhor acurdcia da modelagem dos teores de
nitrogénio do que com o uso das bandas isoladas.

Utilizando-se de dados espectrais dos satélites RapidEye e de espectrorradidmetro para
simular as bandas de seu sensor, foi possivel a identificacdo das bandas espectrais mais
apropriadas para realizacdo da classificagdo de lavoura cafeeira infectada por nematoides da
galha (MARTINS; GALO; VIEIRA, 2017). Os autores, por meio de classificacdo da area
cafeeira utilizando faixas no vermelho Red-Edge, NIR e o indice de vegetacdo NDVI, definiram
a distribuicdo espacial de cafeeiros saudaveis, moderadamente infectados e severamente
infectados com boa precisao geral.

Estudo realizado com uso de sensor hiperespectral e metodologia de modelagem revelou
gue bandas na regido do visivel e NIR (485 nm, 670 nm e 885 nm), selecionadas por analise de
sensibilidade, mostraram-se apropriadas para estimar o contetdo de agua em mudas de café sob
diferentes niveis de estresse hidrico (CHEMURA; MUTANGA; DUBE, 2017b). Ainda
segundo os autores, a pesquisa fornece uma base para aplicacdo do sensoriamento remoto na
irrigacao de precisdo com consecutivo aumento de eficiéncia do sistema.

Com o uso de espectrorradidmetro para simular as bandas do satélite Sentinel-2 e
algoritmos de machine learning, foi possivel identificar o potencial do sensor MSI a bordo do
satélite para a discriminacdo da ferrugem do café e seus niveis de severidade com boa acuracia
(CHEMURA; MUTANGA; DUBE, 2017a). Os autores ainda relatam que ao utilizar-se das
bandas na regido do NIR e dos indices de vegetacdo pode-se fazer a deteccdo da incidéncia de
doencas e a avaliacdo do estado da lavoura. Tais informacGes contribuem para a reducdo da
aplicacdo de defensivos agricolas com consequentes ganhos ambientais e econémicos.

Com uso de dados do sensor MSI do satélite Sentinel-2 e de sensor hiperespectral para
simular a refletdncia dos canais do sensor MSI, explorou-se o potencial do sensor MSI/Sentinel-
2 para identificacdo de infeccdo por ferrugem amarela em trigo de inverno. Obteve-se bons
resultados na detec¢do e monitoramento da ferrugem tanto em escala de dossel quanto em escala
regional quando utilizado o indice de vegetacdo que faz uso de bandas no Red-Edge

desenvolvido pelos pesquisados (ZHENG et al., 2018).
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indices de vegetacdo calculados com dados multiespectrais dos satélites RapidEye
foram utilizados para deteccdo de estresse em floresta de coniferas por meio de variacéo das
quantidades de clorofilas A e B. Os resultados indicaram que indices que utilizam bandas na
regido do Red-Edge demostram maior sensibilidade para detec¢éo antecipada de estresse das
plantas quando comparado ao resultado obtido com indices de vegetacdo que utilizam bandas
na regido do visivel (EITEL etal., 2011).

Em estudo realizado avaliando-se classes de severidade de incidéncia da doenca
fangica, Dothistroma septosporum, em talhdes de Pinus radiata e suas relacbes com dados do
espectro eletromagnético mensurados por meio de sensor hiperespectral, constatou-se que
bandas na regido do Red-Edge demostraram correlagdo significativa com os escores atribuidos
de acordo com a severidade da doenca (COOPS et al., 2003).

Gaertner et al. (2017), utilizando metodologia de classificacdo por méaxima
verossimilhanga, baseada em pixels, e um algoritmo de classificacdo baseado em analise de
imagens de objetos, obteve bons resultados para a classificacdo de areas de café. Contudo, a
area total classificada remotamente com imageamento orbital obtido pelo satélite WorldView-
2 ficou abaixo da area registrada para a cultura por meio de levantamento direto no campo.

No entanto, é importante chamar atencdo para o fato do processo de obtencdo de
informacdes a partir imageamento orbital ser complexo, pois é dependente das resolugdes
espectral, espacial, radiométrica e temporal do sensor/satélite (BERNARDES et al., 2012;
LAMPARELLLI et al., 2012). Quando ha baixa frequéncia de revisita e/ou a resolucéo espacial
ndo é compativel com o tamanho da area de uma lavoura visada, pode-se ndo haver dados
suficientes para realizacdo de estudos. Além disso, caracteristicas da lavoura cafeeira, como por
exemplo, densidade de plantio, idade da lavoura, cultivar, face do relevo e diferentes tratos
culturais utilizados nas distintas propriedades, podem ter influéncia relevante no
comportamento espectral das plantas de café. Tudo isso contribui para 0 aumento da dificuldade

no processo de monitoramento remoto (MOREIRA et al., 2004).

2.5 Sentinel-2

A missdo Sentinel-2, com atividade iniciada em 2015, é composta por dois satélites
idénticos que operam simultaneamente, em Orbita heliossincrona, separados por 180° entre si e
a altitude média de 786 km. A posi¢édo de cada satélite em sua orbita é medida por um receptor
GNSS de dupla frequéncia. A preciséo orbital € mantida por um sistema de propulsdo dedicado.

A missao tem por objetivo o monitoramento da variabilidade nas condic¢des da superficie da
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terra em ampla faixa (290 km) e com tempo combinado de revisita de 5 dias. Os limites de
cobertura estdo entre as latitudes 56° Sul e 84° Norte. O sensor embarcado é capaz de registrar
uma maior quantidade de informacGes espectrais da superficie terrestre na regido do NIR (ESA,
2015). Na Tabela 1 pode ser observada a quantidade de bandas registradas e suas posi¢cdes no
espectro eletromagnético, a denominacdo das bandas componentes da imagem, o valor do
comprimento de onda central das bandas espectrais, a largura das faixas espectrais e resolucdes

espaciais.

Tabela 1 — Resolucéo espacial e espectral das bandas do sensor MSI do Sentinel-2.

Sentinel 2 band  Denomination Central wavelength (nm) Bandwidth (nm) Spatial resolution (m)

Coastal aerosol BO1 443 20 60
Blue B02 490 65 10
Green B03 560 35 10
Red B04 665 30 10

Red Edge 1 BO5 705 15 20
Red Edge 2 BO6 740 15 20
Red Edge 3 BO7 783 20 20
Near Infra-Red B08 842 115 10
Near Infra-Red B8a 865 20 20
Water Vapour B09 945 20 60
SWIR - Cirrus B10 1375 30 60
SWIR B11 1610 90 20
SWIR B12 2190 180 20

Fonte: Adaptado da ESA (2015).

2.6 Indices de vegetago

Um método dentro do sensoriamento remoto para estudos de vegetagdo € o uso de
indices de vegetacdo, que sdo opera¢des matematicas que envolvem duas ou mais bandas que
melhoram suas propriedades. Isso permite intercomparacdes espaciais e temporais confiaveis
da atividade fotossintética e da estrutura do dossel da vegetacdo em estudo (HUETE et al.,
2002). Ainda segundo o autor, o indice de vegetacdo é uma simples transformacao de bandas
espectrais diretamente computadas, sem nenhum viés ou premissa em relagcdo aos atributos

bioticos ou abidticos do local em estudo. Por meio do uso do indice, é possivel monitorar



18

variagfes sazonais, interanuais e de longo prazo dos pardmetros estruturais, fenolégicos e
biofisicos da vegetagdo.

A ldgica dos principais indices de vegetacdo utilizados é baseada no fato de que a
energia refletida nas regibes do vermelho e NIR esta diretamente relacionada a atividade
fotossintética do dossel vegetal, bem como no pressuposto de que o uso de duas ou mais bandas
espectrais pode minimizar substancialmente as principais fontes de ruido que afetam a resposta
dada (FERREIRA; FERREIRA; FERREIRA, 2008). Ainda segundo os autores, as principais
fontes de ruido para anélise da vegetacdo por meio de imagens orbitais sdo: as variagdes na
irradidncia solar, interferéncias por vapor d’agua, poluicdo e gases atmosféricos, contribuicdes
da vegetagédo ndo-fotossinteticamente ativa, contribui¢des do substrato e efeitos da composigédo

e estrutura do dossel.

3 CONCLUSAO

O sensoriamento remoto orbital para monitoramento e avaliacdo de lavouras e florestas
vem sendo utilizado em todo o mundo. Os ganhos potenciais que a utilizacdo desse conjunto de
tecnologias pode levar aos agricultores ainda ndo estdo bem definidos, mas aparentemente seréo
de grande relevancia. O monitoramento de culturas de alto valor econémico visando a
otimizacdo dos sistemas de cultivo tem potencial para além da reducdo dos custos de
manutencdo das lavouras, como exemplo 0s ganhos ambientais devidos a reducéo da aplicacao
de agroquimicos. Sendo assim, monitoramento da ferrugem do café por meio de técnicas de
sensoriamento remoto é uma vertente a ser estudada e melhor entendida por pesquisadores que
desejam levar beneficios aos cafeicultores e as comunidades onde as lavouras estdo

implantadas.
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Abstract

Coffee rust (Hemileia vastatrix Berkeley & Broome) is the main coffee disease in Brazil. Coffee rust control is
calendar-based and performed by applying chemicals in order to avoid the outburst of disease epidemics. The aim
of this work was to identify coffee rust using multispectral orbital sensing through analyses utilising vegetation
indices and coffee rust incidence, defoliation and yield data obtained in situ. Field samples were georeferenced
using a high-accuracy Global Navigation Satellite System (GNSS) receiver in two plots, in a 42-year-old, leaf rust
susceptible coffee cultivar. Conventional chemical control of rust was performed in only one of the plots to serve
as control. Coffee rust incidence in areas with and without chemical control was assessed over five months, from
December 2018 to April 2019, a period with optimal environmental conditions for disease occurrence. Following
analyses of different vegetation indices and data sampled in the coffee crop, Pearson's correlations between the
variables were verified. Reported correlations occurred mainly among coffee rust incidence levels in February
2019 and vegetation indices calculated using Sentinel-2 images from August 2018, September 2018 and February
2019 (IRECIr=0.566; IRECI r=0.493; NDMI r =-0.518; NDVI(RE1) r =-0.562; CI(RE1) r=-0.573; MSR(RE1)
r =-0.569), in areas without coffee rust control. Indices based on relationships between bands in the Red-Edge and
Near Infra-Red regions were more sensitive to spectral changes in vegetation due to variation in coffee rust
occurrence over time.

Keywords: Remote Sensing; Vegetation indices; Precision agriculture; Sentinel-2.
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1 INTRODUCTION

The coffee plant (Coffea arabica L.) is of great economic, social and cultural relevance in Brazil and
around the world. Effective management of coffee crops can ensure good productivity, generating greater
economic return, and reducing detrimental impacts to the environment.

The disease known colloquially as coffee leaf rust poses a significant threat to Brazilian coffee producers,
due to favourable environmental conditions in most coffee regions of the country, and where there is still
widespread use of susceptible varieties (Pozza et al. 2010). The pathogenic fungus can cause losses of up to 50%
if no control measures are employed (Kushalappa and Eskes 1989; Zambolim 2016).

Control measures for coffee rust are administered across entire plantations, carried out with the use of
protective and systemic fungicides that are applied to the plant’s leaves, or by drenching the soil, respectively.
Agrochemical sprayings are calendar-based starting in November/December and continuing through April
(EMBRAPA 1999). The spatial and temporal distributions of coffee rust incidence are not homogeneous across a
crop, thus it can be assumed that any total area leaf rust control strategy could be replaced by focused management

in specific areas of disease incidence (Alves et al. 2009).
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Precision agriculture techniques can result in potential benefits in profitability, yield, sustainability, crop
quality and traceability, environmental protection, food security and rural economic development (Liaghat &
Balasundram 2010). The efficacy of disease management strategies in the field can be accessed using geographic
information system (GIS), global navigation satellite system (GNSS), geocomputation, remote sensing, and
variable rate application technology integrated with advanced information processing in georeferenced maps
during crop growth, development and production (Auernhammer 2001; Liaghat & Balasundram 2010).

A commonly-used remote sensing method for vegetation studies is the use of vegetation indices.
Vegetation indices are mathematical operations involving two or more spectral bands designed to enhance
vegetation properties, allowing reliable spatial and temporal inter-comparisons of photosynthetic activity and
canopy structure (Huete et al. 2002). The method is based on the fact that energy reflected in red and near-infrared
(NIR) regions is directly related to photosynthetic activity of the vegetation canopy, as well as the assumption that
using two or more spectral bands can substantially minimize the main sources of noise that affect detected variation
in vegetation responses (Ferreira et al. 2008).

Changes observed in spectral properties within the NIR region may provide information on senescence
and vegetation stress issues (Jensen 2011). The Multi-Spectral Instrument (MSI) sensor embedded in the Sentinel-
2 satellite obtains terrestrial surface spectral reflectance information by recording it in 13 different bands of the
electromagnetic spectrum. Five of these spectral bands are positioned in distinct bands within the NIR region, and
three of these five are located in the rapidly growing reflectance zone known as Red-Edge (ESA 2015). Based on
reflectance measurements applied to simulate the Sentinel-2 satellite sensor bands, Chemura et al. (2017) examined
three levels of coffee rust severity in coffee leaves under greenhouse conditions. According to the authors, bands
located at the Red-Edge spectral position can be useful for disease detection and coffee crop status evaluation.

In coffee plantations in Brazil, Landsat 7 and 8 images associated with in situ coffee rust data have been
used to analyse spectral radiometry behaviour of plants under different irrigation systems (Pires et al. 2020). The
authors observed that in areas with higher coffee rust incidence under a central pivot and rainfed system, the
average reflectance of NIR and green spectral regions was reduced, while reflectance increased in short wave
infrared (SWIR) and red wavelengths, when compared to periods with lower coffee rust incidence. Moreover,
NDVI generated by Landsat 7 ETM + sensor images were used to evaluate coffee leaf fall caused by coffee rust
in Guatemalan coffee plantations (Katsuhama et al. 2018). It was observed that the NDVI standard deviation value
in damaged farms increased as the average NDVI value decreased. By analysing annual NDVI changes, it was
also reported that disease progression is not homogeneous in crops (Katsuhama et al. 2018).

Based on the hypothesis that it is possible to detect changes in the spectral behaviour of plants due to the
incidence of leaf rust through orbital remote sensing, this study aimed to evaluate the effectiveness of different
vegetation indices for remote detection of coffee rust incidence, and to characterize the spectral signature of crops

with different levels of disease incidence.

2 MATERIAL AND METHODS

Area description
The study area is located in Minas Gerais Agricultural Research Company (EPAMIG) experimental field
in Trés Pontas city, Minas Gerais state, Brazil. The cultivar present in the area is Catuai Amarelo IAC - 17, a

variety susceptible to coffee rust. Plant spacing is 3.5 m x 2.0 m with 2 plants per pit, and a crop age of 42 years.
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The approximate central geographical point of the study area has a latitude of 21°20'38.36"S and a longitude of
45°28'48.51"W, and the average altitude is around 935 m. The region is classified as Cwa, with dry winters and

rainy summers (Alvares et al. 2013).

Georeferencing of sample points

Images obtained by adding the Sentinel-2 MSI sensor to the Spectra Precision SP60 L1/L2 RTK GNSS
receiver software provided latitude and longitude data, corresponding to the center of fifty pixels in different
spectral bands (Table 1). . Subsequently, the GNSS RTK receiver base was placed in the field and the fifty sample
points were manually located by walking with the mobile RTK receiver in the sampling area. In each of the fifty
identified subareas (measuring 10 m x 10 m), a central coffee plant was georeferenced, which was then used to
select a further two plants within a radius of approximately 2 m within the planting line. In total one hundred and

fifty coffee plants were evaluated, three plants per sampling point.

Table 1 Spatial and spectral resolution of Sentinel-2 satellite MSI sensor bands (ESA 2015) used to calculate
vegetation indices

Sentinel-2 D N Spectral band center Bandwidth Spatial resolution
band enomination (nm) (nm) (m)
Coastal aerosol BO1 443 20 60
Blue B02 490 65 10
Green B03 560 35 10
Red B04 665 30 10
Red Edge 1 B05 705 15 20
Red Edge 2 B06 740 15 20
Red Edge 3 BO7 783 20 20
Near Infra-Red B08 842 115 10
Near Infra-Red B8a 865 20 20
Water Vapour B09 945 20 60
SWIR - Cirrus B10 1375 30 60
SWIR 2 Bl11l 1610 90 20
SWIR 3 B12 2190 180 20

Crop treatments

The study area was split into two sections (Figure 1). The northern section measured approximately 0.57
ha and contained 32 sampling points, while the southern section measured around 0.43 ha and contained 18
sampling points. No rust control was performed in the northern section, however the southern section received a
systemic fungicide containing triazole and strobilurin on 11 December 2018 and 20 February 2019, as well as a
leaf application of copper on 8 April 2019. The application of fertiliser was carried out following Guimarées et
al. (1999), based on soil fertility management and leaf nutrition in coffee culture recommended for Minas Gerais

state, Brazil.
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Fig. 1 Study area indicating the location of Minas Gerais state within Brazil, and the south/southwest region of the
federative unit (left), the area of Trés Pontas city (bottom right), and the plantation area in the EPAMIG
experimental fieldsite, showing the sampling pixels (subareas) (top right).

Field evaluation: coffee rust, defoliation and yield

Coffee rust was sampled monthly between December 2018 and April 2019 (totalling five separate
samples), using a non-destructive method that takes into account plant exposure to solar radiation. For each coffee
plant, eight leaves were evaluated; four leaves from different randomly selected plagiotropic branches on the north-
facing side of the plant (i.e. higher insolation levels), and four leaves from different plagiotropic branches on the
south-facing side of the plant (lower insolation levels) (Custddio et al. 2010). Therefore, a total of 24 leaves were
evaluated per subarea. Leaves of the 3rd and 4th pair of plagiotropic branches in the middle third of the plants
were assessed according to the methodology proposed by Lima (1979). The percentage of coffee rust incidence
for each subarea was obtained by dividing the total number of leaves with recorded coffee rust signals by the total
number of leaves evaluated in the subarea (24 leaves), and multiplied by one hundred.

Defoliation was determined using strands positioned at two points on one plagiotropic branch of each of
the one hundred and fifty coffee plants. Leaf fall was recorded in each monthly assessment following the initial
number of leaves counted in December 2018, totalling five samples. These leaf drop data were then transformed
into a percentage of defoliation.

Fruit harvest was carried out on 2 July 2019 with a portable Nakashi DL 262-MT2L® gasoline machine.
A cloth was placed on the floor around the plants to facilitate the collection of the fallen fruits. The volume of

fruits from the three plants in each subarea was measured using a graduated bucket, meaning that the volume
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assigned to each of the fifty subareas corresponded to liters per three plants. Fruits were collected from all one

hundred and fifty plants that were previously evaluated for coffee rust incidence levels.

Multispectral data

The orbital data captured by the Sentinel-2 satellite-embedded MSI sensor was obtained by a free
download available from the United States Geological Survey (USGS 2019) collection. Sentinel-2 scenes were
selected using the criteria of least atmospheric interference and closest proximity to date of crop rust sampling
(Table 2).

Table 2 Dates that in situ data were obtained, respective orbital data used for correlation analysis and cloud
coverage of Sentinel-2 images (USGS 2019)

Data August September November December January February March April
In situ - - - 2018/12/14  2019/01/14  2019/02/15  2019/03/15  2019/04/19
Orbitals 2018/08/20  2018/09/09  2018/11/28  2018/12/13  2019/01/17  2019/02/01  2019/03/08  2019/04/22
Cloud cover <10% <10% <10% <10% <20% <10% <10% <10%

Sentinel-2 digital image processing

Digital images were processed using the Dark Object Subtraction (DOS) method (Chavez 1988, 1989).
Correction by the DOS method is carried out by estimating the atmospheric interference in each spectral band,
performing calculations to transform the digital number into radiance values, and then to surface reflectance values.
Minimum and maximum radiance, top-level irradiance, and sensor gain were necessary variables for calculations,
and varied for different bands. Additionally, other factors that depend on the image date were included, such as

Earth-Sun distance and solar elevation angle (Gdrtler et al. 2005).

Vegetation indices calculations and Pearson's correlations
Vegetation indices (Tables 3) using different relationships between Sentinel-2 spectral bands were
calculated. The vegetation indices selected provide data on plant canopy such as leaf area, plant leaf moisture and

chlorophyll content.
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Table 3 Vegetation indices calculated to correlate with leaf rust incidence, defoliation and yield data obtained
from field samples, spectral bands necessary for index calculations and authors who developed / adapted them

Index

Source

Normalized Difference
Vegetation Index

Normalized Difference
Moisture Index (B11)

Normalized Difference
Moisture Index (B12)

Renormalized
Normalized Difference
Vegetation Index

Inverted Red-Edge
Chlorophyll Index

Normalized Difference
Vegetation Index
(RE1)

Red-Edge Chlorophyll
Index

Transformed Chlorophyll

Absorption Ratio Index /

Optimized Soil-Adjusted
Vegetation Index

Modified Chlorophyll
Absorption Ratio Index /
Optimized Soil-Adjusted

Vegetation Index

Modified Simple Ratio
(RE1)

Formula
oy~ B8=BY
~ (B8 +B4)
NDMIB11) = B8~ BlD)
(B11) = (B8 + B11)
NDMI(B12) = B8~ B12)
(B12) = (B8 + B12)
rnpyr = 8B
"~ VB8 + B4
B8 — B4
irect = B8ZBY
/B6/B5
NDVIRED) = B8~ BS)
(REL) = (B8 + B5)

CI(RE1) = (B8/B5)—1

TCARI _ 3+ [(B6 — BS) — 0.2 x (B6 — B3) * (B6/B5)]

0SAVI ~ {[(1+0.16) * (B6 — B5)]/B6 + B5 + 0.16}

MCARI _ [(B6 — B5) — 0.2 + (B6 — B3)] * (B6/B5)
0SAVI ~ {[(1+0.16) » (B6 — B5)]/B6 + B5 + 0.16}

[(B8/BS5) — 1]

J(B8/B5) + 1

MSR(RE1) =

Rouse et al. (1974)

Wilson and Sader
(2002)

Wilson and Sader
(2002)

Gitelson and Merzlyak
(1994)

Frampton et al.
(2013)

Gitelson and Merzlyak
(1994)

Gitelson et al. (2005)

Rondeaux et al. (1996);
Daughtry et al. (2000);
Wau et al. (2008)

Rondeaux et al. (1996);
Daughtry et al. (2000);
Wu et al. (2008)

Chen (1996);
Wu et al. (2008)

Vegetation index calculations (Table 3) were performed for 7 selected Sentinel-2 images for correlation

with coffee rust incidence, defoliation and yield data. Another Sentinel-2 image (November 2018) was selected

for index calculations for use in comparison with monthly rainfall intensity data. To perform the correlations,

values were extracted from each index corresponding to the 50 georeferenced subareas in the coffee crop area

selected for rust sampling (i.e. the 50 pixels of highest spatial resolution bands of Sentinel-2 MSI images).

Pearson’s correlations (Figure 2) were performed between in situ data and vegetation indices values extracted from

the 18 sampling points in the southern section (with coffee rust chemical control). The same procedure was

performed for the 32 points in the northern section (without coffee rust chemical control).
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Fig. 2 Correlations between field data sampled in EPAMIG experimental fieldsite in Trés Pontas city and
vegetation indices calculated with Sentinel-2 images

In order to evaluate spectral behaviour in the south and north sections, reflectance values of each 50
sample points were extracted from all 13 spectral bands in the Sentinel-2 images. For each of the 13 bands, monthly
mean reflectance values of the 32 northern sample points were calculated. The same procedure was performed for
the 18 southern sample points. Student's t-tests were then performed to compare monthly averages of areas with

and without leaf rust chemical control.

Meteorological in situ data

To better understand the coffee plant’s spectral response to coffee rust, monthly rainfall data were used
to compare with the monthly vegetation indices data. Rainfall intensity (mm / month) was measured with a rain
gauge from three conventional weather stations located in the cities of Machado, Lavras and S8o Lourenco, that
surround the EPAMIG experimental fieldsite in Minas Gerais state, Brazil (INMET 2019). With these data, rainfall

intensity interpolation was performed by using an inverse distance weighting method (Viola et al. 2010).

3 RESULTS

Spatial-temporal coffee rust distribution
An increase in coffee rust incidence was recorded over the months of assessment, most notably in the
area where the disease was not controlled (Figure 3). Coffee rust incidence classes were defined in order to

facilitate the visualization of rust spatiotemporal progress (Figure 4).
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Fig. 3 Coffee rust incidence percentage between December 2018 and April 2019 in areas with and without
chemical control in the EPAMIG experimental fieldsite, Trés Pontas city, Minas Gerais state, Brazil
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Fig. 4 Coffee rust incidence percentage in crop subareas over time in control and uncontrolled sections (continuous
and dashed lines, respectively) in the EPAMIG experimental fieldsite, Trés Pontas city, Minas Gerais state, Brazil
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Correlation of data derived from Sentinel 2 with field data

Pearson's correlation indicated an interaction between levels of coffee rust incidence and the vegetation
indices calculated for each respective month of evaluation. It was noted that in February 2019 negative correlations
were reported between various vegetation indices and coffee rust incidence in the northern section of the study site
(Table 4).

Table 4 Pearson's correlations (r) between different vegetation indices, yield and defoliation coffee rust incidence
between December 2018 and April 2019, in sampling areas with chemical control measures (c), and without
chemical control measures (nc). Significant r values (p<0.05) are highlighted.

Data Dec Dec Jan Jan Feb Feb Mar Mar Apr Apr

(nc) (©) (nc) (©) (nc) (© (nc) (© (nc) (©
YIELD -0.132 -0.390 -0.291 -0.406 -0.082 -0.173 0.243 0.034 0.555 0.307
DEFOLIATION - - 0.384 0.113 0.230 0.030 0.220 0.116 0.268 0.131
NDVI -0.173 -0.316 -0.036 -0.295 -0.313 0.251 -0.166 -0.001 0.257 -0.435
NDMI(B11) 0.077 -0.292 -0.039 -0.451 -0.518 -0.007 -0.266 -0.078 0.122 @ -0.502
NDMI(B12) 0.116 -0.218 -0.100 -0.450 -0.481 -0.039 -0.175 0.007 0.092  -0.519
RNDVI -0.132 -0.338 -0.033 -0.375 -0.426 0.236 -0.288 -0.087 0.242 -0.448
IRECI -0.211 -0.360 0.262 0.039 -0.124 0.210 -0.040 -0.249 0.155 -0.361
NDVI(RE1) 0.193 -0.212 -0.178 -0.403 -0.562 0.031 -0.378 -0.037 0.133 -0.461
CI(REL) 0.199 -0.220 -0.182 -0.401 -0.573 0.034 -0.371 -0.034 0.137 -0.426
TCARI/OSAVI | -0.078 0.201 0.189 0.310 0.473 -0.127 0.269 -0.087 -0.219 0.445
MCARI/OSAVI | 0.220 -0.127 -0.154 -0.283 -0.474 -0.050 -0.385 0.019 0.135 -0.359
MSR(RE1) 0.197 -0.217 -0.181 -0.402 -0.569 0.033 -0.374 -0.035 0.135 -0.440

The vegetation indices calculated with the February 2019 images using spectral bands in NIR (B08) and
Red-Edge 1 (B05) presented the highest correlation values with leaf rust data sampled in the respective month
(NDVI(RE1) r = -0.562; CI(RE1) r = -0.573; MSR(REL) r = -0.569). For NDMI indices calculated using NIR
band (B08) and one of the bands in SWIR position (B11 or B12), we obtained, respectively, moderate and weak
correlations for February 2019 (r = -0.518 and r = -0.481), and moderate for April 2019 (r =-0.502 and r = -0.519).

The yield harvested in July 2019 had a moderate positive correlation (r = 0.555) with coffee rust incidence
reported in April 2019 in the sampling section without any chemical control. Furthermore, the IRECI vegetation
index generated from images recorded in August and September 2018 also correlated positively with leaf rust
assessment data obtained in February and March 2019 (Tables 5 and 6).

Table 5 Pearson's correlations (r) between vegetation indices calculated with August images with coffee rust
incidence data and yield data from sample points in the area without chemical control. Significant values (p<0.05)
are highlighted.

August Dec Jan Feb Mar Apr Yield
indices
NDVI 0.041 -0.019 0.221 0.246 0.054 -0.134
NDMI(B11) 0.013 -0.112 -0.114 0.241 0.137 0.090
NDMI(B12) -0.058 -0.219 -0.143 0.236 0.060 0.171
RNDVI 0.080 -0.023 0.266 0.304 0.114 -0.096
IRECI 0.138 0.024 0.566 0.447 0.193 -0.062
NDVI(RE1) 0.010 -0.166 -0.262 0.096 0.056 0.051
CI(RE1) 0.016 -0.147 -0.240 0.102 0.077 0.058
TCARI/OSAVI 0.011 0.052 0.169 -0.090 -0.081 0.011
MCARI/OSAVI 0.029 -0.038 -0.477 -0.209 -0.021 -0.007
MSR(RE1) 0.013 -0.155 -0.249 0.100 0.068 0.055
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Table 6 Pearson's correlations (r) between vegetation indices calculated with September images with coffee rust
incidence data and yield data from sample points in the area without chemical control. Significant values (p<0.05)
are highlighted.

Sgpte_mber Dec Jan Feb Mar Apr Yield
indices
NDVI 0.021 -0.064 0.120 0.194 0.068 -0.100
NDMI(B11) 0.036 -0.077 -0.118 0.235 0.171 0.069
NDMI(B12) -0.031 -0.060 -0.165 0.190 0.090 0.019
RNDVI 0.057 -0.033 0.198 0.249 0.118 -0.100
IRECI 0.097 0.027 0.493 0.389 0.256 -0.074
NDVI(RE1) 0.051 -0.121 -0.204 0.040 -0.010 0.036
CI(REY) 0.059 -0.131 -0.205 0.053 0.018 0.063
TCARI/OSAVI -0.002 0.135 0.131 -0.110 0.009 0.035
MCARI/OSAVI 0.042 0.090 -0.230 -0.143 -0.112 -0.115
MSR(RE1) 0.056 -0.127 -0.205 0.048 0.006 0.052

Reflectance and vegetation index averages in areas with and without coffee rust control

By analysing average monthly reflectances for the different bands of the electromagnetic spectrum in
both the northern and southern sections, it was observed that there were higher average reflectances in the Red-
Edge/NIR region (Figure 5). It was also noted that for the spectral region in Red-Edge/NIR, there were reflectance
peaks for the month of February 2019 in both sections. However, average reflectances at RE2 (740 nm), RE3 (783
nm), NIR-8 (842 nm) and NIR-8a (865 nm) were higher in the northern area with no rust control. By analysing
isolated bands, two SWIR bands were found to have the highest reflectance in December 2018, indicating a lower

moisture content in the vegetation canopy.
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Fig. 5 Average monthly reflectance of Sentinel-2 spectral bands in the two areas (with and without coffee rust
control measures) in the EPAMIG experimental fieldsite at Trés Pontas city, Minas Gerais state, Brazil

Student's t-test showed that the average reflectance of RE2 (B06), RE3 (B07), NIR-8 and NIR-8a bands
in the northern and southern sampling sections did not differ from each other in December 2018. However,

reflectance averages became statistically different when comparing the north and south sample areas due to
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increased occurrence of coffee rust in January and February 2019, corresponding to higher reflectance in the

northern section where the incidence of leaf rust was higher (Table 7).

Table 7 Spectral bands reflectance averages of areas with (c) and without (nc) coffee rust control and Student’s t-
test results ('ns' equal to not significant) for independent samples (comparison of means)

Band December January February March April
Bands|center| Mean o- Mean p- Mean o- Mean o- Mean o-

{ﬂ.ﬂ'l:]- C | i value C e value C | e wvalue C 11 value C | e value
B0l 443 2538 246 <001 233 220 n= 276 264 <001 220 221 =001 313 308 ns
BO2 490 307 279 <005 232 248 n=s 280 255 =001 238 242 ns 308 290 ns
B0O3 560 312 473 =005 435 450 =001 477 460 nzs 447 460 ns 4357 449 ns
B4 665 670 541 =001 350 330 =005 417 288 =001 333 305 ns 322 393 =001
B0Os 705 1142 9270 <001 838 841 <003 967 B89 <001 830 3502 =005 845 B1? ns
Bod 740 23350 2521 ns 27.14 2810 <001 3117 3196 <001 2846 2845 ns 2386 2416 =005
BOT 783 3248 3265 ns 37.18 3819 <001 4207 4273 <001 3983 3014 =001 3286 3244 ns
BO8 B42 3190 3211 ns 3354 3661 <001 3961 4148 <001 3746 36.73 =001 3091 3119 n=s
BBa 863 3743 3767 ns 4184 4317 <001 4635 4773 <001 4425 4383 ns 3681 3673 ns
B 945 T80 B01 <001 728 T28 n= 998 093 nz TOE TO3 ns 731 T30 ns
Bid 1373 108 108 ns 105 103 ns 115 116 =001 106 105 =001 108 108 ns
Bil 1610 3144 2029 <001 2280 2211 =001 2335 2120 =001 21.82 21.11 =001 21.83 2047 =005
El2 2190 1714 1542 =001 1013 962 =001 1116 936 =001 9264 012 =001 1134 985 =001

The tested vegetation indices responded differently to rainfall intensity (Figure 6). The curve of indices

NDVI, NDMI(B11), NDMI(B12), RNDVI, NDVI(RE1), CI(RE1), MCARI/OSAVI and MSR(RE1) are similar
and appeared to correspond with the rainfall intensity curve with a delay of around 3 months, however, with

different intensities. For indices calculated with SWIR bands, the pattern was observed more sharply. The

vegetation index TCARI/OSAVI presented this same pattern in inverted form. For the IRECI case, the response

to rainfall seemed to be faster, following the rainfall intensity curve with an interval of less than one month.
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Fig. 6 Rainfall intensity and vegetation index curves of monthly mean values in areas with and without chemical
control of coffee leaf rust at Trés Pontas city, Minas Gerais state, Brazil

4 DISCUSSION

This study aimed to evaluate the effectiveness of different vegetation indices calculated from Sentinel-2

MSI images for remote detection of coffee rust incidence symptoms, and to characterize the spectral signature of

crops with different coffee rust incidence levels. Field data were obtained for comparative analysis with orbital

data on several dates. Rainfall intensity data were estimated for the crop area to help understand the spectral

behaviour of coffee plants with different disease intensity.



36

Spatial-temporal leaf rust distribution

Outbreaks of coffee rust were detected at the start of field evaluations, and from these affected spots the
area that had not received chemical control was further infected by the disease. Hemileia vastatrix uredospores are
dispersed inside the canopy by raindrops, through the spread of water flow in the infected leaves during rainfall
(Kushalappa and Eskes 1989). In short, the sudden increase in the magnitude of disease incidence is the result of
its effective dispersal through water (Nutman et al. 1960; Bock 1962). However, wind gusts also promote
uredospore dispersal across crops in full sun. Such dispersion is favoured during dry days with low relative
humidity (Boudrot et al. 2016). As a result, through the kriging map analysis it was observed that distribution and

incidence intensity of coffee leaf rust were not homogeneous throughout the coffee field (Alves et al. 2009).

Correlation of data derived from Sentinel 2 with field data

Vegetation indices for remote disease monitoring may aid crop management. Through correlations
between vegetation indices and field data for the same month, it was found that February 2019 is the best month
to extract information on conditions of H. vastatrix infestation in coffee crops. In addition, it seemed appropriate
to use vegetation indices that make use of bands in the NIR/Red-Edge region. Spectral bands positioned in the
Red-Edge region appear to have greater sensitivity for identifying changes in the plant canopy when dealing with
leaf diseases (Zheng et al. 2018; Chemura et al. 2017; Eitel et al. 2011; Coops et al. 2003).

The IRECI vegetation index calculated using MSI Sentinel-2 images from August and September 2018
was positively correlated with the February 2019 rust incidence data (IREClaug r = 0.566 and IREClsep r = 0.493).
This observation may help in the localized control of coffee leaf rust, since in the subareas with higher IRECI
values, higher levels of leaf rust incidence were observed. Furthermore, coffee leaf rust incidence data from April
2019 correlated positively with yield data collected in July 2019. The positive relationship between plant yield and
coffee rust incidence has been widely discussed in the specialized literature (Zambolim et al. 1992; Carvalho et al.
2001; Avelino et al. 2004, 2006; Costa et al. 2006; Lépez-Bravo et al. 2012; Custédio et al. 2014; Silva et al.
2019).

Reflectance and vegetation index averages in areas with and without leaf rust control

This study reported higher average reflectances in the area with chemical control measures in February
2019 for bands RE2, RE3 and the two NIR plateau bands, relative to the area without chemical control. According
to Knipling (1970), reflectance in the NIR region is a result of the scattering of electromagnetic radiation that
occurs due to existing interface areas in the transition between cell walls. Furthermore, the mesophyll deterioration
leads to the reduction of existing air cavities, with a consequent reduction of reflectance in the NIR region.
However, the author also notes that at the beginning of the leaf senescence process, there is an increase in these
interface areas due to the separation of adjacent cells, as well as the distancing of living cell content from cell
walls. Therefore, February 2019 may have marked the beginning of the leaf senescence process, as evidenced by
increased reflectance in the Red-Edge/NIR region, most notably in the northern fieldsite (without chemical control)
which had higher coffee leaf rust incidence.

High reflectance values were observed for bands in the SWIR region for both areas in December 2018.
The wavelengths in the SWIR region are absorbed by water, meaning that when vegetation suffers from a water

deficit, there is increased reflectance in the spectral bands positioned in this region of the electromagnetic spectrum
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(Hunt et al. 1987; Wilson and Sader 2002; Jensen 2011). Therefore, despite the rainfall regime beginning in
October 2018, the leaf structure had not yet shown to have water at its maximum potential.

Vegetation indices apparently responded to rainfall after approximately three months, with the exception
of IRECI, which appears to have responded in less than a month. IRECI provides information on the chlorophyll
content of leaves at a ratio close to 1:1 g.m? and still works well as a leaf area index (Frampton et al. 2013).
Decreasing leaf water potential leads to decreased chlorophyll content, as this pigment is sensitive to increased
environmental stress, especially salinity and drought (Guerfel et al. 2009). Therefore, there may be a relationship

with the occurrence of this observed behaviour and more detailed studies are needed to obtain better understanding.

5 CONCLUSIONS

This study demonstrated the varying effectiveness of vegetation indices for remote detection of coffee
rust signs and symptoms through correlation analyses of different indices. Vegetation indices obtained through
relationships between bands in the Red-Edge and Near Infra-Red regions were more sensitive to changes caused
by coffee leaf rust. Sentinel-2 orbital data transformed by calculating the IRECI vegetation index for August and
September may be useful for indicating areas for coffee rust field sampling, and could be used to determine
appropriate disease control according to variation in incidence rates. Future studies should examine the
applicability of this vegetation index as a useful tool to aid in coffee plantation management.

Through this work it was also possible to characterize areas with different levels of disease incidence.
The relationships between the monthly average spectral signature and levels of leaf rust incidence vary depending
on the different regions of the electromagnetic spectrum. This may be due to the fact that the onset of the leaf
senescence process reflectance peaks in most bands in the Red-Edge/NIR region were higher in areas with higher

incidence of coffee leaf rust.
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