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Abstract Brown eye spot is one of the most common
and important diseases of coffee in Brazil. Using
geostatistics, this study evaluated the spatio-temporal
aspects of the disease and how they relate to plant nutri-
tion and soil fertility in plots irrigated by center pivot and
drip irrigation. The experiments were conducted in
Carmo do Rio Claro City, in southern Minas Gerais state,
southeast Brazil. The sampling grid was georeferenced
with 50 points in 17 ha and 52 points in 11 ha for center
pivot and drip irrigation, respectively. Disease incidence
was assessed at 60-day intervals from August 2012 to
March 2015. Yield, plant mineral nutrition, and soil
fertility were evaluated at each point annually. Weather
data were obtained from climatological stations with
sensors for temperature, relative humidity, wind velocity,
leaf wetness duration, and total precipitation that were
located inside and outside the coffee canopy in both

M. G. daSilva (X)) - E. A. Pozza - E. Chaves - H. S. Neto -

G. B. Vasco * P. V. A. A. de Paula - G. A. Dornelas

Department of Plant Pathology, Lavras Federal University, Minas
Gerais State, Lavras 37200-000, Brazil

e-mail: mariliagoularts@ gmail.com

E. A. Pozza
e-mail: edsonpozza@gmail.com

M. d. C. Alves - M. d. L. O. e. Silva
Department of Engineering, Lavras Federal University, Minas
Gerais State, Lavras 37200-000, Brazil

A. A. A. Pozza
Department of Soil Science, Lavras Federal University, Minas
Gerais State, Lavras 37200-000, Brazil

experimental plots. Climate data were correlated with
disease incidence. Disease progress curves were plotted,
and semivariogram models were fitted for assessments
with a high disease incidence over time. Then, the data
were interpolated by ordinary kriging, and maps of dis-
ease, yield, and leaf nutrients (B, P, and K) were con-
structed. The average temperatures and accumulated rain-
fall rates were lower in periods of higher incidence, but
relative humidity was high. All variables exhibited space-
time variation in both plots. There was a correlation
(p<0.01) between disease incidence and leaf nutrients
(B, K and P). The disease incidence in the center pivot
and drip irrigation plots ranged from 0 to 23% and 0—
25%, respectively, and varied over space, showing spatial
dependence and the presence of disease foci with out-
ward gradients. Areas with high intensity changed over
planting years along with yield and nutrient availability.

Keywords Epidemiology - Coffea arabica - Cercospora
coffeicola - Geostatistics

Introduction

Coffee is an important commodity, and is consumed in
several countries. Brazil is the world’s largest producer
and exporter of Arabica coffee (Coffea arabica L.) and
of coffee in general. Brazil’s coffee production has in-
creased significantly in recent decades, reaching 50.32
million 60 kg coffee green bags in 2016 (FAOSTAT
2018). Approximately 25% of all production comes
from irrigated groves, which make up only 10% of the
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total planted area. Irrigation and fertigation can signifi-
cantly increase production by supplying water and nutri-
ents to plants. The use of drip and sprinkler irrigation
systems in coffee crops has grown in recent years, main-
ly due to climate change in many coffee growing regions
in Brazil (Pozza and Alves 2008). While irrigation has
advantages, it can influence the intensity of some dis-
eases (Huber and Gillespie 1992), including Cercospora
leaf spot also known as brown eye spot (BES). BES is
caused by Cercospora coffeicola Berk. & Cooke: it
occurs in all production regions and is associated with
quantitative and qualitative losses to plants, from nursery
to production (Pozza et al. 2010; Lima et al. 2012).

Water supplied by irrigation, especially sprinkler sys-
tems, modifies crop microclimates by changing the en-
vironment, extending the period of leaf wetness, increas-
ing the relative humidity of the air and reducing canopy
temperature, and thus fostering the germination of fungi
and fungal infection processes, increasing the rate of
disease progress (Rotem and Palti 1969). Drip systems
have the advantages of saving water and energy and
contributing to a reduction in disease intensity be-
cause they do not increase the duration of leaf wetness
(Subbarao et al. 1997; Xiao and Subbarao 2000; Xiao
et al. 1998). However, disease intensity does not vary
only with water supply; several other factors are in-
volved, such as the expression of disease resistance
genes, yield, plant nutrition and soil fertility, which
can change over time and space (Alves et al. 2009).

An adequate nutrient supply makes it possible for
plants to form resistance barriers (Datnoff et al. 2007),
such as a waxy cuticles or cell walls, thus reducing
disease intensity (Taiz and Zeiger 2013). Studies have
demonstrated the interaction of K, N and Ca in a nutrient
solution with BES disease intensity (Pozza et al. 2001;
Garcia Junior et al. 2003). Additionally, Belan et al.
(2015) reported the movement of Ca in and K out of
lesions caused by necrotrophic pathogens of coffee,
such as Phoma spp. and C. coffeicola. Although the
relationship between plant nutrition and disease intensi-
ty over space and time has been studied in controlled
environments, few studies exist that define this relation-
ship in a field environment. Information about disease
distribution and its spatial dependence on nutrients and
microclimate factors along the planting area can inform
disease management practices, allowing specialized fer-
tilization and spraying systems and specific planting
designs. Thus, this management practice will improve
the environmental sustainability.
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Geostatistics and spatio-temporal analysis are tools that
have been used in the study of the spatial dependence
between variables of interest in coffee growing, aiding
management and decision-making, from single plots to
large field areas. In a non-irrigated coffee plantation, Alves
et al. (2009) found spatial variation in BES and rust,
depending on their spread from outbreak centres. The
authors found a negative correlation between disease and
the levels of leaf-S and Ca and Mg in the soil, but a positive
correlation between disease and phosphate, N, and K
levels shown in ordinary kriging maps. Such knowledge
can help farmers to efficiently manage disease with a
proper balance of nutrients and a consequent reduction in
fungicide application. Furthermore, Musoli et al. (2008)
and Pinard et al. (2016) studied the spatial distribution of
coffee wilt disease (Fusarium Xylarioides) and Mouen
Bedimo et al. (2007) evaluated the spatio-temporal dynam-
ics of coffee berry disease.

This study evaluated the relationship between the
spatio-temporal progress of BES and soil fertility and
mineral nutrition in coffee plant crops grown with center
pivot or drip irrigation.

Material and methods
Location of experimental plots and georeferencing

The studies were conducted at two farms in Carmo do
Rio Claro City, south Minas Gerais state, southeast
Brazil. The coffee plantations with center pivot and drip
irrigation systems are located at latitudes 20°59'55" and
46°02'52” S and longitudes 21°00"28" and 46°01'30”
W, respectively; both are at 850 m elevation and lack
shade or intercrops. The assay was evaluated from Au-
gust 2012 to March 2015. This time interval was neces-
sary due to the biennial nature of coffee production, i.e.,
high yields alternate with low yields year by year
(Pereira et al. 2011; Sakyiama 2015), which is a phys-
iological characteristic of coffee plants.

The plot irrigated by center pivot system was 17 ha of
coffee (Coffea arabica L.) cultivar Acaia 474/19, which
is susceptible to BES. Ten-year-old plants were at a
density of 4.0 x 0.5/ha (equivalent to 5000 plants), a
slope of 10% and had an average output of 30 60-kg
coffee green bags/ha from 2009 to 2012. Irrigation by
center pivot started on June 2nd, 2012, with 30 mm
applied every 10 days, watered to a monthly minimum
depth of 90 mm, as monitored by a rain gauge.
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The study plot irrigated by a drip system had 11 ha of
coffee (Coffea arabica L.) cultivar Acaid 474/19.
Eighteen-month-old plants were spaced at 3.6 m be-
tween rows and 0.7 m between plants, totalling 3968
plants/ha, at a slope of 7%. Production started in 2013,
during the experiment, and crops were irrigated
throughout the year, based on readings from groups of
tensiometers. Both experimental plots were not irrigated
during harvest, from May to June.

Sample grids in both plots were georeferenced with a
GPS TRIMBLE 4600 LS® and a Leica TC600 Total
Station®. The sample grids for the center pivot and
drip irrigation plots comprised 50 and 52 sample
points spaced 50 x 50 m and 40 x 40 m, respectively
(Fig. 1).

During the experiment, when necessary, leaf miner
and berry borer were chemically controlled, weeds were
controlled by mowing. The coffee crops were fertilized
according to the recommendations for managing soil
fertility in the Minas Gerais state, Brazil, as proposed
by Guimardes et al. (1999).

Assessment of incidence of brown eye spot over time

Five plants were assessed at each georeferenced point:
three on the row, and one on each side of the central tree,
perpendicular to the row. At each sample point and
time, 12 leaves from each of five plants were
assessed non-destructively. The BES incidence on
the leaves was assessed evenly across the middle
third of the canopy on arbitrarily selected branches,
from the third or fourth pair of leaves in a branch
chosen at random (Huerta 1963), totaling 60 leaves
at each sample point per evaluation date. Disease
assessments occurred at 60-day intervals from Au-
gust 2012 to March 2015, for 16 assessments in all.
Incidence (I) was calculated according to the follow-
ing equation:

*

1 (%) = (NFD/NFT)" 100

Where:

I incidence (%)

NFD number of diseased leaves in the five plants at
each point;

NFT total number of leaves per georeferenced point
(60 leaves).

The disease progress curves were plotted over time
using the average incidence data from all sampling
points during the 32 evaluation months.

Yield

The coffee berries from five plants at each
georeferenced sampling point were collected manually
in May of 2013 and 2014. The average yield was
calculated for five plants at 50 and 52 points in the
center pivot and drip irrigation plots, respectively. These
data were transformed into units of 60-kg coffee green
bags/ha by multiplying the average production of each
point by the amount of plants in 1 ha.

Nutritional analysis of plants and soil fertility

To determine foliar nutrient content for all points, sampling
was performed in October 2012, 2013, and 2014. Five
leaves were collected from the five plants on each side of
the planting line, in an east-west direction, for each sam-
pling point. Sampled leaves were from the third or fourth
pair of leaves, counted from the end of the plagiotropic
branch, in the middle third of the plant. Sampling for soil
analysis occurred in the same period. A compound soil
sample was collected at each sampling point on the grid.
This sample was composed of five soil subsamples col-
lected from the canopy projection area of the plants at each
georeferenced point, mixed in a bucket. The samples were
sent to the laboratory to determine the levels of leaf and soil
nutrients according to the method proposed by Malavolta
et al. (1997) and Guimaraes et al. (1999).

The leaf contents of each of the following nutrients
were determined: N, P, K, Ca, Mg, S, Zn, Fe, Mg, Cu
and B. Soil analysis measured hydrogen potential (pH),
K, P, Na, Ca, Mg, Al, potential acidity (H + Al), the sum
of bases (SB), effective cation exchange capacity (t),
cation exchange capacity at pH 7.0 (T), percentage of
base saturation (V), percentage of aluminium saturation
(m), organic matter (OM), remaining phosphorus (P-
rem), Zn, Fe, Mn, Cu, B, and S.

Weather variables

Weather data from outside and inside the canopy in both
experimental plots were measured. Outside data were
collected with a microclimate weather station (Campbell
Scientific®) installed in the experimental plot to monitor
maximum (Tmax), average (Tmean) and minimum
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Fig. 1 Areas with georeferenced
sampling points (yellow) (a) plot
irrigated by center pivot (left) (b),
and plot irrigated by drip
irrigation system (right) (c). Relief
map with UTM coordinates and
height of center pivot plot (d) and
drip irrigation plot (e) in Carmo
do Rio Claro City, Minas Gerais
state (http://earth.google.com)

Google Earth

so0
ass0 181
o 7676650 7676600 18T
767670

temperatures (Tmin); maximum (Umax), average
(Umean) and minimum relative humidities (Umin), wind
velocity (WV), leaf wetness duration (LWD), and total
precipitation (Prec.). Two temperature data loggers, an
HT-500 Instrutherm® and a WatchDog® 1000 Series
Micro Station, with temperature sensors and two leaf
wetness sensors, were installed in both the center pivot
and drip irrigation fields. The sensors were placed in the
middle third interior of the canopy or distributed at ran-
dom in the plants. The data loggers and microclimate
stations were installed for obtaining repetitive measure-
ments of variables inside the canopy. Thus, we obtained
the monthly averages (from all devices) of temperatures
(Tmean) and leaf wetness durations (LWD) from the
WatchDog® micro station sensors inside the canopies.

@ Springer

The monthly cumulative rainfall and the monthly
averages for all other climatic variables collected in the
external stations were plotted, along with the incidence
progress curves.

Correlations

Disease incidence was correlated with the external and
internal canopy climate variables. The incidence of BES
was averaged for every georeferenced point in both
plots over the 30 day period before each discase assess-
ment date, due to the latent period of C. coffeicola and
the epidemiological curve of BES (Custodio et al.
2014).


http://earth.google.com

Eur J Plant Pathol (2019) 153:931-946

935

Levels of leaf and soil nutrients were also correlated
with the dates of higher disease incidence. Then, only
those leaf and soil nutrients with a significant correlation
with disease incidence were selected for geostatistical
analysis.

The PROC CORR procedure of SAS v.9.3® statisti-
cal software (SAS Institute) was used to perform Pear-
son correlation analysis.

Geostatistical and spatial dependence analysis

Dates with high incidences of BES were selected for
geostatistical analysis. The nutrients with the most sig-
nificant correlations with disease incidence in both plots
were also selected for geostatistical analysis. This anal-
ysis was not performed for soil fertility due to the
absence of a significant correlation with disease inci-
dence in both plots. Geostatistical analyses were carried
out for both plots for 2013 and 2014 production, due to
significant correlations with disease. The data were de-
termined to be normally distributed, according to the
frequency distribution histogram of the analysed
variables.

Spatial dependence was analysed using
semivariograms fitted based on the assumption of in-
trinsic stationarity, according to Burrough and
McDonnell (1998). The spatial dependence level
(SDL) of the best-fit model, or the nugget effect (Co)
in relation to the level (Co + C), where C is the contri-
bution or spatially dependent component, was calculat-
ed according to the following equation:

SDL = [(Co)/(Co + C)] 100

According to Cambardella et al. (1994), spatial de-
pendence is strong when the SDL is lower than 25%,
moderate with an SDL ranging from 26 to 75%, and
weak with an SDL over 75%.

The semivariogram was adjusted to an exponential
model for BES, in accordance with Alves et al. (2009).
After fitting the semivariograms, the data interpolation
by ordinary kriging was performed. Then, maps were
constructed to visualize the spatial distribution patterns
of the variables in crops at different evaluation times.
ArcGIS 9.3 software (Environmental Systems Research
Institute - ESRI) was used to adjust the semivariograms
and plot the ordinary Kriging maps.

Results
Progress curves of brown eye spot

Average incidence of BES in the center pivot and
drip irrigation plots ranged from 0 to 23% and 0—
25%, respectively, from August 2012 to
March 2015. Maximum incidences in the center
pivot plot were 23% on August 24, 2013 and
21% on August 18, 2014 (Fig. 2a). The highest
incidence in the drip irrigation plot (25%) occurred
on June 4, 2014 (Fig. 2a). The lowest average
temperatures and lowest cumulative rainfall also
occurred in these periods; however, relative humid-
ity was over 80% due to irrigation (Fig. 2b and c).

Correlation between incidence of brown eye spot
and weather data

The center pivot plot had a negative correlation between
incidence and temperature and leaf wetness duration,
both inside and outside the canopy, and between inci-
dence and accumulated precipitation outside the canopy
(Table 1). Incidence was negatively correlated with tem-
perature and positively correlated with leaf wetness
duration inside the canopy in the drip irrigation plot.
The correlation between disease incidence and mini-
mum temperature was also negative outside the canopy
(Table 1).

Center pivot

Correlation between incidence and leaf and soil
nutrients

Soil nutrients and disease incidence were not sig-
nificantly correlated. There was a significant cor-
relation between leaf nutrients (B, P and K) and
the maximum disease incidences on April 17,
2013, August 24, 2013, June 4, 2014, and August
18, 2014. Due to this correlation, these nutrients
were chosen for geostatistical analysis. B sampled
in 2012 showed a negative correlation with disease
incidence on April 17, 2013 (—0.43%), but a pos-
itive correlation for sample dates April, 17, 2013
(0.31%), and August 08, 2013 (0.50%); the correla-
tion was again negative between B sampled in
2014 and disease incidence on sample dates April
17, 2013 (-0.29%), and August 24, 2013 (0.60%).

@ Springer
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The correlation between P leaf content and disease K leaf content (for the 2012 leaf samples) and
incidence was significant only for the leaves sam- disease incidence was positive on August 24,
pled in 2013, showing a negative correlation on 2013 (0.32%*), and negative (for the 2013 Ileaf
August 24, 2013 (—0.51%*). The correlation between samples) on August 24, 2013 (—0.51).
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Table 1 Correlation coefficients between incidence of brown eye spot of coffee and weather variables 30 days prior to disease assessment,
from August 2012 to March 2015, inside and outside the canopy

Incidence Tmin Tmean Tmax Umin Umean Umax Prec LWD wv
OUTSIDE THE CANOPY

Center pivot —0.81* —0.70%* -0.21™ —-0.15™ 0.14™ 0.05™ —0.56%* —0.58%* —0.40™

Drip —0.68%* —0.49™ —-0.02™ 0.20" 0.28™ 0.34™ —0.44" -0.10™ -0.50™
INSIDE THE CANOPY

Center pivot - —0.46* - - - - - —0.14* -

Drip - —0.33* - - - - - 0.54% -

*-Significant at 5% by t test in a Pearson correlation, ns = non-significant

Inc. = incidence, Tmin = minimum temperature, Tmean = mean temperature, Tmax = maximum temperature, Umin = minimum humidity,
Umean = mean humidity, Umax = maximum humidity, Prec = precipitation, LWD = leaf wetness duration and WV =mean wind velocity

Spatial distribution of brown eye spot, yield and mineral
nutrition of plants

According to the geostatistical analysis, the intensity of
disease varied throughout the sampled plot on the max-
imum incidence dates. An exponential model was fitted
for maximum incidence dates, yield and leaf contents of
B, P, and K (Table 2).

A defined focus of disease was found in the southern
area of the plot in most of the incidence graphs (Fig. 3a -
d). While the spatial distribution of incidence varied over
time (Fig. 3a, b, ¢, and d), the highest incidences occurred
in or near the same areas for each evaluation period.

Variations in yield occurred over space and time. The
areas with the highest yields alternated between the
2 years: the southeast area produced up to 5744.68 kg/
ha or close to 95.8 60 kg coffee green bags in 2013,
while the northwest area produced up to 2363.91 kg/ha
in 2014 (Fig. 4a and b). The spatial dependence of yield
was strong in both years.

The areas with high yield before harvest had inci-
dence rates as low as 6.1% in the evaluation performed
on April 17,2013, whereas post-harvest rates on August
24, 2013 increased dramatically, reaching up to 23%.
The areas with low incidence of disease clearly pro-
duced higher yields in 2014, especially compared to
the evaluation performed on August 18, 2014, when
incidence was as high as 21%.

Furthermore, the kriging maps showed variation in
the distributions of B, P, and K along the sampled plot.
In 2012, B was concentrated in the north part of the plot
(Fig. 5a), whereas in 2013, it was concentrated in the
southeast (Fig. 5b), reaching levels within the critical
range for the crop (40 to 100 mg/kg; Martinez et al.

2003).In 2014, B was also concentrated at the northwest
part of the plot but was within the critical range for the
crop throughout the plot (Fig. 5c¢). There was no varia-
tion in spatial dependence in sampling in 2012, 2013,
and 2014 as all samples showed strong spatial depen-
dence, with a range value of 391.18 m (Table 2).

For P in 2012 and 2014, levels were within the
critical range for the crop (1.2 to 2.0 g/kg; Martinez
et al. 2003), as shown in Fig. 5d and f, and in 2013,
levels were within the critical range in the north part of
the plot (Fig. Se). Leaf content sampling in 2012, 2013,
and 2014 showed moderate, strong, and weak spatial
dependence, respectively, with values ranging from
188.26 to 391.18 m (Table 2).

In 2012, it was possible to observe K concentrated in
some parts of the plot (Fig. 5g), but for this year, the
nutrient was below the critical range for the crop
(approximately 19 to 26 g/kg; Martinez et al. 2003).
By the year 2013, the highest concentration was at the
north (Fig. 5h) and reached critical levels for the crop. In
the year 2014, the nutrient was distributed homoge-
neously and was within the critical range for the crop
throughout the plot (Fig. 5i). Spatial dependence was
moderate, strong, and weak in 2012, 2013, and 2014,
respectively, with values ranging from 178.30 to
391.18 m (Table 2).

Drip irrigation

Correlation between incidence and nutrients of leaf
and soil

Soil nutrients had no significant correlation with the
incidence of disease. Leaf nutrients, B, P, and K, had a
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Table 2 Parameters and coefficients of semivariograms related to maximum incidence dates of brown eye spot, yields from 2013 and 2014
and foliar analysis of B, P, and K in 2012, 2013, and 2014 in the center pivot plot

Variable Ao Co Co+C Co/Co+C SDL
Inc. Apr 17,2013 391.18 9.11 9.68 0.94 Weak
Inc. Aug 24, 2013 391.18 26.51 81.24 0.33 Mod.
Inc. Jun 04, 2014 60.12 21.20 0.47 1.00 Weak
Inc. Aug 18, 2014 391.18 18.77 72.86 0.26 Mod.
Yield 2013 391.18 323,270 1,469,700 0.22 Strong
Yield 2014 184.66 31,582 303,120 0.10 Strong
B (2012) 391.18 0.00 88.80 0.00 Strong
B (2013) 391.18 431 41.90 0.10 Strong
B (2014) 391.18 0.29 197.43 0.00 Strong
P (2012) 238.64 0.007 0.012 0.58 Mod.
P (2013) 391.18 0.007 0.10 0.07 Strong
P (2014) 188.26 0.007 0.001 1.00 Weak
K (2012) 178.30 0.81 2.09 0.39 Mod.
K (2013) 284.46 0.26 6.71 0.04 Strong
K (2014) 391.18 1.09 1.09 1.00 Weak

Ao =range, Co =nugget effect, C =the contribution or spatially dependent component, C + Co =sill, Co / C + Co = spatial dependence
(SDL, where 0-0.25 = Strong; 0.26-0.75 = Moderate, and 0.76—1.00 = Weak), Inc. = incidence, Exp. = exponential

significant correlation with the dates of maximum inci-
dences. B content showed a significant correlation in the
2013 leaf samples only. The correlation between nutri-
ents and disease incidence was positive on April 17,
2013 (0.27%*), and was negative for leaf P content be-
tween the 2012 samples and the incidence on June 4,
2014 (—0.27%). 2014 P samples and disease incidences
were positively correlated on August 24, 2013 (0.30%),
and June 4, 2014 (0.53*). The correlation between 2012
sampled K leaf content and disease incidence was pos-
itive on August 24, 2013 (0.35%), and positive between
2014 samples and disease incidences on April 17, 2013
(0.34%), and June 4, 2014 (0.28%).

Spatial distribution of brown eye spot, yield and mineral
nutrition of plants

According to geostatistical analysis, the intensity of
disease varied throughout the sampled plot on the dates
of maximum incidence. The exponential model was
fitted for maximum incidence, yield, and the leaf con-
tents of B, P, and K (Table 3).

Incidence assessments on April 17, 2013, June 4,
2014, and August 18, 2014 showed weak spatial depen-
dence, whereas on August 24, 2013, spatial dependence

@ Springer

was strong, with range values from 135.09 to 438.43 m
(Table 3). While incidence distribution varied across
space and sample dates, the areas with higher disease
intensities were the same, or close to the disease foci, for
both periods (Fig. 6a to d).

Yield also varied throughout the plot in both harvest
years, but the areas with higher yields alternated: the
southeast grid area yielded 5065.53 kg/ha (84.4 60 kg
coffee green bags) in 2013, whereas the northwest pro-
duced 5234.38 kg/ha (87.3 60-kg coffee green bags) in
2014 (Fig. 7a and b). Both years showed variation in
spatial dependence, which was weak in 2013 and mod-
erate for the 2014 yield, with range values from 160.78
to 457.80 m.

For B in 2012, concentration levels were within the
critical range (40 to 100 mg/kg; Martinez et al. 2003) for
the crop in the east part of the plot only (Fig. 8a). In 2013
and 2014 (Fig. 8b and c), B was distributed homoge-
neously and was within the critical range for the crop
throughout the plot. B leaf content in 2012, 2013, and
2014 showed moderate, weak, and strong spatial depen-
dence, respectively, with values ranging from 310.41 to
457.80 m (Table 3).

For P in 2012, (Fig. 8d) the nutrient levels were
below the critical range in most of the plot, which
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Fig.3 Kriging of incidence of brown eye spot (%) on April 17,2013 (a), August 24,2013 (b), June 4, 2014 (c), and August 18, 2014 (d), in

the center pivot plot

for this nutrient, is 1.2 to 2.0 g/kg (Martinez et al.
2003). In 2013 and 2014, the concentration of P
increased and was close to and/or within the crit-
ical range in most of the plot, with a homogenous
distribution (Fig. 8¢ and f). The variation in the
spatial dependence of P was strong, weak and
moderate, in the years 2012, 2013 and 2014, re-
spectively, with range values reaching 457.80 m
(Table 3).

For K in 2012, the nutrient distribution in the
plot varied (Fig. 8g), with all regions being within

the critical range (19 to 26 g/kg; Martinez et al.
2003). In 2013, K was below the recommended
levels for the crop in most of the plot (Fig. 8h),
but in some parts, the concentration was close to
the critical range. In 2014, the concentration of K
was close to or within the critical range in the
entire area (Fig. 8i). Samples of K leaf content
in 2012 and 2014 showed moderate spatial depen-
dence, but spatial dependence was weak in 2013,
with range values from 350.28 to 457.80 m
(Table 3).
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Fig. 4 Yield values calculated by kriging (kg/ha) in 2013 (a) and 2014 (b) in the center pivot plot

Discussion

The temporal progression of BES varied during the period
assessed in both irrigation systems. The highest incidences
in the center pivot plot occurred at the same time in both
years, August 2013 and August 2014. These results were
similar to those of Custodio et al. (2014), who found higher
incidence from May to July while studying the epidemiol-
ogy of this disease with different water application levels in
center pivot systems. In the drip irrigation plot, the highest
incidences of disease occurred in April and August 2013
and June and August 2014. However, Talamini et al.
(2003) and Santos et al. (2004) found the highest incidence
of disease from May to June in drip irrigation systems in
the south of Minas Gerais state, southern Brazil. Thus,
there is a variation in the periods of higher incidence of
this disease. This variation depends on the climatic vari-
ables, such as temperature, rain, number of sun hours,
coffee yield and nutrient balance.

The highest disease incidences coincided with the
periods of low temperature and rainfall, when the be-
ginning of the harvest requires that there is no irrigation
or fertilization (Sakyiama 2015). BES has a high corre-
lation with nutritional imbalance, particularly for N, Ca
and K (Pozza et al. 2000, 2001; Belan et al. 2015).
According to Santos et al. (2008), high disease inci-
dence can be observed during the fruiting season, when
coffee plants are prone to nutritional imbalances caused
by a drain on leaf nutrients for grain filling, which
makes plants more susceptible to BES.

@ Springer

Spatial variability in plant yields observed in both
irrigation systems over time is common in the produc-
tion systems of Brazil’s coffee farms due to high plant
densities, variations in soil fertility, texture and structure,
total sun exposure and the physiological characteristics
of coffee cultivars (DaMatta et al. 2007); even so, its
correlation with BES has not yet been explored. Non-
productive plants commonly grow alongside productive
plants in coffee crops, which can also influence bearing
tendencies, resulting in large fluctuations in yield year
by year (Carvalho et al. 2004). This variability can
directly affect the disease’s occurrence, as leaf nutrient
uptake increases due to heavy loads. In addition, insuf-
ficient or unbalanced mineral nutrition affects disease
intensity, which is higher in malnourished plants (Pozza
etal. 2010). The yield maps clearly show this alternation
in yields in both irrigation systems, with the highest
production in 2013 in the east and the lowest production
in the northwest grid area, with the opposite occurring in
2014.

Other studies also reported spatial variations in coffee
yield. Sanchez et al. (2005) assessed the spatial variabil-
ity of soil chemical characteristics and coffee
productivity in different geomorphic surfaces. The
authors found spatial dependence for all chemical
attributes and yield. While mapping coffee
productivity and its correlation with soil fertility in two
areas in the Sdo Paulo state, Molin et al. (2002) reported
low spatial dependence between productivity and soil
fertility. Thus, the spatial dependence of productivity



Eur J Plant Pathol (2019) 153:931-946

941

mghkg el
0-25 50

25 — 40 A 4
40 -55

5570

70 -85

.85 - 100 0 50 100 200

EN (00— 105 NN NN S Mcters

B2012 ]

B 2013
mg/kg
10-25

25-40
40 -55 N
=55 - 70 A
.70 - 85
mm85-100 4 50 100 200

100105 E— W S \lcters

B 2014
mg/kg
10-25

2540 N
4055

-5 70 A
=70 - 85

.85 - 100 0 50 100 200

100105 . S \lcters

P 2013
g/kg
0.6-0.8
0.8—-1

112

mi12-14

mi14-16

mm16-2 0 50 100 200
N2 -23 BN N N \cters

m14-16
m16-2 0 50 100 200
) 23 N . \cters
g
@ o

K 2012 .

g/kg

10-13

13-16 N
=16 19 A
1922
.22 -26 0 50 100 200
0627 N T N \cters

K 2013
g/kg
10-13
13-16 N

1619

m-19-22

W22 -26 0 50 100 200

.26 - 27 I N \cters

K 2014
g/kg
10-13
13-16 N

1619

-19-22

W22 -26 0 50 100 200

26 - 27 I N Mcters

Fig. 5 Kriging of leaf B content (mg/kg) in 2012 (a), 2013 (b), and 2014 (c); leaf P content (g/kg) in 2012 (d), 2013 (e), and 2014 (f), and
leaf K content (g/kg) in 2012 (g), 2013 (h), and 2014 (i) in the center pivot plot

depends on variables such as the biennial nature of
coffee plants, variation in soil structure and texture,

and soil fertility.

The exponential semivariogram model for all vari-
ables was fitted with the model used by Alves et al.
(2009) for BES in coffee crops in Ijaci City, Minas

Gerais state, Brazil, in non-irrigated crops. This same
model was also fitted for two banana diseases associated

with cercospora fungi, yellow and black Sigatoka. For

Coffee Berry Disease (CBD), Mouen Bedimo et al.
(2007) adjusted Gaussian, spherical or exponential
models depending on the sampled site and the berries’
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Table 3 Parameters and coefficients of the semivariograms from the dates of maximum incidence of brown eye spot, yields from 2013 and
2014 and foliar analysis of B, P, and K in 2012, 2013, and 2014 in the drip irrigation plot

Variable Ao Co Co+C Co/Co+C SDL
Inc. Apr 17,2013 270.88 5.70 3.63 1.00 Weak
Inc. Aug 24, 2013 135.09 0.12 14.20 0.01 Strong
Inc. Jun 04, 2014 146.00 40.26 50.75 0.79 Weak
Inc. Aug 18, 2014 438.43 11.41 0.00 1.00 Weak
Yield 2013 160.78 736,880.00 537,200.00 1.00 Weak
Yield 2014 457.80 119,670.00 420,700.00 0.28 Mod.
B (2012) 457.80 5.02 17.67 0.28 Mod.
B (2013) 310.41 54.08 10.05 1.00 Weak
B (2014) 457.80 50.40 372.26 0.14 Strong
P (2012) 42533 0.00 9737.20 0.00 Strong
P (2013) 457.80 0.01 0.003 1.00 Weak
P (2014) 457.80 0.01 0.02 0.50 Mod.
K (2012) 457.80 1.49 3.46 0.43 Mod.
K (2013) 350.28 5.23 1.18 1.00 Weak
K (2014) 351.08 1.36 2.92 0.47 Mod.

Ao =range, Co=nugget effect, C=the contribution or spatially dependent component, C + Co =sill, Co / C + Co = spatial dependence
(SDL, where 0-0.25 = strong; 0.25-0.75 = moderate and 0.75-1.00 = weak), Inc. = incidence, Exp. = exponential

age in weeks. Freitas et al. (2015) fitted different models
for assessing the relationship between yellow Sigatoka
and soil fertility and mineral nutrition, in which the
exponential model was the best fit for most variables.
The exponential model was also the best fit for plant
nutrition and soil fertility over space (Silva and Chaves
2001). This model has frequently been fitted with coffee
diseases in Brazilian conditions.

Using kriging maps for BES, similar behaviour in
both irrigation systems was observed. Higher intensities
of disease in 2013, after the harvest, occurred at the east
of the plot, which also showed higher yields and B
content, whereas in 2014, low production and low levels
of B were observed in the same plot. This can be
explained by plant nutrition: the highest incidence and
severity of BES was reported in plants with nutrient
imbalances or deficiencies (Garcia Junior et al. 2003;
Pozza et al. 2000). Furthermore, in areas with high
yields, nutritional imbalances can be responsible for
high disease incidence.

Nutrient imbalances can increase disease intensity
and cause biochemical and structural changes in host
defence mechanisms (Balardin et al. 2006; Develash
and Sugha 1997; Rodrigues et al. 2003). This situation
can occur after the harvest, due to the rarity of rain in
coffee production areas between April and September.

@ Springer

Water is necessary to transport nutrients to the leaves to
produce resistance barriers. BES is one coffee disease
with a major relation to nutrient balance. Pozza et al.
(2000) analysed the mineral nutrition of coffee seedlings
in a nutrient solution and its effect on the progress of
BES. The authors found increased disease severity and
defoliation when N doses were reduced and K doses
were increased, which interfered with other nutrients
such as B and P. According to these authors, reduced
leaf Ca favoured the pathogen. Similarly, Garcia Junior
et al. (2003) found a significant interaction between K
and Ca in a nutrient solution in the area under the
progress curve of BES of coffee, demonstrating the
influence of nutrition on the intensity of disease. Belan
et al. (2015) also observed the movement of K and Ca
outside and inside BES lesions. Pozza et al. (2001)
reported that BES was more likely to occur in crops
with unbalanced nutritional statuses and in higher yield
years, as described above. Therefore, nutritional balance
can be as important as the level of a specific element,
thus emphasizing the importance of adequate conditions
of soil fertility and nutrient supply to plants for disease
control (Taiz and Zeiger 2013).

Alves et al. (2009) reported a range of 46 to 57 m for
BES in dryland areas, while this study found a range
of up to 457.80 m. This variable is the distance
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containing spatially correlated samples, and its mea-
surement is important in experimental planning and
evaluation, as it can help define the sampling proce-
dure (McBratney and Webster 1983). The higher
range found in the current study can be explained by
the greater nutritional imbalance produced by high
yields in coffee areas with irrigated systems. Thus,
farmers should use this tool to correct both soil fertil-
ity and plant nutrition, seeking to reduce BES inten-
sity, even while producing large yields.

The research on precision agriculture in coffee has
been implemented in Brazil, mainly due to the highly
technical nature of the cultivation of many crops and the
high economic value added (Silva et al. 2008).

@ Springer

However, the research on precision farming as it relates
to the space-time variability of crops is still limited,
which hinders its practical use in farming. The levels
of nutrients in both the soil and the leaves should be
monitored throughout the crop cycle, as leaf content
variation across the area could directly interfere with
yield and disease intensity, requiring the replacement of
plants at specific points. Due to spatial variation over
time, cultural practices should fit the irrigation system.
Thus, inputs such as fertilizers and fungicides can be
distributed evenly and in smaller amounts for the real
needs of each crop, thereby increasing the environmen-
tal, financial, and social sustainability of the entire cof-
fee production chain.
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