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Abstract

 

Pest monitoring with pheromone traps is affected mainly by factors such as trap placement and pest
biology. The intertrap distance can affect the capture due to competition among traps that are placed
at short distances. We studied the interference among pheromone traps used to monitor males of the
coffee leaf miner, 

 

Leucoptera coffeella

 

 (Guérin-Méneville) (Lepidoptera: Lyonetiidae), with traps
placed at various distances. Using geostatistical analysis, we determined at what distance captures
were independent from other traps. Traps were placed in groups of 12 with distances among traps per
group either 2, 5, 10, 15, or 30 m. Traps were checked for males every 4 days during 16 days. We found
interference between traps when intertrap distances were shorter than 10 m. The range and magnitude
of spatial dependence varied considerably among each sampling date and wind direction. For
directions of 45

 

°

 

 and 135

 

°

 

, the traps should be placed 110 and 177 m apart, respectively, to obtain
spatially independent counts and therefore representative samplings for assessing the insect population
in the area. These results have implications for developing sampling plans for managing 

 

L. coffeella

 

with pheromone traps; the spatial analysis indicated that a trap density of one pheromone trap for

 

every 3.5–4 ha would be adequate for the monitoring of the coffee leaf miner.

 

Introduction

 

The coffee leaf miner, 

 

Leucoptera coffeella

 

 (Guérin-Méneville)
(Lepidoptera: Lyonetiidae), is one of the major pests of
coffee in almost all coffee-growing areas of the Americas,
causing significant yield losses (Le Pelley, 1968; Souza
et al., 1998). In many areas, including Brazil, insecticides
are generally used to control this pest, but the development
of resistance to the commonly used organophosphate
insecticides has compromised this control method (Fragoso
et al., 2002, 2003). Because insecticide applications are
most efficient when control decisions are based on
population levels within individual fields (Pedigo, 1999),
one method to reduce the use of insecticides in coffee fields
is through the efficient monitoring of pest populations
in order to determine the correct timing of pesticide
applications. Estimating the percentage of leaves mined is

often labour intensive, because it requires examination
of a high number of leaves (Vieira et al., 1999). A good
alternative for such sampling is the use of pheromone traps
(Howse et al., 1998). By monitoring 

 

L. coffeella

 

 males using
pheromone traps, it may be possible to determine the
correct timing for insecticide applications, leading to a
reduced and more rational use of insecticides.

Francke et al. (1988) identified the sex pheromone of

 

L. coffeella

 

 and, starting from this research, Lima (2001)
carried out field studies aimed assessing the best method
for monitoring numbers of 

 

L. coffeella

 

 males (i.e., trap
design, trap height, pheromone persistence, and effectiveness
of doses). Several factors affect the efficiency of pheromone
traps (Howse et al., 1998; McNeil, 1991). One of these fac-
tors is the density of traps; intertrap distances may affect
the number of males captured because of interference
between traps. When traps are placed close to each other,
their radius of attraction may overlap, thus reducing
the number of males caught per individual trap. In fact,
trap interference may occur even without such overlap due
to insect flight between different trapping zones (Wall &
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Perry, 1978, 1980, 1987). Furthermore, the interaction of
traps is not constant with distance, but varies with lure
concentration and wind conditions. By reducing the
pheromone release, the active space of a trap decreases
because the average concentration of pheromone downwind
from the traps decreases (Bradshaw et al., 1989; Judd &
Borden, 1989).

Various methods are used to determine the intertrap
distance that may affect the captures or the active space of
the pheromone plume. To find this distance, Elkinton &
Cardé (1988) and Wedding et al. (1995) compared male
captures in traps deployed in grids and hexagonal arrays
with different distances. A mark–release–recapture technique
has also been used to obtain the range over which the
pheromone is attractive (Elkinton & Cardé, 1980; Bradshaw
et al., 1989; Kondo & Tanaka, 1994; Turchin & Odendaal,
1996). A suitable intertrap distance is obtained when the
insect capture stabilizes with increasing distance between
traps.

Another method to determine intertrap distance was
proposed by Rield (1980). Slightly different ranges of trap
densities were tested in each of the Rield’s experiments.
The lowest trap density was 1 per hectare, the highest 2.2
per hectare. From these data, a quadratic regression was
estimated, which relates the relative increase in trap catch
to trap area, but this estimate is affected by characteristics
of male dispersion. Another way of estimating optimum
trap density or sample size is using a relationship between
mean and variance (Jansson et al., 1989; Sallam & Garrad,
2001). These authors determined the number of phero-
mone traps to use per area, but this method to estimate the
number of traps ignores the spatial location. Recent studies
of insect populations have used a more explicit in-
corporation of space by specifying space as a function
of distance through geostatistical tools (Liebhold et al.,
1993; Blom & Fleischer, 2001). Geostatistical analyses
use information on the value of a sample and its location
to summarize the correlation among points at various
distances and directions (Liebhold et al., 1993). Thus,
geostatistical methods provide a more direct measure of
spatial dependence by calculation of the minimal distance
among traps that are statistically and spatially inde-
pendent (Sciarretta et al., 2001; Gilbert et al., 2003; Ryan
et al., 2004).

Our goals were to determine the interference distance
of pheromone traps and estimate an intertrap distance at
which independence between trap captures occurred,
thus allowing an efficient trap distribution in the field,
while preserving accuracy of population estimates.
Geostatistical techniques were applied to determine the
maximum distance at which dependence between trap
captures exists.

 

Materials and methods

 

Experimental plots and insect trapping

 

The study was conduced between July and August 2004,
the main period of 

 

L. coffeella

 

 infestation in the region
(Souza et al., 1998), at the farm of Daterra Atividades
Rurais Ltda, in the county of Patrocínio, state of Minas
Gerais, Brazil. The experiment was carried out in a 6-year-
old plantation (30 ha) with 2.5 m between plants and 5 m
between rows. White delta traps (Biocontrole®, São Paulo,
Brazil) and pheromone lures of 300 

 

µ

 

g (racemic mixture
of the synthetic pheromone 5,9-dimethylpentadecane,
synthesized by Fuji Flavour Co. Ltd, Tokyo, Japan) were
used to capture the insects. The pheromone-baited lures
were placed on white sticky pads with a black grid-lined
surface (total sticky surface of 400 cm

 

2

 

). The traps were
suspended from a coffee tree branch at a height of
0.2–0.5 m above the soil. All sampled data points were
georeferenced using a global positioning system.

 

Treatments

 

Traps were deployed in grid arrays to assess trap
interference. Within each grid, 12 traps were deployed and
spaced at either 2, 5, 10, 15, or 30 m apart. Each of these
grid distance treatments was replicated six times. The
minimum distance between neighbouring grids was 50 m
(Figure 1). Additional traps (189) were installed on the
borders of the subareas with a distance of 20 m between
traps (Figure 1). A total of 549 traps were used in the
experiment. The wind direction was determined by scoring
displacement of smoke from a burning stick during the

Figure 1 Location of the Leucoptera coffeella pheromone traps, 
showing regular grids of 2, 5, 10, 15, and 30 m distance between 
traps and the position relative to the north.



 

Pheromone trap spacing for monitoring

 

 Leucoptera coffeella

 

41

 

morning and the afternoon of the experiment, which
coincides with the beginning and the end of the period of
the day in which males fly (Michereff, 2000).

 

Field counts

 

The number of males captured in the traps was recorded 4,
8, 12, and 16 days after placing the traps. The percentage of
leaves mined was estimated by taking 10 leaves from each
coffee plant containing a pheromone trap. The leaves (4th
and 5th leaves, counting from the tip of a branch) were
collected from the top third of the canopy of each coffee
plant (Oliveira, 2003). Such sampling was carried out only
once during the placement of the pheromone traps.

 

Statistical analysis

 

The number of males trapped on each date was log-
transformed and subjected to ANOVA; the means of
different grids were separated using Fisher’s least significant
difference (LSD) test (

 

α

 

 = 0.05). The male capture per
square metre as a function of grid distances was estimated
using the non-linear regression function y = ax

 

b

 

, where y is
the density of male 

 

L. coffeella

 

 captured per square metre,
x is the grid distance, and a and b are constants obtained
as fitted parameters. The number of males captured per
square metre was determined by using the ratio between
the number of males captured by the pheromone traps and
each grid distance. The area of capture of each trap was
estimated based on the radius of a circle centred at the trap,
which varied according to the grid under consideration.

A semivariogram was used to calculate spatial dependence
among pheromone traps and to determine a minimal
distance at which interference for captures occurs. The
semivariogram plots the sample semivariance (estimated
as 0.5 of the average squared difference between sample
pairs for the separation distances). The formula of the
semivariogram is

where N(h) is the number of pairs of traps separated by
distance h; c

 

i

 

 is the number of males captured at the first
trap of the pair; and c

 

j

 

 is the value for the number of males
captured at the second trap of the pair for every two-by-
two trap combination within a particular grid and between
grids (Liebhold et al., 1993). The variances of capture at
each distance were plotted against their respective h values.
If spatial dependence is present, the semivariance is small
for low values of h and increases with h. The semivariance
will eventually become constant after some distance, which
is indicative for spatial independence among samples. This
constant semivariance is also referred to as the sill, whereas
the distance at which spatial independence is reached is

referred to as the range, the lag (distance between sample
pair), and nugget (semivariance value when x = 0) (Liebhold
et al., 1993). Cross-validation (i.e., the correlation between
estimated and observed values of male capture) was
used to determine the quality of the model fitting. The
semivariograms were calculated for all data sets at 45 and
135 degrees (azimuth). The direction of 45

 

°

 

 corresponds
to the direction of the rows of coffee plants, whereas 135

 

°

 

 is
perpendicular to this. The rows affect the wind direction,
and thus the distance over which the pheromone is trans-
ported, reason why the semivariograms were calculated
for these data sets after preliminary tests, seeking their best
structure. This procedure was carried out to test if there is
significant inequality between different directions in the
distance grids used (anisotropy). Semiovariograms were
produced using the GEOVISUAL software (Yamamoto, 2002).

 

Results

 

Field capture

 

The mean percentage of leaves mined was 7.61 (SE = 0.39),
which is considered a moderate damage level (Oliveira, 2003).
Regarding the male capture by pheromone traps, there
were significant differences among distances at all of
the sampling dates (d.f. = 355, P<0.0001; Table 1). The
largest numbers of 

 

L. coffeella

 

 were captured in the traps
further apart than 5 m (Table 1), whereas the maximum
numbers of males at the first sampling date (4 days) were
captured in traps that were placed 30 m apart (Table 1).
There was no significant difference in captures among traps
placed further than 10 m apart, except for the first sampling
date. Therefore, 10 m was the maximum distance at which
interference among traps occurred (Table 1). A similar trend

 
γ( )  

( )
( )

( )
h

N h
c ci jij|h hij

= −
≈∑1
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2

Table 1 Effect of the distance among pheromone traps and mean 
number of Leucoptera coffeella captured at various times since the 
traps were put in the field. The results of analyses of variance 
(ANOVA) for each trapping interval are in the bottom rows of 
the table. Columns with different letters are significantly different 
(LSD test: P<0.05; n = 72 traps)
 

 

Distance among 
traps (m)

Time since trap exposure (days) 

4 8 12 16

30 m 24.44a 7.97a 10.63a 6.63a
15 m 16.98b 8.50a 10.73a 5.70a
10 m 17.52b 11.01a 10.45a 5.84a
5 m 11.45c 5.77b 5.47b 3.02b
2 m 8.41d 4.65c 4.19c 2.62c
ANOVA (d.f. = 355)
F 28.23 12.11 26.89 25.46
P <0.0001 <0.0001 <0.0001 <0.0001
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in male captures was observed for all trap intervals. Thus,
the data from 16-day trapping was used to establish the
capture by distance relationship (Figure 2). The capture
density (males captured per square metre) depended on
the distance among traps; the greater the distance, the
smaller capture density (Figure 2). The capture density also
stabilized at 10 m, indicating that starting from this distance
the traps did not compete with each other (Figure 2).

 

Semivariograms

 

Semivariograms generated for each sampling date indicated
the presence of spatial dependence; the number of males
captured was affected by the distance among traps (Table 2;
Figure 3). The distance at which spatial independence among
trap catches was reached varied among sampling dates
from 24 to 177 m (Table 2). Cross-validation, a technique
that compares the value of a point, estimated using the
model and the neighbouring points, to the real value, was
used to check the quality of the fitted models. Cross-
validation was carried out comparing estimated with
observed values of male capture and showed that models
for captures at 4 and 8 days where robust (r>0.50), but the
reliability of the range for longer periods of capture was
limited (i.e., 12 and 16 days; Figure 3). The experiment
was carried out during a period of the year characterized by
high pest populations, but only the first evaluation
provided a good adjustment to the cross-validation
(Figure 3). As the population of insects decreased through
time, the cross-validation adjustments became worse
(Figure 3). This may be due to a more random distribution
of the insects at low densities, or to more complex models
of distribution, improperly fitted by the mathematical
models tested here.

Directional semivariograms were calculated for inter-
trap distance at angles of 45

 

°

 

 and 135

 

°

 

, showing significant
inequality of the distance at which traps interfere with
direction in the distance grids used (geometric and zonal
anisotropy) (Table 2). Exponential, Gaussian, and spherical
models are commonly used to fit semivariogram data
(Liebhold et al., 1993). These models were used in the
present study for the sampling dates that showed a

Table 2 Semivariogram parameters of capture of male of 
Leucoptera coffeella at various time intervals
 

Time of 
capture (days) Direction1 Sill2

Range3 
(m)

Nugget 
effect4 Model types5

4 45° 141 177 0 Exponential
135° 141 37 0 Exponential

8 45° 29 110 14 Gaussian
135° – – – None

12 45° 15 46 14 Spherical
135° 15 70 14 Spherical

16 45° 8 24 4 Spherical
135° 8 24 4 Spherical

1Direction relative to the north.
2The upper limit of the semivariogram model which has such a limit.
3The distance beyond which there is little or no autocorrelation 
among variables. For the exponential and Gaussian models, it is 
the distance that approaches the sill asymptotically and for a 
spherical model, it is the distance at which the model reaches its 
maximum value.
4The value of semivariance by which the variance differs from zero.
5Models used to fit experimental variograms.

Figure 2 Relationship between male 
capture of Leucoptera coffeella per square 
metre and distance among pheromone 
traps (y = 3.652x−1.65, R2 = 0.31, P = 0.001; 
n = 1440).
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non-random spatial dependence (Table 2). No significant
model was obtained for 8-day capture in the direction of
135

 

°

 

, where there was a pure nugget effect, showing no
spatial dependence (Table 2 and Figure 3).

 

Discussion

 

The low captures in the trap grids with 2 and 5 m distance
were a consequence of the short distances among traps,
resulting in maximum interference and competition
among the pheromone plumes of neighbouring traps.
Pheromone plumes from traps deployed upwind apparently
prevented captures in traps deployed downwind (Wall &
Perry, 1982). The larger numbers of 

 

L. coffeella

 

 captured in

traps of grids with distances larger than 5 m are the result
of a greater active area of each trap, in contrast with trap
captures within smaller grids. The same effect was observed
by Wedding et al. (1995), and Elkinton & Cardé (1988),
who found that the traps positioned closer to each other
captured fewer insects than those further apart.

The evaluation of capture range of the traps at the
different distances using only analysis of variance showed
a lack of interference for traps at distances over 10 m. This
means that 10 m would be the minimum distance at which
to locate the traps when monitoring 

 

L. coffeella

 

.
Geostatistical analysis went further and showed that the

range of spatial independence of the pheromone traps
was between 25 and 177 m. Several factors contribute to

Figure 3 Anisotropic semivariograms and 
correlation coefficients (P<0.01) of the 
cross-validation for pheromone trap 
capture of Leucoptera coffeella. Left-hand 
panels show the cross-validation that 
allows testing the interpolation system 
against sampled data. Right-hand panels 
show the semivariograms plotting the 
variance (one-half the mean squared 
difference) of paired sample measurements 
as a function of the distance (and 
optionally of the direction 45° and 135°) 
between samples.
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this variation, such as the variation of wind velocity (not
measured), rainfall (which is a known mortality factor for
this species; Pereira, 2002), and an aggregated spatial
distribution (which is predominant in 

 

L. coffeella

 

; Vieira
et al., 1999).

The geoanalysis was used to estimate the distance above
which trap catching became statistically independent. The
geostatistical method was used to interpolate the different
distances among all traps in the study area (30 ha), hence
was not restricted to the range of capture from 2 to 30 m,
as was the case for the analysis of regression or variance
that was done for the different subplots. A significant
difference was found between the orthogonal directions of
analysis, meaning that factors other than distance among
traps affected the captures in the directions of the rows of
coffee plants (45

 

°

 

) and perpendicular to them (135

 

°

 

). The
rows could affect the microclimate and local wind flow and
direction, hence affect the diffusion of the pheromone
plumes. The direction of the prevailing wind was south-
west coinciding with 135

 

°

 

. Independence among traps was
observed for trap distances over 110 and 177 m for traps
placed along coffee lines (45

 

°

 

), in contrast with traps placed
perpendicular to the coffee lines. This larger dependence of
catches of traps placed in the coffee rows may have been
caused by the wind flowing in between the rows of coffee
trees, thus carrying the pheromone plumes for longer
distances along the rows of plants. The opposite effect
occurred in the direction perpendicular to the rows of
coffee trees. In this case, the coffee trees would break the
wind resulting in the pheromone concentration dropping
rapidly with distance from the traps, resulting in trap inde-
pendence for distances in the range of 27–70 m. This effect
is similar to that found by David et al. (1983).

The largest distances of trap dependence were 110 and
177 m. Therefore, the trap placement at distances greater
than these will provide independent and representative
samples. With this information, it is possible to determine
the density of traps that should be used per hectare. If we
assume that an adequate intertrap distance for our area
would be 110 m, we would need approximately eight traps
to cover the whole area of 30 ha.

It is possible to reduce the density of pheromone traps
when increasing the pheromone dose per trap, thus increa-
sing the distance among traps with interference and overlap
of pheromone plumes, similar to what was done for traps
for the sawfly 

 

Neodiprion sertifer

 

 (Wedding et al., 1995)
and the pear moth 

 

Cydia nigrica

 

 (Wall & Perry, 1982). This
would be a viable possibility if the increase of dose of phe-
romone per trap is cheaper than the increase of the density
of traps utilized. However, experiments need to be done to
assess the effects of increase pheromone concentrations on
the range of pheromone traps.
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