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Abstract The advent of geostatistics and geographical information systems has made it
possible to analyze complex spatial patterns of ecological phenomena over large areas in
applied insect ecology and pest management. The objective of this study was to use
geostatistics to characterize the spatial structure and map the spatial variation of damage
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caused by the berry borer (Hypothenemus hampei) and leaf miner (Leucoptera coffeella) in
a coffee agroecosystem planted with the cultivar Catuai Vermelho IAC-99. Infestations of
berry borer and leaf miner were evaluated in fruits and leaves, respectively. The pests were
monitored at 67 georeferenced points in an area of 6.6 ha in 2005, 2006 and 2007.
Variograms estimated by the method of moments (MoM) and residual maximum likeli-
hood REML were compared. The latter were generally better in terms of the kriging error
coefficients. Spherical variograms estimated by REML for berry borer infestation in fruits
had ranges of spatial dependence of 34.62-118.4 m and for the leaf miner they were
53.93-133.7 m. For models fitted by weighted ordinary least squares (OLS) to the MoM
experimental variogram, the ranges varied between 37.22 and 68.67 m for the berry borer
and 100 and 155.4 m for leaf miner infestation. The variogram model parameters were
used with the data for ordinary kriging to map the spatial variation of coffee pests for
different monitoring periods. If there was no suitable variogram, inverse distance
weighting was used to map the variation. The maps enabled visualization of the intensity of
infestation of the insect pests for the different periods evaluated.

Keywords Ordinary kriging - Hypothenemus hampei (berry borer) -
Leucoptera coffeella (leaf miner)

Introduction

Assessing the levels of infestation of pests is essential in a program of integrated pest
management and decision support to determine where unacceptable economic damage
begins to occur (Gutierrez and Wang 1977; Koul et al. 2004; Horowitz and Ishaaya 2004).
The adoption of integrated pest management concepts in a coffee agroecosystem (Coffea
arabica L.) is important because of injury caused by the leaf miner (Leucoptera coffeella)
(Guérin-Meneville and Perrottet 1842) (Lepidoptera: Lyonetiidae) and the berry borer
(Hypothenemus hampei Ferrari 1867) (Coleoptera: Scolytidae) to coffee leaves and fruits,
respectively. The leaf miner attacks coffee leaves and reduces their areas and causes leaf
fall, and the berry borer attacks coffee fruits reducing productivity and quality (Le Pelley
1968; Gallo et al. 2002).

The adoption of strategies to control leaf miners and berry borers requires knowledge
about their bioecology, dynamics and spatial patterns in the field, to determine whether
site-specific management is feasible in relation to their potential spread. Monitoring levels
of infestation of insect pests in crops is done traditionally by sampling based on rates of
dispersal and indices such as the variance:mean ratio, Taylor coefficients, Lloyd index
(Horn 1988), Wald probabilities ratio and Iawo confidence interval (Bearzoti and Aquino
1994). These simple and low cost methods base control of the pests on the total field area;
they disregard sample location and do not quantify the spatial structure and pattern.

Statistical methods that take into account the spatial dependence of samples, such as
geostatistics, are currently being used in modern entomology to study spatial patterns of pests
and insect ecology (Liebhold et al. 1993; Rossi et al. 1992). Applications of geostatistics and
spatial analysis are related to establishing integrated pest management control strategies
(Liebhold et al. 1991; Hughes and McKinlay 1988), campaigns to guide the eradication of
pests and studies of the impact of climate change on their distribution (Estrada-Pefia 1999).
Brase (2006) also showed that geospatial analysis could help in the rationalization of inputs,
energy consumption and optimization of production, resulting in less environmental impact
and improved sustainability of agricultural production (Brase 20006).
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Geostatistics enables the structure and magnitude of spatial variation of environmental
phenomena to be quantified which traditional methods do not (Isaaks and Srivastava 1989).
Wright et al. (2002) used geostatistics to characterize small scale spatial variation in the
European corn borer (Lepidoptera: Crambidae), caused by Ostrinia nubilalis (Hiibner)
(Lepidoptera: Crambidae) larvae and to quantify damage at the whorl stage of maize, Zea
mays L. According to these authors, damage was spatially correlated among plants at
distances of up to 2.84 m apart. Larvae were spatially correlated among plants at distances
of up to 3.05 m apart, which suggested that at the time when eggs hatched there was an
aggregation of neonates associated with an egg mass on a plant. These larvae spread out
over the plant and may migrate to adjacent plants, decreasing the degree of aggregation at
the scale of individual plants. Liebhold et al. (1991) also verified the possibility of using
variograms to characterize the pattern of dispersion of masses of gypsy moth eggs from
four different databases. The spatial dependence in egg mass densities had patterns of
aggregation at different spatial scales ranging from 25 m to 100 km.

In coffee farming, infestation by the berry borer and leaf miner can be affected by the
weather, season, predators and presence of parasitoids, density of planting, crop man-
agement, physiological status, plant growth and its mineral nutrition (Souza et al. 1998;
Nestel et al. 1994; Caixeta et al. 2004; Gutierrez et al. 1998; Meireles et al. 2001; Nestel
et al. 1994; Tuelher et al. 2003; Gallo et al. 2002). Therefore, the intensity of infestation of
insect pests can vary according to the physical, chemical and biological variation of
various factors in the coffee agroecosystem. Remond et al. (1993) used variograms to study
the spatial distribution of berry borer in El Salvador, however, they could not model the
experimental variogram to characterize the spatial pattern of the insect in the field. Baker
(1984) observed that berry borer infestations were aggregated in the field, and that the
damage caused by insects in the fruits increased the release of volatile compounds by the
host, which attracted other berry borers.

Based on the hypothesis that there is spatial variation in the infestations of pests in
coffee agroecosystems, the objective of this study was to use geostatistics to characterize
and map the spatial variation in the infestation of berry borer in fruits and of leaf miner in
leaves of the Catuai Vermelho IAC-99 cultivar.

Materials and methods

The experiment was carried out in 2005, 2006 and 2007 at Cafua farm (latitude
21°10'11"South and longitude 44°58'37" West), in the Tjaci municipal district south of Minas
Gerais, Brazil. The study site was about 6.6 ha and planted 16 years ago with the coffee
cultivar (Coffea arabica L.) Catuai Vermelho IAC-99. This cultivar is susceptible to berry
borer and leaf miner attack. There is a spacing of 4 m between rows and 1 m between plants,
with a total of 2500 plants per hectare. The mean altitude of the site is 934 m and it has a slope
of 0.84% north—south and of 12% east—west. The site was sampled at 67 locations on a grid
with distances between the nodes of 25 x 25 m and 50 x 50 m (Fig. 1). The monthly
averages of maximum, mean and minimum air temperature (°C), total rainfall (mm), mean
relative humidity (%) and mean insolation (hours) from August 2004 to August 2007 were
obtained from INMET for the metereological station of Lavras, Minas Gerais, 5.09 km from
the experimental site. The georeferencing of sampling sites was done with a GPS TRIMBLE
4600 LS® associated with an Electronic Station Leica TC600®. The GPS data were post-
processed based on known coordinates of geodetic marks of the Brazilian Institute of
Geography (IBGE) located on the campus of the Federal University of Lavras (UFLA). The
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Fig. 1 Sample design to monitor intensity of attack by the berry borer (Hypothenemus hampei) and leaf
miner (Leucoptera coffeella) in a coffee (Coffea arabica L.) agroecosystem, where each point on the map
represents five sampled coffee trees

crop was fertilized in November 2004, 2005 and 2006 with applications to the soil of 42, 10
and 42 kg ha™' of N, P and K, respectively, followed by spraying an aqueous solution on the
leaves with 0.24,0.14 and 0.24 kg ha~!of Zn, B and KCl, respectively. Micronutrients were
applied to leaves because they are absorbed efficiently by them and can be mixed with other
chemical products. In January 2005, 2006 and 2007, 148, 37 and 148 kg ha='of N, Pand K,
respectively, were applied to the soil. In February 2005, 2006 and 2007, an aqueous solution
was applied to the leaves with 0.086, 0.052 and 0.086 kg ha™" of Zn, B and KClI, respec-
tively. In September 2006 1700 kg ha™" of lime was applied to the soil. The chemical control
of pests in the crop was done in November 2004 with the application of 0.6 1 ha™" of Opus®
(epoxiconazol). In April 2005 0.01 kg ha™~' of Amistar® (azoxystrobin), 0.4 1 ha™" of Opus®
(epoxiconazol), 2.0 1 ha™! of endosulfan AG® (endosulfan) and 2.0 1 ha™! of Nimbus®
(paraffinic mineral oil) were applied for pest control. In November 2005 0.12 kg ha™' of
Verdadero 600WG® (Tiametoxam and Ciproconazol) was applied. In February 2005 and
2006 0.9 1 ha™' of Nimbus®, 1.4 1 ha™' of endosulfan AG® and 0.4 kg ha™" of Roundap
WG® (glifosato) were applied for pest and weed control. In December 2006 0.69 kg ha™' of
Actara 250WG® (tiametoxam), 0.045 kg ha~! of Amistar® and 0.9 L ha~! of Nimbus® were
applied. In February 2007 0.5 L ha™" of Priori® (azoxistrobin) and 1.4 1 ha~" of endosulfan
AG® were applied for pest and disease control.

Infestations of berry borer (Hypothenemus hampei) (Ferrari 1867) (Coleoptera: Scolyti-
dae) in fruits were evaluated on 05/20/2005, 05/28/2006 and 05/30/2007. The evaluations
were done on fruit samples at the cherry stage because of berry borer’s preference to attack
fruits at this stage of development (Cure et al. 1998). At each sampling point (n = 100) the
sample support comprised five plants. Fruit samples were collected randomly from each side
of the planting row (West and East) from the middle third of the plant. Ten fruits were
detached from each plant resulting in 6700 fruits for each period of evaluation. The fruits
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were analyzed in the laboratory of the Department of Epidemiology and Management of
Phytopathology of the Federal University of Lavras. The percentage of infestation of berry
borer at each sampling point was calculated by counting fruits with a hole in the crown and a
larvae gallery inside the fruit, following the methodology of Gallo et al. (2002).

Infestations of leaf miner (Leucoptera coffeella) (Guérin-Méneville 1842) (Lepidoptera:
Lyonetiidae) were evaluated on 06/15/2005, 05/29/2006 and 06/30/2007 by observing
insect mines in leaves. Evaluations were done on a sample support of five plants at each
georeferenced point in the field (n = 100). A total of 6700 leaves for each period of
evaluation were taken randomly from each side of the planting row (West and East) from
the middle third of plants, and were analyzed in the same laboratory as above. Ten leaves
were sampled per plant on each side of the planting row from the third and fourth pair of
leaves counted from the end of plagiotropic branch (Gallo et al. 2002) because they are
considered the most representative (Huerta 1963). There is also more frequent insect
oviposition in the third and fourth leaves internodes. A leaf was considered to be infested
when there was at least one mine, the surface of the leaf lamina was irregular and the color
was greenish-brown; this was 1% of infestation. Although this method gives an indirect
measurement of population size, it has been recommended as a useful way of assessing the
approximate population abundance of any type of leaf miner (Nestel et al. 1994).

The pattern of spatial dependence of infestation by the berry borer and leaf miner was
analyzed by the variogram, and ordinary kriging was used for prediction. Field observa-
tions were considered to be a random function Z(x), where x denotes the spatial location.

In geostatistics, estimating and modeling the variogram are an important step because the
parameters of the chosen model describe the spatial correlation structure and are used in
kriging (Liebhold et al. 1993, Burrough and McDonnell 1998). Webster and Oliver (2007b)
recommended a minimum of 100 data from which to compute a reliable experimental
variogram by the usual method, i.e. Matheron’s (1965) method of moments estimator

N(h)
7(0) = sy D 4<0%) = <0+ W)Y, (1
i=1

where, j(h)is the estimated semivariance, N(h) is the number of pairs of observations
z(x;), z(x; +h), separated by the lag distance, h. The series of semivariances,
p(hy), 9(hy), ..., at particular lags, hy,hy, ..., comprise the experimental variogram. A
theoretical function is then fitted to the experimental values to summarize the spatial
relations in the data. The parameters of the fitted model can be used to estimate or predict
at unsampled places at points or over blocks by kriging (Webster and Oliver 2007a, b).

Several isotropic authorized functions were fitted by weighted ordinary least squares
(OLS), but spherical functions (Olea 2003) provided the best fit.

3h _ 1(h)3
Spherical = y(h) = { o+ C(E —3(2) ) 0 i h<a, 2)
c > a,

where ¢ is the nugget variance, c is the sill of the spatially correlated component, a is the
range of spatial dependence and # is the separating distance.

As our survey resulted in fewer than 100 data for each time period, we also estimated
the variogram by residual maximum likelihood (REML) because Pardo-Igiizquiza (1998)
said that “a few dozen data may suffice” to estimate a variogram by maximum likelihood.

The best fitting models were chosen by cross-validation (Cressie 1993; Chilés and
Delfiner 1999).

@ Springer



Precision Agric (2011) 12:18-31 23

In ordinary kriging, Z(xo)can be estimated at a point or over a block. For this study we
used punctual kriging. A kriged estimate is a simple weighted mean of the data, z(x,),
72(X3), ..., z(X;) within a neighbourhood (Burrough and McDonnell 1998)

= i),[Z(X[), (3)

where /; are the kriging weights. The weights that minimize the estimation variance are
found subject to the constraint that they sum to 1 and the expected error is
E[{Z(x0) — z(x0) }] = 0. The estimation variance is

(x0)] = E[{Zom ~ ()]
=2 Z Ay (Xi, X0)—

where y(x,—,x_,—)is the semivariance of Z between the data points x; and x; and y(x;, Xo)is
semivariance between the ith data point and the target point Xo.

Kriging was performed using a global neighbourhood.

Ordinary kriged predictions were compared to the observed values by cross-validation
to assess how well the model performs (Cressie 1993; Goovaerts 1997). The mean devi-
ation or mean error (ME) to assess the bias is given by

Var[

N (4)
Z} A7 (Xi, X)),

1 j=1

Mz

1,
ME :]VZ (Z(Xl) _Z(Xi))7 (5)
=1
where Z(x;)is the kriged estimate, z(x;)is the observed value for location x;. The value of
the ME should be zero. The mean squared deviation ratio, MSDR is computed from the
squared errors and kriging variances, 62(x), by:

1R (Zx) —2(x)’
MSDR = NZT (6)

If the model for the variogram is accurate the MSDR should be 1 (Webster and Oliver
2007a, b).

When a satisfactory variogram could not be obtained, inverse distance weighting was
used for interpolation to map the spatial variation of the leaf miner for 05/29/2006.

Summary statistics including the minimum, maximum, mean, variance and skewness
coefficient, were determined for the berry borer and leaf miner data. If the skewness values
were >1 or <—1, a logarithmic transformation was applied to the data. In these situations,
kriged predictions were back-transformed and returned to the same scale as the original
data (Diggle and Ribeiro 2007).

Kriging and cross-validation were done using the R software, geoR package (Diggle and
Ribeiro 2007).

Results and discussion
Table 1 gives the summary statistics for the berry borer and leaf miner for the dates

studied. The skewness coefficients for the berry borer data of 05/20/2005 and 05/28/2006,
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Table 1 Summary statistics to characterize the infestation of berry borer (Hypothenemus hampei) and leaf
miner (Leucoptera coffeella) in coffee leaves (Coffea arabica L.) before and after logarithmic
transformation

Transformation Statistics Pest and evaluation period

Berry borer Berry borer Berry borer Leaf miner Leaf miner Leaf miner

2005 2006 2007 2005 2006 2007

No Min 1.000 2.000 1.000 6.000 1.000 1.000
No Max 45.00 43.00 10.00 32.00 25.00 29.00
No Mean 5.149 11.75 3.522 19.90 8.806 6.537
No Variance 46.49 59.37 5.344 38.10 31.80 15.16
No Skewness  3.692 1.871 0.8655 —0.1012 0.9432 3.099
Yes Min 0 0.6931 - - - 0.0000
Yes Max 3.807 3.761 - - - 3.367
Yes Mean 1.133 2.271 - - - 1.741
Yes Variance  0.9283 0.4147 - - - 0.2886
Yes Skewness  0.4867 —0.3191 - - - —0.5282

Table 2 Parameters of spherical variogram functions estimated by residual maximum likelihood (REML)
and the method of moments (MoM) modelled by weighted least squares approximation for the berry borer
(Hypothenemus hampei) and leaf miner (Leucoptera coffeella) in coffee leaves (Coffea arabica L.), and
cross-validation results for ordinary kriging using the relevant model parameters and data

Pest Method  Evaluation Method of Nugget Spatially Range Mean Mean
of period variogram effect  dependent (a) error squared
prediction estimation (co) component (¢) deviation

ratio

Berry  Kriging  05/20/2005 REML* 0 0.9397 34.62  0.2158 1.2205

borer Kriging  05/28/2006 REML* 0.2637 0.1671 1184 —0.2626 0.7718

Kriging  05/30/2007 REML 0 5.612 2249  0.0009 1.0135

Leaf Kriging  06/15/2005 REML 16.74  20.01 133.7 —0.0518 1.0124
miner 05/29/2006 - - - - 0.2069 -

Kriging  06/30/2007 REML* 0.2536 0.0311 53.93 —0.0469 1.0397

Berry  Kriging  05/20/2005 MoM* 0 0.9432 47.65 0.3100 1.5279

borer Kriging ~ 05/28/2006 MoM* 0.1917  0.2047 68.67 —0.1583 0.9576

Kriging  05/30/2007 MoM 0 5.927 37.23  0.0068 1.1633

Leaf Kriging  06/15/2005 MoM 13.22  31.69 1554 —0.0566 1.1028

miner Kriging  06/30/2007 MoM* 0.2100  0.0896 100.0 —0.0304 1.0586

* Logarithmic transformation

and leaf miner data of 06/30/2007 suggested a need for transformation. A logarithmic
transformation reduced the skewness to acceptable levels for these sets of data. Variograms
were estimated for the raw or transformed data as indicated in Table 2 by the method
of moments and REML. A variogram could not be estimated for the leaf miner for
05/29/2006 by either method. Table 2 gives the model parameters of the fitted spherical
functions for both methods for the berry borer and leaf miner data. It was these parameters
that were used for cross-validation to determine the appropriate models for kriging.
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Fig. 2 Spherical variograms
estimated by residual maximum
likelihood (continuos line) and
method of moments (broken
line), to characterize the spatial
variation of the berry borer in a
coffee agroecosystem for:

a 05/20/2005, b 05/28/2006
and ¢ 05/30/2007
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Overall, the variograms estimated by REML have resulted in MSDRs closer to 1 (Table 2)
than have those estimated by the method of moments apart from for berry borer
05/28/2006. Therefore, for the latter the experimental variogram estimated by the method
of moments and modelled by weighted least squares approximation was selected for kri-
ging. For all other dates for which a variogram could be computed, parameters of the
variograms estimated by REML were used for kriging.

According to Webster and Oliver (2007a, b), a variogram estimated by REML is
valuable where it is impractical to obtain as many as 100 data. Kerry and Oliver (2007)
compared variograms estimated by the method of moments and residual maximum like-
lihood for kriging soil properties for precision agriculture and observed that predictions
based on the latter were generally more accurate than those from MoM variograms with
fewer than 100 sampling sites.

Figure 2 shows the variograms for infestations of berry borer in coffee fruits. The
variogram for berry borer 05/28/2006 has a large nugget variance compared to the spatially
correlated component, whereas the variograms for 05/20/2005 and 05/30/2007 estimated
by REML have small nugget effects. The range of spatial dependence varies from 22 m to

Fig. 3 Spherical variograms (a)
estimated by residual maximum
likelihood (continuos line) to 40 4
characterize the spatial variation
of the leaf miner in a coffee
agroecosystem for: a 06/15/2005 30 -
and b 06/30/2007 3
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D 4o
O T T T
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almost 69 m. For the evaluation of berry borer in 2007, the sill variance and range of the
spherical model are smaller than for 2006 and 2005. The result for 2007 probably reflects
the application of chemical products in December 2006 and February 2007 and high
pluvial precipitation and relative humidity values which may have contributed to the
reduction of pest infestation (Fig. 4). Ferreira et al. (2000) studied population dynamics of
berry borer in Lavras, Minas Gerais, Brazil, and observed an increase in attack and a
reduction in abandoned galleries by the insect that corresponded with a reduction in rainfall
from January to June 1998. Cure et al. (1998) studied the phenology and population
dynamics of berry borer in Paula Candido, Minas Gerais, and also observed an increase
in attack by the berry borer in coffee fruits from March to May 1993 of approximately
10-80%.

The spherical variograms fitted to the leaf miner data for 06/15/2005 and 06/30/2007
have larger nugget variances relative to the spatially correlated component than for berry
borer. The range of spatial dependence for 06/15/2005 is also substantially longer than the
ranges for berry borer and also for leaf miner for 06/30/2007 (Fig. 3). This was possibly
due to the availability of fruit for the berry borer and the insect’s preference to attack
specific regions in the field. The effect of wind on disseminating the leaf miner (Baker
1984; Souza and Reis 1997) is probably greater than for the berry borer and so its
infestations are less localized. Souza et al. (1998) suggested that coffee tree architecture,
when subjected to winds, can cause the spread of leaf-miner. Such a crop provides
favorable conditions for larval development because of the greater evaporation of water
from leaves (Souza et al. 1998, Meireles et al. 2001). In 2007, the smallest sill variance and

Fig. 4 Monthly total rainfall 6107  _ Rainfall (mm)
(mm) and average relative
humidity (%) from August 2004 510 1
to August 2007 recorded at the
principal INMET climatological 4101
station of Lavras, Minas Gerais
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range for the model may be associated with the chemical control in December 2006 and in
February 2007 when there was high pluvial precipitation and relative humidity values in
this period (Fig. 4).

The parameters of the models selected by cross-validation were used with the relevant
data for punctual kriging. The kriged predictions were mapped to show the dispersion and
intensity of attack of insect pests studied (Figs. 5 and 6). The maps show that the intensity
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of infestation of berry borer is in the form of scattered patches of large and small values
across the field. The intensity of infestations is greater for 2005 and 2006 than for 2007
(Fig. 5). For leaf miner 05/29/2006, the interpolation was done by inverse distance
weighting. The leaf miner maps show that the infestation is mainly in the northern and
central portions of the field, for all the dates evaluated (Fig. 6). The variation in nutrients in
the soil and plants might have influenced the preference of the insect for the host in specific

Fig. 6 Maps of kriged
predictions using variograms
estimated by a and ¢ residual
maximum likelihood, and b map
of predictions by inverse distance
weighting to characterize the
spatial variation of the leaf miner
in a coffee agroecosystem for
05/20/2005, 05/29/2006 and
05/30/2007, respectively
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areas of the field. The mineral nutrition can change the chemical composition, morphology,
anatomy and phenology of coffee plants (Marschner 1987), which in turn can affect the
leaf-miner’s oviposition preference according to the coffee plants’ nutritional status
(Caixeta et al. 2004).

Conclusions

The spatial analysis approach adopted in this study enabled us to detect spatial variation in
the infestation of coffee pests in the field, indicating the possibility of developing strategies
to provide more effective control, less environmental impact and sustainability of coffee
crop production, according to the philosophy of integrated pest management and precision
agriculture.

The residual maximum likelihood variogram estimator characterized the spatial varia-
tion of berry borer and leaf miner better overall in terms of the MSDR than the method of
moments because of the size of the data sets. Spherical functions described the structure
and magnitude of spatial variation of the berry borer and leaf miner in the coffee crop.
Kriged maps enabled visualization of the intensity of infestation of berry borer and leaf
miner for different periods and characterization of their spatial patterns in the field. Where
a variogram could not be modelled satisfactorily, inverse weighted distance can be used for

mapping.
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References

Baker, P. S. (1984). Some aspects of the behaviour of the coffee berry borer in relation to its control in
Southern Mexico (Coleoptera, Scolytidae). Folia Entomologica Mexicana, 61, 9-24.

Bearzoti, E., & Aquino, L. H. (1994). Sequential sampling plan to evaluate the infestation of the coffee leaf
miner (Lepidoptera:Lyonetiidae) in southern Minas Gerais state, Brazil. Pesquisa Agropecudria
Brasileira, 29, 695-705.

Brase, T. (2006). Precision agriculture. New York: Thomson Delmar Learning.

Burrough, P. A., & McDonnell, R. A. (1998). Principles of geographical information systems. New York:
Oxford University Press.

Caixeta, S. L., Martinez, H. E. P., Picango, M. C., Cecon, P. R., Esposti, M. D. D., & Amaral, J. F. T. (2004).
Leaf-miner attack in relation to nutrition and vigor of coffee-tree seedlings. Ciéncia Rural, 34, 1429—
1435.

Chiles, J. P., & Delfiner, P. (1999). Geostatistics: Modeling spatial uncertainty. New York: Wiley.

Cressie, N. (1993). Statistics for spatial data. New York: Wiley.

Cure, J. R., Santos, R. H. S., Moraes, J. C., Vilela, E. F., & Gutierrez, A. P. (1998). Phenology and
population dynamics of the coffee berry borer Hypothenemus hampei (Ferr.) in relation to the phe-
nological stages of the berry. Anais da Sociedade Entomologica do Brasil, 27, 325-335.

Diggle, P. J., & Ribeiro, P. J., Jr. (2007). Model-based geostatistics. New York: Springer.

Estrada-Pefia, A. (1999). Geostatistics and remote sensing using NOAA-AVHRR satellite imagery as
predictive tools in tick distribution and habitat suitability estimations for Boophilus microplus (Acari:
Ixodidae) in South America. Veterinary Parasitology, 81, 73-82.

Ferreira, A. J., Bueno, V. H. P., Moraes, J. C., Carvalho, G. A., & Bueno Filho, J. S. S. (2000). Population
dynamic of the coffee berry borer hypothenemus hampei (Ferr.) (Coleoptera: Scolytidae) in lavras
county, minas gerais state. Anais da Sociedade Entomologica do Brasil, 29, 237-244.

Gallo, D., Nakano, O., Silveira Neto, S., Carvalho, R. P. L., Baptista, G. C., Berti Filho, E., et al. (2002).
Entomologia agricola. Piracicaba: FEALQ.

Goovaerts, P. (1997). Geostatistics for natural resources evaluation. New York: Oxford University Press.

@ Springer



Precision Agric (2011) 12:18-31 31

Gutierrez, A. P., Villacorta, A., Cure, J. R., & Ellis, C. K. (1998). Tritrophic analysis of the coffee (Coffea
arabica)—coffee berry borer [Hypothenemus hampei (Ferrari)]—parasitoid system. Anais da Socied-
ade Entomologica do Brasil, 27, 357-385.

Gutierrez, A. P., & Wang, Y. H. (1977). Applied population ecology for crop production and pest man-
agement. In G. A. Norton & C. S. Holling (Eds.), Pest management. Oxford: Pergamon Press Inter-
national Institute for Applied Systems Analysis Proceedings Series.

Horn, D. J. (1988). Ecological approach to pest management. New York: Guildford Press.

Horowitz, A. R., & Ishaaya, 1. (2004). Insect pest management: Field and protected crops. New Delhi:
Springer.

Huerta, S. A. (1963). Par de folhas representativo del estado nutricional del cafeto. Cenicafe, 14, 111-127.

Hughes, G., & McKinlay, R. G. (1988). Spatial heterogeneity in yield-pest relationships for crop loss
assessment. Ecological Modelling, 41, 67-73.

Isaaks, E. H., & Srivastava, R. M. (1989). Applied geostatistics. New York: Oxford University Press.

Kerry, R., & Oliver, M. A. (2007). Comparing sampling needs for variograms of soil properties computed by
the method of moments and residual maximum likelihood. Geoderma, 140, 383-396.

Koul, O., Dhaliwal, G. S., & Cuperos, G. W. (2004). Integrated pest management: Potential. Constraints
and challenges. Oxfordshire: CABI Publishing.

Le Pelley, R. H. (1968). Pests of coffee. London: Green and Co. Ltda.

Liebhold, A. M., Rossi, R. E., & Kemp, W. P. (1993). Geostatistics and geographic information systems in
applied insect ecology. Annual Review of Entomology, 38, 303-327.

Liebhold, A. M., Xu, Z., Hohn, M. E., Elkinton, J. S., Ticehurst, M., Benzon, G. L., et al. (1991). Geo-
statistical analysis of gypsy moth (Lepidoptera: Lymantriidae) egg mass populations. Environmental
Entomology, 20, 1407-1417.

Marschner, H. (1987). Mineral nutrition of higher plants. Bern: International Potash Institute.

Matheron, G. (1965). Les variables regionalisees et leur estimation. Paris: Masson.

Meireles, D. F., Carvalho, J. A., & Moraes, J. C. (2001). Evaluation of leaf minner infestation and coffee
culture growth submitted to different levels of water deficit. Ciéncia e Agrotecnologia, 25, 371-374.

Nestel, D., Dickschen, F., & Altieri, M. A. (1994). Seasonal and spatial population loads of a tropical insect:
The case of the coffee leaf-miner in Mexico. Ecological Entomology, 19, 159-167.

Olea, R. A. (2003). Geostatistics for engineers and earth scientists. Norwell: Kluwer Academic Publishers.

Pardo-Igizquiza, E. (1998). Inference of spatial indicator covariance parameters by maximum likelihood
using MLREML. Computers and Geosciences, 24, 453-464.

Remond, F., Cilas, C., Vega-Rosales, M. 1., & Gonzélez, M. O. (1993). Méthodologied’ échantillonnage
pour estimer les attaques des baies du caféier par les scolytes (Hypothenemus hampei Ferr.). Cafe
Cacao The, 37, 35-52.

Rossi, R. E., Mulla, D. J., Journel, A. G., & Franz, E. H. (1992). Geostatistical tools for modeling and
interpreting ecological spatial dependence. Ecological Monographs, 62, 277-314.

Souza, J. C., & Reis, P. R. (1997). Broca-do-cafe: Historico, reconhecimento, biologia, prejuizos, moni-
toramento e controle. Belo Horizonte: EPAMIG.

Souza, J. C., Reis, P. R., & Rigitano, R. L. O. (1998). Bicho-mineiro do cafeeiro: Biologia, danos e manejo
integrado. Belo Horizonte: EPAMIG.

Tuelher, E. S., Oliveira, E. E., Guedes, R. N. C., & Magalhées, L. C. (2003). Occurence of coffee leaf-miner
(Leucoptera coffeella) influenced by season and altitude. Acta Scientiarum: Agronomy, 25, 119-124.

Webster, R., & Oliver, M. A. (2007a). Sample adequately to estimate variograms of soil properties. Journal
of Soil Science, 43, 177-192.

Webster, R., & Oliver, M. A. (2007b). Geostatistics for environmental scientists. England: Wiley.

Wright, R. J., Devries, T. A., Young, L. J., Jarvi, K. J., & Seymour, R. C. (2002). Geostatistical analysis of
the small-scale distribution of European corn borer (Lepidoptera: Crambidae) larvae and damage in
whorl stage corn. Environmental Entomology, 31, 160-167.

@ Springer



	Geostatistical analysis of the spatial variation of the berry borer and leaf miner in a coffee agroecosystem
	Abstract
	Introduction
	Materials and methods
	Results and discussion
	Conclusions
	Acknowlegements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


