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Abstract The advent of Precision Agriculture has made

possible the analysis of complex spatial patterns of plant

disease epidemiology considering statements of integrated

disease management. The objective of this work was to use

geostatistics, statistics and geographical information sys-

tems to characterize the structure and magnitude of spatial

dependency of rust (Hemileia vastatrix) and brown eye

spot (Cercospora coffeicola) incidence and severity in

coffee agroecosystem cultivated with Catuai Vermelho

IAC-99 (Coffea arabica L.). Evaluations of incidence and

severity of rust and brown eye spot were accomplished at

67 georeferenced points arranged in 6.6202 ha of coffee

crop, in the years of 2005, 2006 and 2007. Exponential

models of covariance enabled the characterization of the

magnitude and structure of rust and brown eye spot spatial

variability in the evaluated dates. Ordinary block kriging

presented satisfactory performance to map rust and brown

eye spot outbreaks based on kriging error coefficients.

Kriged maps enabled the visualization of intensity of rust

and brown eye spot in each evaluation date. Assessments of

incidence and severity presented highly statistical correla-

tion based on linear regression models, also confirmed by

the spatial variability of kriging maps. Kriging maps of rust

and brown eye spot enabled to observe that intensity of

disease was dispersed in foci patterns along the coffee

plantation, indicating that the current strategy of disease

control based in total area may be replaced by site specific

disease management, with less environmental impact and

sustainability of coffee crop, according to statements of

integrated disease management and precision agriculture.
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Introduction

Ecological and epidemiological aspects of diseases, and the

factors that influence its spatial variability in coffee crop

(Coffea arabica L.), could be useful in the establishment of

more effective and less environmental impact strategies

and tactics for sustainable management. Knowledge about

these aspects can be obtained through the study of diseases

spatial patterns, which vary according to the interaction of

processes and sub process of primary and secondary cycles

of host–pathogen relationships, influenced by physical,

chemical and biological factors as well as the overall crop

management system (Madden 1989; Campbell and Madden

1990; Agrios 2004).
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Descriptive statistics, data frequency distribution, indi-

ces and rates of dispersion have been used to study spatial

patterns of diseases (Nicot et al. 1984; Campbell and

Madden 1990). However, these methods lead to losses of

spatial information when geographical location, spatial

distance between samples and its neighbourhood relation-

ship degree are not considered in the data analysis.

Statistical methods that take account of this dependency, as

geostatistics, are key techniques in the analysis of spatial

variability and pattern of environmental variables (Isaaks

and Srivastava 1989; Cressie 1993; Burrough and Mc-

Donnell 1998).

Geostatistical methodology of analysis has being

applied in modern epidemiology to examine spatial pat-

terns and to generate hypotheses about ecological and

epidemiological aspects of plant diseases, impossible or

difficult to be studied in the past (Nelson et al. 1999; Ag-

rios 2004). Regarding coffee crop, Mouen Bedimo et al.

(2007) studied the spatial and temporal dynamics of coffee

berry disease (Colletotrichum kahawae, J. M. Waller and P.

B. Bridge) through geostatistics. According to the authors,

based on semivariograms and kriging maps, it was possible

to observe the dynamics of infection in neighbouring plants

from the original diseased focus.

Considering rust (Hemileia vastatrix Berk. and Br.) and

brown eye spot (Cercospora coffeicola Berk. and Cke.)

epidemiology, the variability of nutrients over soil profile,

the climate, shade trees, the host spacing and the result of

this interaction, can influence disease intensity (Echandi

1959; Fernandez-Borrero et al. 1966; Silva-Acuña et al.

1992; Carvalho et al. 2001; Soto-Pinto et al. 2002; Avelino

et al. 2004, 2006; Salgado et al. 2007). Nevertheless,

techniques of spatial analyses have not yet been applied as

a method to characterize the spatial variability and pattern

of rust and brown eye spot in the field.

Based on the hypothesis that precision agriculture can be

useful as a decision support tool for coffee crop sustainable

management, providing information about the location of

high levels of disease intensity, the objective of this work

was to use geostatistics and geographical information

system as methodology to characterize spatial variability

and pattern of rust and brown eye spot in a coffee

agroecosystem.

Materials and methods

The experiment was conducted in the years of 2005, 2006

and 2007 at Cafua farm, located in Ijaci municipal district,

south of Minas Gerais, Brazil, in an area of about

6.6202 ha of coffee crop (C. arabica L.), Catuaı́ Vermelho

IAC-99 cultivar, susceptible to coffee rust and brown eye

spot attack, with 16 years old in 2007, grown in spacing of

4 m between rows and 1 m between plants, given a plant

population of 2,500 plants per ha. The geographical coor-

dinates are 21�1001100 of south latitude and 44�5803700 of

west longitude of Greenwich, with mean altitude of

934 m.a.s.l. and 0.84% of slope towards north-south

direction and 12% towards east–west direction.

The climatic variables monthly average values of max-

imum, mean and minimum air temperature (�C), monthly

total rainfall (mm), monthly mean relative humidity (%)

and monthly mean insolation (hours) from August 2004 to

August 2007 were obtained at principal INMET climato-

logical station of Lavras, Minas Gerais, located 5.09 km

away from the experimental area.

A sample grid was demarcated in the area with distances

of 25 9 25 and 50 9 50 m, in a total of 67 sampling points

(Fig. 1).

The sample point’s georeferencing was carried out with

GPS TRIMBLE 4600 LS� and Electronic Station Leica

TC600�, based on correction of coordinates based marks

of Brazilian Institute of Geography (IBGE), located in

Federal University of Lavras. The crop fertilization was

held in November 2004, 2005, 2006, January 2005, 2006,

2007, February 2005, 2006, 2007 and September 2006

(Table 1).

The chemical control of pest-organisms in crop was

conducted in November 2004, April 2005, November

2005, February 2005, 2006, December 2006 and February

2007 (Table 2).

Fig. 1 Sample arrangement used to monitor intensity of rust

(Hemileia vastatrix) and brown eye spot (Cercospora coffeicola) in

coffee (Coffea arabica L.) agroecosystem, where each point in the

map represents five sampled coffee trees
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The crop fertilization was held with Kamak� implement

and the pulverization with Jacto Arbus 400 Airblast

Sprayer Tractor Mount� implement. Both implements

were traction by a VALTRA VALMET BF75� tractor,

72 hp. The pulverization was realized during the morning

and afternoon under conditions of minor insolation and

velocity of wind. The regulation of implements and oper-

ational speed was the same during the application of

fertilizer and pesticides in order to minimize the effects of

those applications in the spatial distribution of diseases in

the field. It is worth emphasizing that the applied dose

often did not follow the recommendation of the pesticides,

according to the rural entrepreneur decision, based on his

cost-benefit analysis.

Evaluations of intensity of rust (H. vastatrix Berk. and

Br.) and brown eye spot (C. coffeicola Berk. and Cke.) in

coffee leaves were realized looking up signs of disease

incidence in the dates of 06/15/2005, 05/29/2006, 05/30/

2007 and severity of diseased leaf area in the dates of 05/

29/2006 and 06/30/2007. The evaluation period was

determined according to the harvest peak, when the attack

intensity was greatest in the region, according to reports of

Talamini et al. (2001) and Santos et al. (2008).

Disease assessment was conducted in 100 leaves col-

lected at each georeferenced point in the field (n = 100).

Each sampled point consisted of five plants. The samples

were collected randomly from each side of the planting

row, corresponding to the west and east cardinal points, in

the middle third of the plants, with ten sampled leaves per

plant on each side of the planting row, from the third and

fourth pair of leaves, counted from the end of the plagio-

tropic branch, totaling 6,700 leaves in each evaluation date,

according to Huerta (1963) and Boldini (2001) recom-

mendations. The leaves were detached from the plants and

analyzed in the Laboratory of Epidemiology and Man-

agement of Federal University of Lavras. A leaf was

considered to be diseased when there was at least one

visible pustule of rust or necrotic spot, considered as 1% of

incidence of rust and brown eye spot, respectively. The

severity of rust was estimated as proportion of leaf area

infected, using a diagrammatic scale proposed by Kushal-

appa and Chaves (1980). The scale consists of a 50 cm2

Table 1 Coffee crop

fertilization in Cafua farm, Ijaci,

MG

Fertilization in soil (kg per ha) Aqueous solution in leaves (kg per ha)

N P K Lime Zn B KCL

Jan 2005 148 37 148

Jan 2006 148 37 148

Jan 2007 148 37 148

Feb 2005 0.086 0.052 0.086

Feb 2006 0.086 0.052 0.086

Feb 2007 0.086 0.052 0.086

Sep 2006 1,700

Nov 2004 42 10 42 0.24 0.14 0.24

Nov 2005 42 10 42

Nov 2006 42 10 42

Table 2 Chemical control of pest-organisms in coffee crop at Cafua farm, Ijaci, MG

Fungicide/insecticide/herbicide/spreader sticker Feb 2005

(per ha)

Feb 2006

(per ha)

Feb 2007

(per ha)

Apr 2005

(per ha)

Nov 2004

(per ha)

Nov 2005

(per ha)

Dec 2006

(per ha)

Epoxiconazol 125 g per L (Opus�) 0.9 L 0.9 L 0.4 L 0.6 L

Azoxystrobin 500 g per kg (Amistar�) 0.01 kg 0.045 kg

Endosulfan 350 g per L (endosulfan AG�) 1.4 L 2.0 L

Paraffinic mineral oil 42.8% (Nimbus�) 2.0 L 0.9 L

Tiametoxam 300 g per kg and ciproconazol 300 g

per kg (Verdadero 600WG�)

0.12 kg

Glifosato 792.5 g per kg (Roundap WG�) 0.4 kg 0.4 kg

Tiametoxam 250 g per kg (Actara 250 WG�) 0.69 kg

Azoxistrobin 250 g per L (Priori�) 0.5 L
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leaf illustrating 1, 3, 5 and 7% of foliar area infected by

individual or coalesced lesions of rust giving a cumulative

area of 25%. The severity of brown eye spot in leaves was

estimated as percentage of infected area using an adapta-

tion of the diagrammatic scale proposed by Oliveira et al.

(2001). Five ranked categories were established as follows:

healthy leaf, ]0, 3], ]3, 6], ]6, 12], ]12, 25]. There was no

case over 25%. Evaluations of incidence and severity of

brown eye spot in coffee fruits were conducted in dates of

05/20/2005, 05/28/2006 and 05/30/2007. A total of 100

cherry fruits were collected at each georeferenced point in

the field (n = 100), according to the same principle as for

leaves. The fruits were detached from plants and analyzed

in the laboratory. A fruit was considered to be diseased

when there was at least one visible dark spot, depressed,

considered as 1% of incidence of brown eye spot. The

structure of the pathogen was analyzed under stereoscopic

microscope under doubts situations. The severity of brown

eye spot in fruits was estimated as percentage of infected

area using an adaptation of the diagrammatic scale pro-

posed by Boldini (2001). Four ranked categories were

established as follows: healthy fruit, ]0, 25], ]25, 50], ]50,

100]. The sampling procedure was similar to the adopted in

Talamini et al. (2001) and Santos et al. (2008) methodol-

ogy, and the same method was adopted for all evaluated

points in the field.

The estimated severity values were calculated based on

weighted arithmetic mean of rust and brown eye spot Sp,

referring to a set of leaves or fruits x1,…,xn, classified in

severity levels w1,…,wn, according to the following

equation:

Sp ¼
x1w1 þ x2w2 þ x3w3 þ � � � þ xnwn

w1 þ w2 þ w3 þ � � � þ wn
¼
Pn

i¼1 ðxiwiÞPn
i¼1 wi

The variability and pattern of the spatial dependency of

incidence and severity of rust and brown eye spot was

analyzed by geostatistics, based on the methodology of

ordinary kriging system.

Field observations were considered as achievements of

a random function Z(x), where x denotes the spatial

location with expected values E[Z(xi)] = m(xi) and

E[Z(xi ? h)] = m(xi ? h), where m is a constant mean

and h is a vector distance in the sampled space. In

geostatistics, covariance analysis is an important step

since the chosen model is the interpretation of the

structure of spatial correlation to be used in the kriging

inferential procedures (Burrough and McDonnell 1998).

This analysis includes first the estimation of the experi-

mental covariance, and later, the adjustment of

theoretical models. The adjusted model must represent

the trend of C(h) in relation to h, in order to achieve

more accurate and reliable kriging estimates (Olea 1999;

Webster and Oliver 2001). The covariance between data

values separated by a vector h is computed by the

experimental function of covariance as follows (Goova-

erts 1997; Soares 2000):

CðhÞ ¼ 1

N hð Þ
XNðhÞ

i¼1

Z xið ÞZ xi þ hð Þ � m xið Þm xi þ hð Þ;

where

mðhÞ ¼ 1

N hð Þ
XNðhÞ

i¼1

Z xið Þ

mðxi þ hÞ ¼ 1

N hð Þ
XNðhÞ

i¼1

Z xi þ hð Þ;

N(h) is the number of data pairs within the class of

distance and direction, and m(h), m(xi ? h) are the

means of the corresponding lag means, referent to tail

and head values. The covariance can be computed for

different lags, h1, h2,…,hn, and the ordered set of

covariances C(h1), C(h2),…,C(hn), is the experimental

function of autocovariance or experimental function of

covariance.The theoretical models of covariance were

adjusted by Chilès and Delfiner (1999):

CðhÞ ¼ exp � h

a

� �

;

where C is a covariance in R
n for any n, a is the range and

h is the distance. The exponential model reaches its sill

(Co ? C) only asymptotically when r ? ?, and its

practical range is about 3a. Like the spherical model, the

exponential model is linear at very short distances near the

origin; however, it rises more steeply and then flattens out

more gradually (Isaaks and Srivastava 1989; Chilès and

Delfiner 1999).

The weighted least square method was used for the

adjustment of theoretical models of covariance according

to the methodology of Cressie (1985). Models were

chosen considering results of cross-validation (Cressie

1993; Chilès and Delfiner 1999).In ordinary kriging, the

local variation of the mean is limited by the field of

stationary of the mean to the local neighborhood V(x)

centered on the location x to be estimated. The linear

estimator is therefore a linear combination of the n ran-

dom variables Z(xi) plus the constant local mean

m(x).(Goovaerts 1997):

ẐðxÞ ¼
Xn

i¼1

kiZðxiÞ þ 1�
Xn

i¼1

ki

" #

mðxÞ;

In this case, the unknown local mean m(x) is filtered from

the linear estimator ẐðxiÞ by forcing that the sum of kriging

weights ki is 1. Thus, the estimator of ordinary kriging is

written as a linear combination of n random variables Z(x):
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ẐðxÞ ¼
Xn

i¼1

kiZðxiÞ; where
Xn

i¼1

ki ¼ 1;

In block kriging interpolation, the Z value should be

estimated inside a block B, which may be a line, an area or

a volume, considering that the variable occurs in one, two

or three spatial dimensions, respectively (Burrough and

McDonnell 1998).

ẐðBÞ ¼
Xn

i¼1

kiZðxiÞ;

And the expected error is E ẐðBÞ � ZðBÞ
� �2
h i

¼ 0: The

estimation variance is:

var½ẐðBÞ�¼E½fẐðBÞ� ẐðBÞg2�

¼ 2
Xn

i¼1

ki
�Cðxi;BÞ�

Xn

i¼1

Xn

j¼1

kikjCðxi;xjÞ� �CðB;BÞ

where �Cðxi;BÞ is the covariance of Z between the data

points xi and xj, �CðB;BÞ is the mean covariance between the

ith sampled point and the target block B, defined by the

integral (Webster and Oliver 2001):

�Cðxi;BÞ ¼
1

Bj j

Z

B

Cðxi; xÞdx;

where C(xi, x) is the semivariance between the sampled

point xi and the point x used for description of the block.

The term �CðB;BÞis the double integral:

�CðB;BÞ ¼ 1

Bj j2
Z

B

Z

B

Cðx; x0Þdxdx0;

where C(x, x0)is the covariance between the points x and x0

that sweep independently over B.

The next step consists in find the weights that minimize

these variances, subject to the constraint that weights sum

to 1. This is achieved using a function f(ki, /) containing

the variance to be minimized and an additional term con-

taining the multiplier of lagrange /:

ki;/ð Þ ¼ var ẐðBÞ � ZðBÞ
� �

� 2/
Xn

i¼1

ki � 1

( )

;

According to the partial derivatives of the function with

respect to 0, the weights of the ordinary block kriging

system are obtained by:

Xn

i¼1

kiCðxi; xjÞ þ /ðBÞ ¼ Cðxj;BÞ; for all j

Xn

i¼1

ki ¼ 1;

8
>>>><

>>>>:

The block kriging variance is obtained by r2(B) (Burrough

and McDonnell 1998):

r2ðBÞ ¼
XN

i¼1

ki
�Cðxi;BÞ þ /ðBÞ � �CðB;BÞ;

The kriging equations represented in matrix form is

(Burrough and McDonnell 1998; Webster and Oliver

2001):

Ak ¼ b � k ¼ A�1b;

where A is the matrix of covariances between pairs of data

points, b is the vector of semivariances between each data

point and the block to be predicted, k is the vector of

weights and / is a lagrangian for solving the equations:

A ¼

Cðx1; x1Þ Cðx1; x2Þ � � � Cðx1; xnÞ 1

Cðx2; x1Þ Cðx2; x2Þ � � � Cðx2; xnÞ 1

..

. ..
. ..

. ..
. ..

.

Cðxn; x1Þ Cðxn; x2Þ � � � Cðxn; xnÞ 1

1 1 � � � 1 0

2

6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
5

;

k ¼

k1

k2

..

.

kn

u

2

6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
5

; b ¼

�Cðx1;BÞ
�Cðx2;BÞ

..

.

�Cðxn;BÞ
1

2

6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
5

:

The kriging variance is given by: r2ðBÞ ¼ bTk� �CðB;BÞ:
Ordinary block kriging was chosen considering the large

amplitude of short-range variation of natural phenomena

like plant diseases, where ordinary point kriging may result

in maps that have many sharp spikes or pits. When ordinary

block kriging is used, the resulting smoothed interpolated

surface is free from the pits and spikes (Burrough and

McDonnell 1998). There were delineated blocks of

4 9 4 m, considering two points in the horizontal cell and

four points in the vertical cell, in order to represent the size

of the sampled parcels in the field.

Using this method, plant disease spatial variability could

be represented according to coffee crop spacing in the field.

The number of neighbours was chosen based on cross-

validation results.

Ordinary block kriging estimates were evaluated using

cross-validation analyses. Cross-validation is a powerful

validation technique used to check the performance of the

kriging model. It consists of removing data on at a time,

and then trying to predict it. Thus, the predicted values can

be compared to the observed values in order to assess how

well the prediction is working according to its self-con-

sistency and lack of bias (Isaaks and Srivastava 1989;

Cressie 1993; Goovaerts 1997; Chilès and Delfiner 1999;

Burrough and McDonnell 1998). The mean standardized

prediction errors were defined by:

J Pest Sci (2009) 82:137–148 141
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Pn
i¼1 ẐðxiÞ � ZðxiÞ
� �	

r̂ðxiÞ
n

; and

The root-mean square standardized prediction errors were

defined by:
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i¼1 ẐðxiÞ � ZðxiÞ
� �	

r̂ðxiÞ
� �2

n
;

s

where ẐðxiÞ is the kriging estimation, Z(xi) is the observed

value, r̂ðxiÞ is the prediction standard error for the location

xi. Considering an ideal performance, mean standardized

prediction errors should be 0 and root-mean square stan-

dardized prediction errors should be 1 (Cressie 1993).

The relationship between incidence and severity of rust

and brown eye spot in each evaluated date was quantified

through linear regression (Pimentel-Gomes and Garcia

2002). The least squares criterion was used for polynomial

function adjustment:

y ¼ a0 þ a1xþ a2x2 ¼ Parabol;

where y is the leaf area with lesions, a0 is the intercept or

linear coefficient and a1, a2,…,an, the parameters of the

model or angular coefficients. The R-square coefficient

(R2) was used to measure the quality of models fit, based on

the diagram of dispersion between disease incidence (x)

and severity (y) data.

Results

The climatic conditions of the studied region presented

suitability conditions for the epidemiology of rust and

brown eye spot, mainly in the rainy period, from October to

March (Fig. 2). The optimum mean air temperature for

spore germination and infection of H. vastatrix is situated

between 22 and 24�C, with lower limit of 15�C and above

28�C. Periods of leaf wetness above 6 h until 48 h were

considered as great for the disease progress (Kushalappa

et al. 1983). Considering C. coffeicola, the mean air tem-

perature of 24�C led to the increase of mycelial growth and

sporulation, with higher germination of conidia in vitro

between 24 and 30�C. Temperatures under 12�C and above

30�C provided smaller diameter of colonies (Echandi

1959). Leaf wetness above 6 h until 48 h resulted in greater

cumulative proportion of leaves with injury (Fernandes

1988).

Rust and brown eye spot incidence and severity

assessments presented strongly statistical correlation based

on R2 coefficients. Linear regression models were signifi-

cant (P \ 0.001**) to describe the interaction between

assessments of incidence and severity through second order

polynomial adjustment, with R2 values ranging from 0.75

to 0.99 (Figs. 3, 4 and 5).

Based on the methodology of geostatistical analysis, it

was possible to quantify the magnitude and structure of

spatial dependency of intensity of rust and brown eye spot

in the field (Tables 3, 4).

Theoretical exponential models were fitted to the

experimental functions of covariance. The structural anal-

ysis enabled to observe the existence of spatial dependency

of rust and brown eye spot in the evaluated dates, consid-

ering the tendency of decrease of covariance with the

increase of distance, culminating in the stability of the

Fig. 2 Monthly average values

of maximum, mean and

minimum air temperature

(maxT, T, minT) (�C), monthly

total rainfall (mm), monthly

average relative humidity (%)

and monthly average insolation

(hours) from August 2004 to

August 2007 at principal

INMET climatological station

of Lavras, Minas Gerais
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models in the distance that separates the structured and

random universe, satisfying the hypothesis of stationarity.

The relationship between evaluations of incidence and

severity of rust and brown eye spot was represented by the

range values of the exponential models in the evaluated

dates (Tables 3, 4).

Fig. 3 Linear regression

relationship (line) between

incidence and severity

assessments (open square) of 67

sampled points with rust

(Hemileia vastatrix) on coffee

(Coffea arabica L.) leaves in the

dates of 05/29/2006 (a) and 06/

30/2007 (b)

Fig. 4 Linear regression

relationship (line) between

incidence and severity

assessments of 67 sampled

points with brown eye spot

(Cercospora coffeicola) on

coffee (Coffea arabica L.) fruits

in the dates of 05/20/2005 (a),

05/28/2006 (b), 05/30/2007 (c)

Fig. 5 Linear regression

relationship (line) between

incidence and severity

assessments of 67 sampled

points with brown eye spot

(Cercospora coffeicola) on

coffee (Coffea arabica L.)

leaves in the dates of 05/29/

2006 (a) and 06/30/2007 (b)

Table 3 Theoretical parameters of functions of covariance and quality coefficients of estimates of ordinary kriging used to characterize the

spatial variability and pattern of intensity of rust (Hemileia vastatrix) in coffee leaves (Coffea arabica L.)

Evaluation type Evaluation date Nugget

effect (Co)

Sill (Co ? C) Effective

range (a)

Mean standardized

prediction errors

Root-mean-square

standardized prediction errors

Incidence 06/15/2005 11.6761 70.6171 38.4850 0.0045 1.0900

05/29/2006 58.2538 209.9413 56.4536 -0.0025 1.2610

06/30/2007 32.2414 123.2190 84.4900 0.0178 1.3040

Severity 05/29/2006 0.3839 1.3814 56.4536 -0.0017 1.2530

06/30/2007 0.2409 1.0740 76.4983 0.0156 1.2650
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According to the range values, rust disease presented

distribution in aggregated pattern, with effective ranges of

38.4 m in 06/15/2005, 56.4 m in 05/29/2006 and 76.4–

84.4 m in 06/30/2007. Based on values of range and sill,

there was higher disease severity in evaluations performed

in 05/29/2006 and 06/30/2007, when compared to 06/15/

2005 (Table 3).

Considering theoretical exponential models of covari-

ance, intensity of brown eye spot in leaves presented

aggregated pattern, with effective ranges varying in dis-

tances between 46 and 57 m. Regarding assessments of

brown eye spot in fruits, the range of intensity varied in

distances between 40 and 63 m, depending on the evalu-

ated date (Table 4). There was observed minor range and

sill values in 05/30/2007 and 06/30/2007, when compared

to the other dates.

Using theoretical exponential models of covariance, rust

and brown eye spot incidence and severity values where

interpolated in the studied area without bias and with

minimal variance, by the method of ordinary block kriging

(Goovaerts 1997; Webster and Oliver 2001). The ordinary

kriging system presented satisfactory performance to esti-

mate intensity of coffee rust and brown eye spot based on

kriging error coefficients, considering that mean standard-

ized prediction errors and root-mean square standardized

prediction errors presented values near 0 and 1, respec-

tively (Cressie 1993) (Tables 3, 4).

Through maps of ordinary block kriging, it was

observed the spread of epidemics, according to the range of

spatial variability, in the evaluated dates. Disease incidence

and severity maps presented spatial variability with pat-

terns of correspondence in 05/29/2006 and 06/30/2007,

however, severity maps highlighted areas with higher dis-

ease intensity when compared to incidence maps (Figs. 6, 7

and 8). Kriging maps of rust and brown eye spot enabled to

observe that intensity of disease was dispersed in foci

patterns along the coffee plantation. Considering maps of

brown eye spot, it was observed some correspondences and

differences between areas with disease in fruits and leaves

in May and June 2005, May 2006, May and June 2007

(Figs. 7, 8).

Discussion

Considering the observed correlation between rust and

brown eye spot incidence and severity evaluations, Silva-

Acuña et al. (1999) also verified strong correlation between

assessments of incidence and severity of coffee rusted

leaves through linear regression models, using second

order polynomial adjustment, with R2 values ranging from

0.89 to 0.99, in municipal district of Teixeiras and

Patrocı́nio of Minas Gerais state, along three consecutive

years. Rengifo-Guzmán et al. (2006), studying the intensity

of brown eye spot in relation to mineral nutrition of coffee

seedlings submitted to Hoagland solution, also verified

statistic relationship between incidence and severity eval-

uations, related to the mean percentage of infected leaves

and the number of spots per leaf, under concentrations of 0,

25, 50, 75 and 100%. Considering the statistical and geo-

statistical correlation between incidence and severity

measurements, if a choice had to be made between the two

kinds of maps, it could be chosen to keep the more infor-

mative map and not necessarily the map built with the

easiest variable to assess. However, the information about

both variables is important to confirm the results about

disease distribution in the field and to emphasize the areas

that deserve greater concern with regard to disease control.

Based on geostatistical analysis, it was also possible to

observe the correspondence between rust and brown eye

Table 4 Theoretical parameters of functions of covariance and quality coefficients of estimates of ordinary kriging used to characterize the

spatial variability and pattern of intensity of brown eye spot (Cercospora coffeicola) in coffee fruits and leaves (Coffea arabica L.)

Coffee organ Evaluation

type

Evaluation date Nugget

effect (Co)

Sill (Co ? C) Effective

range (a)

Mean standardized

prediction errors

Root-mean-square

standardized prediction errors

Fruit Incidence 05/20/2005 77.8738 192.1658 63.2373 0.0020 0.9243

Fruit Incidence 05/28/2006 15.6365 192.4277 40.0820 0.0098 0.9860

Fruit Incidence 05/30/2007 75.4612 147.5693 46.4819 0.0258 1.4660

Fruit Severity 05/20/2005 0.6174 6.8447 74.2597 0.0003 0.9172

Fruit Severity 05/28/2006 0.3824 7.0768 41.6473 0.0125 1.2720

Fruit Severity 05/30/2007 3.8715 5.9438 46.4819 0.0115 1.5090

Leaf Incidence 06/15/2005 23.6896 91.4990 57.1567 0.0141 1.0860

Leaf Incidence 05/29/2006 19.4412 61.9261 46.4819 0.0166 1.2460

Leaf Incidence 06/30/2007 20.0533 36.0166 46.4819 0.0197 1.4710

Leaf Severity 05/29/2006 0.1847 0.5728 46.4819 0.0125 1.2720

Leaf Severity 06/30/2007 0.1870 0.3807 46.4819 0.0079 1.4160
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spot incidence and severity evaluations, considering the

range of functions of covariance and spatial variability of

kriging maps. The minor values of range and sill of rust

observed in the date of 06/15/2005 can be explained by the

chemical control of epoxiconazol realized in April 2005.

The highest range and sill values observed in the subse-

quently evaluated dates can be related to the reduction of

the residual effect of the chemical control realized in

February 2006 and 2007. The spatial pattern of rust in the

field may have been influenced by suitability of climatic

conditions, the spatial variability of the mineral nutrition of

coffee trees, as well as due to the bienality of coffee yield.

The positive correlation between rust, mineral nutrition and

coffee yield during the harvest period was related by

Avelino et al. (2006) and Carvalho et al. (2001). According

to Carvalho et al. (2001) and Silva-Acuña et al. (1992), the

abundant yield promotes nutritional imbalance of plants

caused by the drain of fotoassimilates from leaves to fruits,

affecting the energy supply for rust defense. It is worth

emphasizing that Cercospora and Hemileia are very dif-

ferent and do not have the same requirements. One of the

main differences is that Hemileia is a biotrophic fungus

whereas Cercospora is a necrotrophic one. A correlation

between Cercospora and Hemileia may exist, but the

presence of the two diseases together probably involves

different mechanisms. However, according to the studies of

Scott and Smillie (1966), after infection of the host tissue

by a pathogen, there is increase in the respiratory rate,

resulting in an increase of biosynthetic activity, carbon

flow through Embden–Meyerhoff and pentose phosphate

pathways, division of secondary metabolites and formation

of compounds such as lignin and other isoflavones, as

phytoalexins (Kossuge and Kimpel 1981), which probably

help in defending coffee trees against both brown eye spot

and rust (Silva-Acuña 1985).

In the case of brown eye spot, the minor range and sill

values observed in 05/30/2007 and 06/30/2007, when

compared to the other evaluated dates, can be related to the

azoxistrobin chemical control realized in December 2006

and February 2007, as well as due to the spatial variability

of mineral nutrition in plants, as related by Fernandez-

Borrero et al. (1966).

Ordinary block kriging maps enabled to observe the

pattern of distribution of rust and brown eye spot in foci

along the coffee plantation, indicating that the current

strategy of disease control based in total area may be

replaced by site specific disease management, according to

rust and brown eye spot action threshold levels. The vari-

ous correspondence between brown eye spot maps in fruits

and leaves, suggested that similar factors related to the

Fig. 6 Ordinary kriging maps

used to characterize the spatial

variability incidence (a, b, c),

and severity (d, e), of rust

(Hemileia vastatrix) in coffee

leaves (Coffea arabica L.) in the

dates of 06/15/2005 (a), 05/29/

2006 (b, d) and 06/30/2007 (c,

e)
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disease distribution are influencing the location of out-

breaks in fruits and leaves in the field. This fact also

suggested that infected leaves with brown eye spot could

be the primary source of disease inoculum for the infection

of neighbouring coffee trees, considering the presence of

leaves in the host throughout all the months of the year,

promoting the pathogen survival. The differences in the

spatial distribution of the brown eye spot in the leaf and

fruits could be related to coffee tree architecture, because

Echandi (1959) observed that water drops facilitates the

spread of the fungus within short distances and the wind

facilitates spread over long distances. In this case, the

infection of fruits by conidia could have been more

effected by water drops dissemination inside the canopy of

trees, with reduced effect of wind. Otherwise, the infection

of leaves by conidia could have been not only influenced

by water, but also in major scale by the wind, considering

the major surface of contact of leaves around the canopy of

trees when compared to the fruits. In the same way, there is

an accumulation of water around the fruits that may pro-

mote the infection process. Additionally, the contacts

between fruits of the same glomerule may favour the

contamination of healthy fruits at different scale when

compared to the scale of leaves infection. Sentelhas et al.

(2005) observed differences of leaf wetness duration at the

top and the lower part of coffee canopy, indicating spatial

variability of humidity according to coffee canopy archi-

tecture, supporting this hypothesis.

Mouen Bedimo et al. (2007) also used ordinary kriging

to study spatial-temporal dynamics of C. kahawae in the

field. According to the authors, the geostatistical method

reveled the primary foci of disease and suggested that

inoculum from previous epidemics survives at points in the

initial foci in a coffee plantation.

Despite Bowden et al. (1971) and Nagarajan and Singh

(1990) stated about the long-distance dispersion of rust

pathogens, the short distance had not been studied yet. The

present work demonstrated that coffee rust and brown eye

spot presented spatial structure on a plantation scale, so

that, it could be possible to consider that spatial structure

for the implementation of control tactics in relation to

coffee diseases.

Thus, based on the methodology of spatial analysis

adopted in this study, ordinary kriging system and regres-

sion analysis were useful to characterize the pattern and

spatial variability of rust and brown eye spot patosystems.

Fig. 7 Ordinary kriging maps

used to characterize the spatial

variability of incidence (a, b, c),

and severity (d, e) of brown eye

spot (Cercospora coffeicola) in

coffee leaves (Coffea arabica
L.) in the dates of 06/15/2005

(a), 05/29/2006 (b, d) and 06/

30/2007 (c, e)
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Conclusions

Disease incidence and severity assessments presented

strongly statistical correlation modeled with linear regres-

sion in each evaluation date.

Exponential models of covariance and ordinary block

kriging maps enabled the characterization of spatial pattern

and variability of rust and brown eye spot in coffee

agroecosystem.

Kriging maps of rust and brown eye spot enabled to

observe that intensity of disease was dispersed in foci

patterns along the coffee plantation, indicating that the

current strategy of disease control based in total area may

be replaced by site specific disease management.
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