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A B S T R A C T

Coffee rust (Hemileia vastatrix Berk. & Br.) is one of the most prominent diseases in coffee (Coffea arabica L.) and
causes serious damage to the crop. The pathogen incubation period may be long for about 30 days and 10%
incidence of rust may result in 3 times more disease few days after the signals of rust appear in the leaves, even in
the absence of new infections. The objective of this study was to evaluate the applicability of coffee crop
monitoring under different irrigation systems by orbital radiometry, exploring the spectral signature and
spectral, spatial and temporal pattern of rust incidence in the coffee field. The study was carried out in four areas
of coffee plantations in Carmo do Rio Claro, Minas Geris, Brazil, between August 2012 and December 2014,
under self-propelled, drip, center pivot irrigation systems and rainfed system. Fifteen Landsat-7/ETM+and
Landsat-8/OLI-TIRS images were used, trying to establish a better sequence of images between in situ data of rust
incidence in the coffee leaves and coffee leaf growth evaluated by sample meshes in the field along the time.
Space-time disease incidence distribution maps, Pearson correlation and reflectance spectral signatures were
used to evaluate coffee rust progress in the different irrigation fields. The highest coffee rust incidence occurred
in August and corresponded to the values of lower NIR reflectance for all evaluated areas, independently of the
irrigation management system. In the visible, SWIR-1 and SWIR-2 spectral regions, there were higher reflectance
values in the rainfed area when compared to irrigated areas in rainy periods. There was a greater spectral and
temporal variation of rust in the center pivot irrigation system when compared to the other irrigation man-
agement systems, presenting high values of average incidence of rust above 30% in the periods close to the
harvest period, from June to August 2013 and 2014. The high incidence of rust associated with coffee fruit
harvest probably led to a reduction in plant leaf growth in center pivot and rainfed fields. There was a negative
correlation between near infrared and rust in the self-propelled and center pivot management systems. High
coffee rust incidence values mainly in center pivot and rainfed coffee fields determined reduction in the average
reflectance of NIR and green and increase reflectance in red, SWIR-1 and SWIR-2 when compared to periods with
lower rust in the coffee fields.

1. Introduction

Coffee is a product consumed worldwide and has great importance
in the Brazilian economy. Brazil is the largest producer of coffee in the
world and the second largest consumer, and the state of Minas Gerais
stands out as the largest producer (Ministério da Agricultura, 2016).
Among the factors that affect coffee (Coffea arabica L.), coffee rust
(Hemileia vastatrix Berk. Br.) is the most significant. This disease causes
an intense reduction of leaf growth and reduction in productivity, and
its intensity depends on the interaction between the environment, the
host and the pathogen (Talamini et al., 2003; Agrios, 2005; Pozza et al.,
2010). Another relevant factor in the production is the irrigation

management, important to provide the adequate amount of water and
avoid the water deficit whenever the rainfall is not sufficient to supply
the water demand of the plant (Rodrigues et al., 2010). However, ir-
rigation can alter the microclimate of the crop, modifying the en-
vironment conditions and increasing the period of leaf wetting (Rotem
and Palti, 1969), which contributes to the increase of disease incidence
(Carvalho and Chalfoun, 1999).

Accurate and timeous detection, mapping and monitoring of crop
diseases and pests is critical for food security. Remote sensing can offer
a viable method of obtaining critical crop information and levels of
disease incidence, leaf growth and yield prediction due to its synoptic
coverage, repetitiveness and cost-effectiveness. The physical principle
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of remote sensing disease infected crops is based on changes in tran-
spiration rate, chlorosis, leaf color, and morphology, which in turn af-
fects plant spectral reflectance properties (Mutanga et al., 2017). Many
researches about techniques of image processing and remote sensing
used as support in the monitoring of plant diseases have been devel-
oped. Some examples of such diseases are the Asian soybean rust (Silva
et al., 2009), corn leaf spot (Cercospora zeae-maydis) (Dhau et al., 2017),
Rizhoctonia solani (Webb and Calderón, 2015), Cercospora beticola, Er-
ysiphe betae e Uromyces betae (Mahlein et al., 2010) in beet, white mold
(Sclerotinea sclerotiorum) in bean (Boechat et al., 2014), yellow rust
(Puccinia striiformis) in wheat (Bravo et al., 2003), Heterodera schachtii
and Rhizoctonia solani (Hillnhütter et al., 2012), Magnaporthe grisea
(Kobayashi et al., 2001) in rice, Phytophthora infestans in tomato (Zhang
et al., 2003) and Venturia inaequalis in apple trees (Delalieux et al.,
2007).

In coffee crop, Chemura et al. (2016) evaluated the potential of the
use of reflectance measurements to discriminate three levels of coffee
rust severity (Hemileia vastatrix) in coffee leaves under greenhouse
conditions. The Apogee VIS-NIR spectrometer with spectral range
400−900 nm and spectral resolution of 0.5 nm was applied to simulate
the Sentinel-2 satellite sensor bands. Katsuhama et al. (2018) used
NDVI and standard deviation NDVI of Landsat 7 imagery to evaluate
defoliation of coffee caused by coffee rust in Sierra Madre Mountains,
Guatemala. The authors observed that rust progressed in-homo-
geneously inside a damaged area and the possibility to take early-stage
countermeasures against the infection.

Monitoring diseases in coffee implies knowledge of flexible, multi-
dimensional and multidisciplinary integrated management techniques
to control diseases, employing biological, cultural, socioeconomic,
physiographic and chemical measures necessary to keep diseases below
the threshold of economic damage without harming the agroecosystem.
For this, it is necessary to know sampling techniques and evaluate
different resolutions that can potentially be used in disease monitoring.
This step requires a lot of study because each researcher adopts a spe-
cific method and there may be questions about the size of the area and
samples collected in the field. In cases where there is host leaf infection
leading to signs of yellowing and wilting and causing defoliation of the
plant, there may be a change in the host spectral characteristic re-
gionalized in the field that can be detected remotely to establish proper
management at the site where the disease manifests in the plant.

The knowledge about the host physiology on some epidemiological
factors, such as latency and sporulation period is sufficient to known
the rust epidemiology in order to predict its behaviour in different re-
gions and to devise provisional chemical control schedules (Waller,
1982).

As there were studies indicating that coffee cultivation can be
monitored by orbital sensors, and based on the hypothesis that mod-
erate and high resolution radiometers can be applied in phases of the
coffee production system, the objective was to evaluate the relation
between the spectral radiometry of coffee plantations in different irri-
gation systems and the variables related to coffee rust, aiming to obtain
spectral, spatial and temporal patterns of the disease progress from
Landsat-7/ETM+and Landsat-8/OLI-TIRS imagery.

2. Material and methods

2.1. Study area

The study was carried out in four areas of coffee plantations located
in Carmo, Rio Claro, Minas Gerais, Brazil, between August 2012 and
December 2014.

Carmo do Rio Claro is located in the southwest region of the state of
Minas Gerais and is bathed by Furnas Dam, with altitude of 798m,
latitude 20°58′17′' South and longitude 46°7′57′' West (Instituto
Brasileiro de Geografia e Estatística (IBGE), 2010). The local climate is
classified as subtropical mesothermic, according to the Köppen-Geiger

classification, and characterized by dry winters and wet summers
(subtropical/tropical altitude - Cwa) (Kottek et al., 2006). According to
the Climatological Normals of 1961–1990, the average winter tem-
perature is approximately 16 °C, and the summer average is approxi-
mately 27 °C. The wettest period is between the months of December
and February, and the driest is between April and September (Instituto
Nacional De Meteorologia (INMET), 2016).

The coffee cultivated in the study areas is Coffea arabica L., cultivar
Acaiá 474/19, managed by different irrigation systems (Table 1). Leaf
miner and berry borer were chemically controlled, weeds were con-
trolled by mowing. The coffee crops were fertilized according to the
recommendations for managing soil fertility in the Minas Gerais state,
Brazil, as proposed by Guimarães et al. (1999).

In general, irrigation was performed all year round according to the
need of the plants, based on the measurement of tensiometers.
Irrigation by center pivot started on June 2nd, 2012, with 30mm ap-
plied every 10 days, watered to a monthly minimum depth of 90mm, as
monitored by a rain gauge. Irrigation by a drip system were irrigated
throughout the year, based on readings from groups of tensiometers.
Both experimental plots were not irrigated during harvest, from May to
June.

The sampling points were georeferenced with GPS TRIMBLE 4600
LS® and Total Station TC600®. The rainfed, self-propelled, drip and
center pivot areas had 51, 50, 52 and 50 sample points, respectively.
Five plants were evaluated at each sampling point. The distance be-
tween sampling points ranged from 50×50m, 30×30m, 40× 40m
and 40×40m in the dry, self-propelled, drip and center pivot areas,
respectively (Fig. 1).

2.2. In situ data

The in situ data collection of leaf growth and disease incidence was
carried out in four coffee growing areas in Carmo do Rio Claro, ap-
proximately every two months during the period from August 2012 to
December 2014.

2.2.1. Leaf growth
The leaf growth (%) was evaluated in the sample points according to

the diagrammatic scale proposed by Boldini (2001), which consists of
notes according to the percentage of leaf growth of the plants, for every
5 plants/point. These plants were marked for subsequent evaluations,
which occurred every two months, from August 2012 to June 2014,
totaling 12 evaluations.

The percentage of leaf growth was adapted from the classification
by Boldini (2001), resulting in the null (0%), low (1–40%), moderate
(40–70%) and high (> 70%) classes.

Average leaf growth curves of cultivated areas under self-propelled,
drip, center pivot irrigation systems and rainfed system were de-
termined for the evaluation periods from 2012 to 2014

2.2.2. Disease incidence
The disease incidence (%) was evaluated by sampling of 12 leaves

per plant, by non-destructive method, in the middle third of the canopy,
from the third and fourth leaves of the selected branch at random

Table 1
Type of irrigation systems, size of area (ha), age of the crop (years), plant
spacing (m. m−1), density of the crop (plants. ha−1).

Irrigation system Area (ha) Age (years) Plant spacing
(m. m−1)

Density
(plants. ha−1)

Rainfed* 30 6 3.6× 0.7 3968
Self-propelled 2.6 7 3.5× 0.7 4081
Drip 11 2.5 3.6× 0.7 3968
Center pivot 17 10 4.0× 0.5 5000

* Pruning in September 2013.
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(Huerta, 1963), such as 5 plants/sampling point, 12 leaves/plant, total
of 60 leaves/sampling point. These plants were marked for subsequent
evaluations, which occurred every two months from August 2012 to
December 2014, totaling 15 evaluations.

The disease incidence was determined by percentage of leaves with
symptoms in relation to the total sampled, according to Eq. 1 (Campbell
and Madden, 1990):

I (%) = (NFD / NFT) * 100 (1)

where I (%) indicates the percentage of disease incidence, NFD is the
number of diseased leaves and NFT is the number of leaves per treat-
ment.

We used the distribution of all rust incidence evaluation values in all
the irrigation fields to create incidence distribution classes by spatio-
temporal symbol maps. The coffee rust incidence was classified into
null (0%), low (1.00–16.67%), moderate (16.67–33.33%) and high
(> 33.33%) for all evaluated coffee fields. Moderate rust incidence
could be considered the time when control tactics should be employed
to treat the disease, such as chemical control, irrigation techniques and

plant nutrition.

2.2.3. Disease progress curves
Based on the average incidence of all sampling points from each

coffee field, disease progress curves were plotted over time for the
evaluation periods from 2012 to 2014.

2.2.4. Climatic data
The climatic data were obtained in situ by a weather station from

National Institute of Meteorology (INMET), installed in Lavras, MG,
Brazil, about 120 km away from the study areas to monitor temperature
and precipitation, being the one closest to the place of study and with
data available for all dates. The mean temperature (°C) and precipita-
tion (mm) data were used for comparison criteria.

The monthly average of temperature and precipitation collected in
the stations was plotted in graphs for criteria of comparison with the
other variables of interest.

Fig. 1. Location map of coffee plantations in Carmo do Rio Claro, Minas Gerais, Brazil (a). Sampling meshes used to obtain in situ data as well as Landsat-7/
ETM+and Landsat-8/OLI-TIRS orbital images from areas under self-propelled, drip and center pivot irrigation systems and rainfed system (b, c, d and e) and
sampling point with the location of the five plants sampled with reference in the planting lines (f).
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2.3. Remote sensing data

The study was developed using images from the LANDSAT-7/
ETM+and LANDSAT-8/OLI-TIRS satellites, obtained through a free
download in the United States Geological Survey (USGS), regarding the
date of each data collection in situ. Priority was given to cloud-free
images and any interferences in the study area that could impair digital
processing.

The images were chosen from two different sensors, because it was
not possible to obtain only one of them, and the images were not sui-
table for use (e.g. clouds, shade) or had no proximity to the desired in
situ date. For this reason, they were chosen so that they could be in-
tercalated, forming sequence to favor the study of the areas.

The dates of the appropriate satellite images for the study and their
dates of data collection in situ are presented in Table 2. The char-
acteristics of Landsat-7/ETM+and Landsat-8/OLI-TIRS satellite sen-
sors bands, spectral regions and spatial resolution were detailed in
United States Geological Survey (USGS) (2016).

Radiometric climatic data obtained from MODIS time series pro-
vided by the National Institute for Space Research (INPE) was used to
monitor temperature and precipitation in the evaluated coffee fields.
The average temperature (°C) and precipitation (mm) data collected
were used for comparison criteria. The monthly average of temperature
and precipitation collected in the in situ stations was plotted in graphs
for criteria of comparison with the other in situ studied variables.

2.3.1. Image processing
The methods used to extract the information from the images can be

accessed in Albuquerque and Albuquerque (2000), as well as image
processing techniques, stand out the radiometric correction, geometric
and atmospheric in Vermote et al. (1997); Liu (2006); Marques Filho
and Neto (1999); Florenzano (2011) and Tyagi and Bhosle (2014).

All satellite images and field boundaries of the studied areas have
been reprojected to the Universal Transverse Mercator coordinate/WGS
84 (World Geodetic System), Zone 23 South. According to Crósta
(1992), the satellite images are subject to geometric distortions, it is
necessary to go through a pre-processing for data correction. It facil-
itates the use of image and derived products in geographic information
systems (Jensen, 2009). The images obtained by the Higher-Level
(Surface Reflectance) are already available with the atmospheric in-
terference corrected by the Second Simulation of Satellite Signal in the
Solar Spectrum (6S) method, which is based on the radiative transfer
model (Vermote et al., 1997). The final result of the atmospheric cor-
rection is the denominated surface reflectance, being possible the
spectral characterization of the objects present in the terrestrial surface
(Ponzoni et al., 2012).

2.3.2. Spectral signature
To simplify the detection of disease by means of spectral sensors,

different wavelengths can be used, since each disease influences the
spectral signature in a characteristic way (Mahlein et al., 2013).

For the evaluation of the reflectance of coffee plantations were used
the Blue (Green) and Red (Red) bands of the visible spectrum and the
bands Infrared Near (NIR), Short-wave Infrared 1 (SWIR-1) and Short-
wave Infrared 2 (SWIR-2) of the infrared spectrum.

The average reflectance of each band was calculated in the coffee
fields and plotted in graphics of spectral reflectance in the evaluated
periods.

2.3.3. Thermal infrared
The thermal infrared bands of Landsat-7 and Landsat-8 underwent a

conversion of temperature values from Kelvin to Celsius.
The radiometric temperature values of each sample point were ex-

tracted using the mesh of points relative to each area of interest. From
the obtained values, the graphs of average brightness values of tem-
perature (°C) were elaborated.

2.4. Statistical analyzes

Pearson correlation coefficient values were obtained from the
average reflectance of the blue, green, red, near infrared, short-wave
infrared-1 and short-wave infrared-2 bands of Landsat-7 and Landsat-8
images and the average values of coffee rust incidence and leaf growth
in all evaluation periods at each georeferenced point of each coffee area
under self-propelled, drip, center pivot irrigation system and rainfed
system.

3. Results

3.1. Spatial characterization

3.1.1. Coffee rust incidence
In the self-propelled irrigation system, the disease presented a low

incidence (between 1.0 and 16.6%) in almost all evaluated months
(Fig. 2), with a slight moderate increase in August and December 2013
(Fig. 2g and i) and areas with no incidence in October 2012 and May
2014 (Fig. 2b and k).

In the drip irrigation system, the disease presented null values, and
when there were low incidence values, a greater disease progress was
observed in August 2012 (Fig. 3a) and mainly from April to August
(Fig. 3e, f and g). In June 2013 (Fig. 3f), the highest value of low
average incidence of rust was registered among all the studied dates.

The center pivot irrigation system showed the highest variation in
the disease progress when compared to the other evaluated treatments
of irrigation and non-irrigation, presenting moderate to high incidence
in the months close to harvest, in August of 2013 (Fig. 4g), June and
August 2014 (Fig. 4l and m), and months with near zero incidence,
almost always in October 2012 (Fig. 4b) and April 2014 (Fig. 4k).

In the rainfed system, the months with moderate to high disease
spatial progress were in June 2013 (Fig. 5f) and August 2013 (Fig. 5g).
The disease appeared with low incidence in all field extent mainly in
the months of August, November 2012, February, April, June 2013 and
June, August, December 2014 (Fig. 5).

3.1.2. Leaf growth
In the area under self-propelled irrigation, the percentage of leaf

was moderate mainly in August and October 2013 (Fig. 6g and h) and
June 2014 (Fig. 6l). In the other periods, the leaf growth was high in all
field extent (Fig. 6)

In the area cultivated under a drip irrigation system, the leaf growth
was high in all the periods, except in August, December 2013 and April,
June 2014, with moderate values (Fig. 7).

In the area under center pivot irrigation, the percentage of leaf

Table 2
Dates of in situ data and dates of LANDSAT-7/ETM+and LANDSAT-8/OLI-
TIRS imagery collection.

In situ Data LANDSAT-7 ETM+ Imagery LANDSAT-8 OLI/TIRS Imagery

08/15//2012 08/21/2012
10/20/2012 10/08/2012
11/27/2012 12/27/2012
02/02/2013 02/13/2013
04/17/2013 04/18/2013
06/08/2013 05/20/2013
08/24/2013 08/24/2013
10/17/2013 11/04/2013
12/03/2013 11/20/2013
02/10/2014 02/08/2014
04/05/2014 04/05/2014
06/04/2014 06/08/2014
08/18/2014 08/19/2014
10/20/2014 10/22/2014
12/27/2014 12/25/2014
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growth was high in all periods, except the moderate values observed
mainly in August, October and December 2013, December and June
2014 (Fig. 8).

In the cultivated area under rainfed system, the leaf growth per-
centage was high in November 2012, February and April 2013. In
October and December 2013 the leaf growth was null due to the
pruning. In February and April 2014, there was a low leaf growth, when
the leaves reappeared as moderate in the aerial part of the plant in June
2014 (Fig. 9).

3.2. Temporal characterization

3.2.1. Coffee rust incidence and leaf growth
The vegetative vigor of the plant is directly associated with leaf

growth, which allows to monitor the development of vegetation and the
disease incidence. In this study, the reduction of the average leaf
growth was observed when the incidence of rust increased in August
2013 and 2014, being the most critical period found in all evaluated
areas (Fig. 10).

3.2.2. Temperature and precipitation effects in coffee rust incidence and
leaf growth

Temperature values were low mainly in the months of April and
June and became higher from September to March in the evaluated
areas. There was difference between the evaluated sensors used to
characterize the temperature, otherwise the high and low pattern of
temperature along time remained the same. Temperature values near
23 °C in the months of May and June determined rust high incidence

Fig. 2. Spatial distribution maps of coffee rust incidence (Hemileia vastatrix) in area cultivated with Acaiá 474/19 cultivar (Coffea arabica L.) under self-propelled
irrigation system in Carmo do Rio Claro, Minas Gerais, Brazil.
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values in August from 2012 to 2014 (Fig. 11).
In the short-wave infrared region, green vegetation presented low

energy reflectance when compared to near infrared in all irrigated
areas, except in the rainfed area. There was a significant reflectance
increase in the months of November of 2013 and October 2014 in the
rainfed area, possibly due to the occurrence of drought in this rainy
season (Fig. 12), different from irrigated areas, which received constant
water and did not present such behavior.

3.3. Spectral characterization

3.3.1. Spectral signature
There was a greater spectral (Fig. 13) and temporal variation

(Fig. 10) of rust in the center pivot irrigation system when compared to
the other irrigation management systems, presenting high values of
average incidence of rust above 30% in the periods close to harvest,

from June to August 2013 and 2014. The highest coffee rust incidence
occurred in August and corresponded to the values of lower NIR re-
flectance for all evaluated areas, independently of the irrigation man-
agement system. In the visible, SWIR-1 and SWIR-2 spectral regions,
there were higher reflectance values in the rainfed area when compared
to irrigated areas in rainy periods. High coffee rust incidence values
mainly in center pivot and rainfed coffee fields determined reduction in
the average reflectance of NIR and green and increase reflectance in
red, SWIR-1 and SWIR-2 when compared to periods with lower rust in
the coffee fields (Fig. 13).

The healthy vegetation was verified by the negative correlation
between coffee rust and NIR band in the self-propelled and center pivot
irrigation systems (Table 3), and by the positive correlation between
leaf growth and green band in the drip irrigation system (Table 4).
There was a positive correlation between leaf growth and visible region,
SWIR-1 band, SWIR-2 band in the drip irrigation system. There was

Fig. 3. Spatial distribution maps of coffee rust incidence (Hemileia vastatrix) in area cultivated with Acaiá 474/19 cultivar (Coffea arabica L.) under drip irrigation
system in Carmo do Rio Claro, Minas Gerais, Brazil.
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negative correlation between leaf growth and red band in the rainfed
system (Table 4).

High coffee rust incidence values mainly in center pivot and rainfed
coffee fields determined reduction in the average reflectance of NIR and
green and increase reflectance in red, SWIR-1 and SWIR-2 when com-
pared to periods with lower rust in the coffee fields.

The highest values of average coffee rust incidence were on August
24, 2013 and August 18, 2014 in all studied areas, independently of the
irrigation system and corresponded to the reduction of NIR reflectance
values at these dates. It was also observed a negative correlation be-
tween NIR and coffee rust, due to the increase of coffee rust incidence in
the coffee leaves and the reduction of NIR reflectance in the same
periods (Tables 3 and 4).

4. Discussion

4.1. Spatial characterization

4.1.1. Coffee rust incidence
The center pivot irrigation system showed the highest variation in

the disease progress. This behavior may be due to the constant leaf
wetness of the center pivot, which caused high rust infection and spread
in the coffee leaves, determining higher incidence in comparison to the
other evaluated management systems.

The highest incidence of rust varied between the months of June
and August, while the highest incidence was between May and June,
varying from August to September, similar as observed by Custódio
et al. (2010) and Garçon et al. (2004).

In areas drip irrigated coffee field, the coffee rust incidence values

Fig. 4. Spatial distribution maps of coffee rust incidence (Hemileia vastatrix) in area cultivated with Acaiá 474/19 cultivar (Coffea arabica L.) under center pivot
irrigation system in Carmo do Rio Claro, Minas Gerais, Brazil.
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observed in July and September were also observed by Talamini et al.
(2003). After this period, the rate of progress became low similar as
observed in this work.

It is worth noting that, although irrigation is not the only factor that
will determine the increase in the coffee rust incidence, it will influence
the microclimate of the crop, interacting with the soil type, amount of
nutrients, factors related to crop management, cultivar, size and spa-
cing among others coffee trees (Ribeiro do Vale, Zambolim, 1997). In
addition, irrigation may confer greater resistance by increasing plant
vigor (Campbell, Madden, 1990), as observed by the low rust incidence
values in the field with drip irrigation or by favoring epidemics (Rotem
and Palti, 1969), as observed in the coffee field with center pivot.

4.1.2. Leaf growth
The high incidence of rust associated with coffee fruit harvest

probably led to a reduction in plant leaf growth in center pivot and
rainfed fields. The lowest values found for average leaf growth varied
between the months of June and August, as was already observed in
other studies dealing with the loss associated with the disease, which
can reach up to 50% of the coffee tree. The main injury to plants is the
loss of leaves, responsible for reducing their photosynthetic area, with
consequent death of the plagiotropic branches and reflexes on the fol-
lowing flowering and fruit harvest (Gree, 1993; Pozza et al., 2010).

In other crops such as rice (Oryza sativa) (Bastiaans and Roumen,
1993), beans (Phaseolus vulgaris L.) (Bassanezi et al., 2001), grapes (Vitis

Fig. 5. Spatial distribution maps of coffee rust incidence (Hemileia vastatrix) in an area cultivated with Acaiá 474/19 cultivar (Coffea arabica L.) under rainfed system
in Carmo do Rio Claro, Minas Gerais, Brazil.
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vinifera) (Moriondo et al., 2005), wheat (Triticum aestivum) (Bethenod
et al., 2001), sugarcane (Saccharum ssp. Hybrids) (Zhao et al., 2011), it
has been shown that fungal infections can reduce the productivity of
crops, reducing the photosynthetic efficiency of the remaining area of
green leaves. The leaf area is an indicative parameter of yield, as it is
important for the accomplishment of the photosynthetic process, which
depends on the photosynthetic rate per unit area of the leaf and the
interception of the solar radiation. These factors are influenced by the
characteristics of the canopy architecture and the size of the photo-
assimilator system (Favarin et al., 2002).

Another important factor that causes stomatal inhibition of photo-
synthesis is water stress, which can cause non-uniform closure of the
stomata and may interfere with the photosynthetic capacity of the
plant. A reduced capacity for photosynthesis is likely to decrease the
efficiency with which the intercepted radiation is used by the plant
(Lopes and Berger, 2001).

4.2. Temporal characterization

4.2.1. Coffee rust incidence, temperature, precipitation and leaf growth
The reduction of the average leaf growth was observed when the

incidence of rust increased in August of 2013, being the most critical
period found in all coffee fields. In the center pivot irrigation system
and rainfed system, there was decrease of leaf growth in the period after
the peak of rust incidence mainly in center pivot and rainfed coffee
fields. Cunha et al. (2004) evaluating coffee rust control and the effects
of the disease on yield and leaf growth also observed higher rust in-
cidence values between July and August 2001 and between May and
August 2002. The authors verified that was a reduction of coffee rust
incidence in the second year due to the lower yield and higher leaf
growth.

Factors such as large fruit load, high planting density, temperature
between 21–25 °C, shading, nutritional imbalance, water deficit, high
relative humidity, low luminosity and long periods of leaf wetness favor
the rust progress in the field (Carvalho and Chalfoun, 1998, 1999,

Fig. 6. Spatial distribution maps of coffee leaf growth in area cultivated with Acaiá 474/19 cultivar (Coffea arabica L.) under self-propelled irrigation system in
Carmo do Rio Claro, Minas Gerais, Brazil.
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Pozza et al., 2010; Ward, 1882).

4.3. Spectral characterization

4.3.1. Spectral signature
The positive correlation between leaf growth and SWIR-1, SWIR-2

bands in the drip irrigation system can be related to the effects mixed
objects of soil and vegetation in the image pixels considering the age of
2.5 years old of the coffee trees in the field.

The negative correlation between leaf growth and red band in the
rainfed system can be related to the red light absorption by the coffee
leaves for production energy by photosynthesis and causing coffee ve-
getation cover growth.

There was also a negative correlation between the near infrared and
the coffee rust. Thus, with the increase of coffee rust incidence in the
coffee tree, there was a reduction in the NIR reflectance in the field.

Chemura et al. (2016) evaluating coffee rust infection levels in

plants installed in greenhouse using Sentinel-2 spectral resolution also
observed high reflectance of the visible region and low reflectance of
NIR as indication of stressed plants, associated with a decline in the
amount and composition of leaf chlorophyll, which can be used as an
initial indicator of infection and subsequent stress caused by the rust.

Reis et al. (2006), observing wheat leaf rust caused by Puccinia tri-
ticina, using the solar radiation reflectance readings performed by a
CropScan portable multi-spectrum radiometer model MSR87, noted
that 88% of the wheat yield reduction may be explained by the decrease
in the reflectance of solar radiation, in the near infrared band, caused
by the infection caused by the disease. The higher the severity of the
disease, the higher the reflectance of the solar radiation at the wave-
lengths of the visible and the smaller in the near infrared wavelength.

In the near infrared region, the vegetation reflected large amount of
energy. The reflected energy was well correlated with the amount of
biomass produced by the plants. The main factor that controls the near
infrared reflectance are the intercellular spaces present in the

Fig. 7. Spatial distribution maps of coffee leaf growth in area cultivated with Acaiá 474/19 cultivar (Coffea arabica L.) under drip irrigation system in Carmo do Rio
Claro, Minas Gerais, Brazil.
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mesophyll layer. The green and healthy vegetation reflects in the region
of the near infrared of 45–50% of the energy that arrives. The rest of the
energy (another 45–50%) is practically transmitted to the lower or
adjacent layers of the canopy (Jensen, 2009).

In the short-wave infrared region (SWIR-1 and SWIR-2), green ve-
getation presented lower energy reflectance when compared to near
infrared in all irrigated areas, except in the rainfed area, in which there
was a significant increase of SWIR reflectance in the months of
November of 2013 and October 2014, possibly due to the occurrence of
drought in this rainy season, different from irrigated areas, which re-
ceive constant water and did not present such behavior. This medium
infrared range shows sensitivity to the water content present in the
plant (Ponzoni et al., 2012; Jensen, 2009). Thus, the increase in the
reflectance of the short-wave infrared occurs when the water content in
the plant decreases (Novo, 2008) and can be related to the occurrence
of diseases in the plant.

Short-wave infrared region was correlated with water stress in ca-
nopies of coniferous forests (Pierce et al., 1990) and loss of water by the

banana leaf due to the action of Mycosphaerella fijiensis, determining
high SWIR reflectance values where the infection rate was high in the
crop (Rodríguez-Gaviria and Cayón, 2008). As a result of the disease,
the internal structure of the leaf undergoes alteration and may have
reduced photosynthetic tissue, as well as alter the leaf spectral response
in different spectral regions.

According to Naue et al. (2010), factors such as plant tissue health,
after infection by phytopathogens, interfere in the quality and quantity
of reflected radiation of the plants and react by altering its spectral
characteristic, which allows the detection of diseases through remote
sensing.

Katsuhama et al. (2018) observed that NDVI was useful to dis-
criminate areas of coffee leaf rust infection allowing early-stage coun-
termeasures against the infection.

Thus, coffee host spectral characteristic regionalized in the field can
be detected remotely by Landsat imagery and in situ data collection to
establish proper management at the site where the disease manifests in
the plant.

Fig. 8. Spatial distribution maps of coffee leaf growth in area cultivated with Acaiá 474/19 cultivar (Coffea arabica L.) under center pivot irrigation system in Carmo
do Rio Claro, Minas Gerais, Brazil.
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With the increased availability of free computing resources and
remote sensing information available, coffee disease monitoring and
forecasting systems are expected to evolve over the coming years, so
that remote sensing and digital image processing will become an in-
tegral part of coffee rust integrated management systems.

5. Conclusion

The remote sensing process was an useful tool for coffee rust
monitoring using Landsat imagery when associated with in situ data
collection. There was a greater spectral and temporal variation of rust
in the center pivot irrigation system when compared to the other irri-
gation management systems, presenting high values of average in-
cidence in the periods close to the harvest period, from June to August
2013 and 2014.

The highest coffee rust incidence occurred in August and

corresponded to the values of lower NIR reflectance for all evaluated
areas, independently of the irrigation management system. High coffee
rust incidence values mainly in center pivot and rainfed coffee fields
determined reduction in the average reflectance of NIR and green and
increase reflectance in red, SWIR-1 and SWIR-2 when compared to
periods with lower rust in the coffee fields.

Host spectral characteristic regionalized in the field must be eval-
uated by different sensor resolution to detect remotely the rust at
moderate levels to establish the disease integrated management in the
coffee agroecosystem
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Fig. 10. Coffee rust progress curves (%) and average leaf growth curves (%) of cultivated areas under (a) self-propelled, (b) drip, (c) center pivot irrigation systems
and (d) rainfed system.

Fig. 11. Comparison of average temperature (°C) of coffee areas using data
from Series View - MODIS (INPE), Weather Station in Lavras, MG, Brazil
(INMET) and Thermal Infrared (Landsat-7/ETM+e Landsat-8/OLI-TIRS).

Fig. 12. Comparison of average precipitation (mm) of coffee areas using data
from Series View - MODIS (INPE) and Weather Station in Lavras, MG, Brazil
(INMET).

M.S. de Oliveira Pires, et al. Int J Appl  Earth Obs Geoinformation 86 (2020) 102016

13



participation in the concept, design, analysis, writing, or revision of the
manuscript. Furthermore, each author certifies that this material or
similar material has not been and will not be submitted to or published
in any other publication before its appearance in the International
Journal of Applied Earth Observation and Geoinformation.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Fig. 13. Average reflectance of visible wavelengths of blue (0.45–0.52 μm), green (0.52–0.60 μm) and red (0.63–0.69 μm) (left) and near infrared (NIR)
(0.77–0.90 μm) (SWIR-1) (1.57–1.75 μm) and short-wave infrared (SWIR-2) (2.08–2.35 μm) (right) of coffee fields under (a) self-propelled, (b) drip, (c) center pivot
irrigation systems, and (d) rainfed system (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Table 3
Pearson correlation between the average reflectance of the blue, green, red,
near infrared (NIR), short-wave infrared-1 (SWIR-1) and short-wave infrared-2
(SWIR-2) of Landsat-7 and Landsat-8 images, with average coffee rust incidence
(Hemileia vastatrix) in situ data for coffee fields under self-propelled, drip, center
pivot irrigation systems and rainfed system.

Study Area Blue Green Red NIR SWIR-1 SWIR-2

Self-Propelled −0,617*
Drip
Center Pivot −0,559*
Rainfed

* Significant correlation p < 5%.

Table 4
Pearson correlation between the average reflectance of the blue, green, red,
near infrared (NIR), short-wave infrared-1 (SWIR-1) and short-wave infrared-2
(SWIR-2) of Landsat-7 and Landsat-8 images, with average coffee leaf growth in
situ data for coffee fields under self-propelled, drip, center pivot irrigation
systems and rainfed system.

Study Area Blue Green Red NIR SWIR-1 SWIR-2

Self-Propelled
Drip 0,613* 0,624* 0,691* 0,656* 0,595*
Center Pivot
Rainfed −0,707*

* Significant correlation p < 5%.
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