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Abstract The coffee leaf-miner (CLM) (Leucoptera
coffeella Guérin-Meneville; Lepidoptera: Lyonetii-
dae), the main pest of coffee plants, occurs widely
throughout the Neotropics where it has a significant,
negative economic and quantitative impact on coffee
production. This study was conducted in a rubber tree/
coffee plant interface that was influenced by the trees
to a varying degrees depending on the location of the
coffee plants, i.e. from beneath the rubber trees,
extending through a range of distances from the edge
of the tree plantation to end in a coffee monocrop
field. The most severe damage inflicted on coffee
plants by the CLM (number of mined leaves) from
April, which marks the start of the water deficit period,
until September 2003 was in the zone close to the

C. A. Righi ()

Department of Forest Science, University of Sao Paulo,
ESALQ, Av. Padua Dias, 11, P.O. Box. 09, Piracicaba,
SP 13418-900, Brazil

e-mail: carighi @yahoo.com

0. C. Campoe

Instituto de Pesquisas e Estudos Florestais (IPEF), Av.
Padua Dias, 11, P.O. Box. 530, Piracicaba, SP 13400-970,
Brazil

e-mail: otavio@ipef.br

M. S. Bernardes

Department Crop Science, University of
Sdo Paulo, ESALQ, Av. Padua Dias, 11,
P.O. Box. 09, Piracicaba, SP 13418-900,
Brazil

e-mail: marcosbernardes @usp.br

rubber trees, whereas the damage inflicted on plants in
the monocropped field was comparable to that on
coffee plants grown directly beneath the rubber trees,
which received about 25-40 % of the available
irradiance (I,—available irradiation at a certain
position divided by the irradiation received in full
sunlight, i.e. in the monocrop). From May until July
damage caused by the CLM nearly doubled in each
month. In midwinter (July), the damage decreased
perceptibly from the tree edge toward the open field.
From September onward, with the rising air temper-
atures CLM damage in the coffee monocrop started to
increase. Based on these results, we conclude that
coffee plants grown in the full sun incurred the most
damage only at the end of winter, with warming air
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temperatures. Coffee plants grown in shadier locations
(25-40 % I,) were less damaged by the CLM, although
a higher proportion of their leaves were mined. The
rubber trees probably acted as a shelter during the cold
autumn and winter seasons, leading to greater CLM
damage over a distance outside the rubber tree
plantation that was about equal to the height of the
trees. Future studies should attempt to relate leaf
hydric potential to pest attack in field conditions. More
rigorous measurements of shade conditions could
improve our understanding of the relationship of this
factor to CLM attack.

Keywords Leucoptera coffeella - Coffea spp. -
Coffee pest - Shade - Leaf damage - Hevea spp. -
Population dynamics

Introduction

The Arabian coffee plant (Coffea arabica L.) origi-
nates from the highlands of southern Ethiopia near the
equator, where coffee plants grow under permanent
shade in a tropical forest (Krug 1959; Kumar 1979). In
Brazil, Kenya, Colombia and many other coffee-
producing countries, coffee plants are cultivated
predominantly in full sun, mostly in extensive plan-
tations. Even in countries with a tradition of shaded
coffee cultivation, current labor shortages combined
with low income levels and adverse environmental
factors are leading farmers to convert to monocrop
plantations, as in Puerto Rico (Borkhataria et al.
2012).

The coffee leaf-miner (CLM; Leucoptera coffeella
Guérin-Meneville; Lepidoptera: Lyonetiidae) also
originates from Africa and feeds exclusively on
palisade parenchyma cells of coffee leaves (Ramiro
et al. 2004). CLM adults are nocturnally active, with a
life span of 2-3 weeks. Depending on air temperature,
CLM can have from four to 12 generations in a year
(Parra 1985). Eggs are laid on the upper surface of the
leaves, and the hatched larvae initiate mines by
penetrating the leaf epidermis. CLM remain inside
the leaves for about 10 days, and then the last instar
leaves the mine to spin a cocoon on the underside of a
coffee leaf located on the lower third of the plant
(Ramiro et al. 2004). CLM larvae are minimally
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exposed to the outside of the leaf (Bustillo and
Villacorta 1994), which makes control of this pest
more difficult.

The CLM is the main pest of coffee plants only in
the Neotropics, where it can cause productivity losses
of >50 % due to premature drop of the leaves and
consequent reduction of photosynthesis area (Reis and
Souza 1996; Souza et al. 1998; Ramiro et al. 2004).
Given the need to produce new leaves after an
infestation, the sink—source relationship is negatively
affected, with a resultant drop in productivity because
of the necessary competition for the photoassimilates
needed to regenerate the photosynthetic tissue (Souza
etal. 1998). Farmers’ general lack of knowledge of the
coffee entomofauna has led to extensive and indis-
criminate application of chemical products. As a
result, a series of disastrous environmental distur-
bances have aggravated many entomological prob-
lems due to the reduction of natural control agents
(Parra 1985; Souza et al. 1998, Mendonga et al. 2006).
The demand for organic products and public pressure
for less aggressive crop-management practices are
obligating farmers to employ new products and
methods, despite the lack of information on their
efficiency (Leroy et al. 2000; Venzon et al.
2005). Combined use of cultural, biological and
chemical methods seems to be the most favorable
alternative approach to control the spread of CLM
infestation (Oliveira et al. 2008).

The population dynamics of the CLM are affected
by environmental factors, phytosanitation practices
and nutritional conditions of the crop, and by the
presence of natural enemies (Moraes 1998; Vega et al.
2006; Cornelissen and Stiling 2008; Teodoro et al.
2008). Temperature is positively correlated with
increases in damage, whereas high precipitation and
lower air relative humidity have negative effects
(Parra 1985; Nestel et al. 1994). Understanding the
impact of weather can be highly useful for the
management of CLM (Pereira et al. 2007; Lomeli-
Flores et al. 2009, 2010).

The presence of trees in a crop production system
modifies both the radiation balance and the wind
behavior in the area under their influence. The
combined effects of these changes in the microclimate
alter the balance of available energy, leading to
modifications in water use, productivity and phenol-
ogy of the plants (Monteith et al. 1991; Brenner 1996).
Modification of the management system leads to
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intrinsic physiological changes as the crop adapts,
which in turn make it necessary to develop new
management and sanitation practices (Meireles et al.
2001). Coffee plants are recommended as being
potentially suitable plants for agroforestry systems
(AFS) (Beer et al. 1998; Muschler 2001) because of
their ability, under conditions of severely reduced
radiation availability, to adapt morphologically by
changing their canopy characteristics (Righi 2005)
and their ability to sustain the same phytomass (Righi
et al. 2008). Rubber trees (Hevea spp.) are especially
suited for this combination, as the yield per plant in
AFS increases by about 50 % compared to a mono-
culture, with a potential for further increases through
changes in the tap system (Righi and Bernardes 2008).
Reis et al. (2002) pointed out that the use of trees, such
as rubber trees, would help to control the CLM, as the
trees would act as a refugium for this pest’s natural
enemies (Thomaziello et al. 2000). The increase in
complexity of a production system, as in a coffee-
based AFS, may enhance predation on arthropods by
vertebrates, such as birds, lizards, bats, among others
(Perfecto et al. 2007), and invertebrates (Cardinale
et al. 2003). Ants can be important agents of biological
control (Philpott and Armbrecht 2006; De la Mora
et al. 2008), with different species feeding on different
CLM life stages (Lomeli-Flores et al. 2009, 2010).

There is a lack of field experiments with CLM,
especially in complex agroecosystems, that aim to
determine which factors affect infestations. No
attempt has been made to systematically examine
microenvironmental conditions and to relate them to
CLM damage under field conditions. The main aim of
our study was to investigate the influence of trees on
the damage inflicted by CLM to coffee plants planted
beneath and adjacent to a rubber tree plantation
(interface) and in a monocrop.

Materials and methods

The study was conducted in a rubber tree/coffee plant
interface, with varying influence of the rubber trees on
the coffee plants depending on the location of the
coffee plants, i.e., beneath or at different distances
from the edge of the tree plantation. This experiment
was carried out on the experimental campus of the
Department of Crop Science, Escola Superior de
Agricultura “Luiz de Queiroz”, University of S@o

Paulo (ESALQ/USP) in Piracicaba, Sao Paulo, Brazil
(22°42'30"S, 47°38'00"W; altitude 554 m a.s.l.) from
February 2003 until January 2004. The climate in this
region is subtropical and humid, with rainy summers
and dry winters (Sentelhas et al. 1998), corresponding
to Cwa in the Koppen (1948) classification. The mean
annual temperature is 21.4 °C; the monthly mean
temperature is 24.8 °C in the summer and 17.1 °C in
winter. The mean annual precipitation is 1,278 mm,
with 1,000 mm falling from October through March
and 278 mm from April through September. Unusu-
ally, the dry period in the year of the study began in the
autumn and continued through mid-spring (period
from April to November). The hydric balance showed
a water shortage of 213 mm and an excess of 234 mm
over the course of the year. However, it still fell within
the suggested climate requirements for the coffee plant
as described by Camargo (1985). The lowest monthly
mean air temperature was 15.6 °C in July 2003, and
the highest temperature recorded was 27.2 °C at the
end of February of the same year. The study year had
an unusually long dry period (8 months) and higher
temperatures, both well above historical averages. The
real evapotranspiration (ETg) and potential evapo-
transpiration (ETp) were about the same most of the
year, meeting the largest part of the water demand.
From the end of June until the middle of November a
significant difference between the curves occurred,
indicating the period of highest water deficit (Fig. 1).

The soil, with a slope varying from 0 to 15 %, is a
red eutroferric Nitosol, which is a structured eutrophic
soil with a moderate A-horizon and clay-textured
(American classification Kandiudalfic Eutrodox). The
soil fertility, mineral fertilization and the irrigation
drip system installed at the experimental site were
intended to prevent limitations and any hindrance to
the growth and development of the plants. Fertilizers
and limestone were applied based on the soil analysis.

Coffea arabica cv. Obatd (IAC-1669-20) is a
variety of coffee well known for its leaf retention
(Conceigao et al. 2005). In our study, plants of this
variety were planted in rows of 3.4 m wide with 0.9 m
between-plants, during the first 15 days of January
2002. The coffee plant seedlings were planted in a
continuous strip starting from beneath the rubber tree
plantation, continuing outside to the interface with the
trees and ending with a monoculture far from the
influence of trees. At the time of planting, the
seedlings were 9 months old and were obtained from
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Fig. 1 a Mean air
temperature (10-day

intervals) and precipitation aq7s L 7 ' '
(mm), b hydric balance,
potential and real
evapotranspiration (ETP,
ETR, respectively)
according to Thornthwaite
(1948) during 2003 at
Piracicaba, Sao Paulo,
Brazil. Def. water deficit,
Exc water excess
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seeds sown directly in plastic bags. The rubber trees
(Hevea spp.) had been planted in 1991 in rows 8m
wide with a between-plant spacing of 2.5 m; seed-
lings were grafted in plastic bags with two mature
leaves projecting onto the graft. The entire experi-
mental field was composed of the same clone, PB-235.

The damage caused to the coffee plants by the CLM
was evaluated as a function of the distance from the
edge of the rubber trees (distance zero), which
mediates the intensity of crop interactions. Negative
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values were assigned to the rows located inside the
rubber tree plantation, and opposite positive values
were assigned for those plants located outside at
increasing distances. The distances evaluated were:
(1) inside distances of —13.7, —10.3, —5.7, —2.3 m;
(2) outside distances of 1.5, 4.9, 8.3, 11.7, 15.1,
18.5 m; (3) the monoculture (Fig. 2).

The damage inflicted by the CLM was quantified
directly by counting all of the mined leaves on a whole
plant, as described by Souza et al. (1998). At each
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inside - negative values

Rubber trees

outside - positive values

I 8m I 8m

Fig. 2 Cross-section of the experimental field showing the
arrangement of rubber trees (Hevea spp.) and coffee plants
(Coffea arabica L.). The first line of rubber trees facing the
coffee crop represents trees in the agroforestry system (AFS) in

distance, ten coffee plants were evaluated monthly
during a 1-year period. The plants were identified by
row and their sequential number in the row, and the
evolution of damage was noted on the same plant
throughout the experimental period. At the end of the
experiment, the total foliage area of each plant was
measured by counting the number of leaves per plant
multiplied by the corrected mean leaf size. Righi
(2005) found that the area of an average coffee leaf is
equivalent to 68 % of the rectangle calculated based
on its size measurement (length x width).

At the same positions, the solar radiation available
to the coffee plants was measured continuously at their
tops by using solarimeter tubes (TS-UM-3; Eijkelk-
amp, Giesbeek, The Netherlands) connected to a data
acquisition system (DL2e; Delta-T Devices, Cam-
bridge, UK) installed in the experimental field. The
environmental conditions for the monocropped plants
were measured by the Main Meteorological Station of
the Department of Exact Sciences, ESALQ-USP,
located next to the experiment. The available irradi-
ation for each position was integrated for each day.
This value was divided by the available radiation
without tree interference (full sun), giving the irradi-
ation fraction (I,) available in each row (distance from
the trees).

a half alley of double rows. The second line represents trees in
the AFS planted with the same spacing (row width 8 m;
between-plant spacing 2.5 m)

The experimental field proved to be quite homoge-
neous when the CLM damage was evaluated as a
function of distance from the trees, as mentioned above.
The regression between CLM damage (number of mined
leaves per plant) and tree distance (m) for each month
was calculated based on the coefficient of determination.

Results
Solar radiation and plant plasticity

The available irradiation (% 1), total leaf number,
foliage area and percentage of mined leaves for the
coffee plants at the end of the experiment are
presented in Table 1. The available irradiation
increased abruptly at the second row (4.9 m) outside
the rubber tree plantation. At the end of the experi-
ment, the coffee plants showed clear adaptations to the
different environments. The mean total leaf number
per plant in each position increased with the amount of
sunlight, i.e. in the direction of the full sun, as did the
total foliage area. Plants receiving available irradia-
tion ranging from <25 to 40 % I, had about one-third
to one-half the number of leaves as monocropped
plants. In plants receiving from 45 to 100 % I, (full
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Table 1 Total leaf number, foliage area and percentage of mined leaves observed at the end of the experimental period, according to
the distance of the coffee plants from the edge of the rubber trees. Available solar radiation to coffee plants at each distance is given
as a percentage (% I,) of that reaching the open field. Piracicaba, SP, Brazil - January 2004

Inside (m)*

Outside (m)*

Distance (m) —13.7 —10.3 -5.7 —-2.3
Available irradiation (% 1,) 25 30 35 40
Total leaf number 133 148 168 219
Foliage area (mz) 0.81 0.88 0.87 0.99
Percentage of mined leaves 43 44 37 29

1.5 4.9 8.3 11.7 151 18.5  Monocrop
45 80 90 95 100 100 100

359 365 361 382 343 409 393

1.80 226 152 150 156 213  1.69

19 19 24 25 23 23 19

? Negative values were assigned to the rows located inside the rubber tree plantation, and opposite positive values were assigned for

those located outside at increasing distances

sun—monocrop), the number of leaves was similar,
with the relatively more shaded plants having 92 % of
the number of leaves as the plants located in the full
sun. In other words, plants receiving from <25 to 40 %
I; had about half the foliage area (m?) as the monocrop
plants. From 45 % 1. upward, the foliage area was
quite similar, ranging within the maximum values.

Influence of rubber trees on CLM damage

The evolution of the mean CLM damage (number of
mined leaves per plant) throughout the year showed
clearly different patterns for each position evaluated.
Figure 3 shows the progression of CLM damage
month by month as a function of tree distance. At the
beginning of the experiment, the coffee plants at all
distances did not show significant CLM damage.
However, after only a few months, the CLM damage
increased sharply.

From February to April 2003, CLM damage was
very low, with only a few mined leaves. From April
onward, the slope of the regression line changed
significantly, with an accentuated upward inflection
near the rubber tree edge. CLM damage from April to
September 2003 was much more severe in the zone
from near the trees to 18.5 m distant (which was
receiving 100 % I,), while in the monocropped coffee
(arbitrarily represented at 50 m for graphical purposes
only) it remained at about the same level as on coffee
plants in shadier positions (inside the rubber tree
plantation, with 25-40 % 1,). In July (midwinter; the
mean air temperature of the coldest day of the year
being 15.6 °C) the coffee plants near the rubber trees
were much more damaged, and the degree of damage
decreased from 4.9 m distant from the rubber trees to
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the open field. From September onward, with the
warming air temperature, CLM damage to the mono-
crop began to increase. Monocropped plants sustained
the same level of damage as the plants in the other
positions near the trees only from October onwards,
maintaining this level until December. In January the
CLM damage appeared to begin to equalize at all the
locations, with plants near the trees (mainly those from
8.3 to 18.5 m in the range of 90-100 % I,) still being
the most damaged.

In order to assess the severity of the CLM damage
at each distance from the trees, at the end of the
experiment we divided the number of mined leaves per
plant by its total leaf number to obtain the percentage
of mined leaves per plant (Table 1). In addition to their
lower figures for the total damage throughout the year,
the coffee plants located beneath the rubber trees
(receiving 25-40 % I.) showed the highest proportion
of mined leaves per plant. This indicated that a large
part of their fewer leaves were damaged, reducing the
photosynthetic apparatus even further. The severity of
the damage decreased sharply just outside the edge of
the rubber tree plantation. On average, coffee plants
well inside the rubber tree plantation had roughly
40 % of their leaves mined, whereas outside the
severity of the damage was about half of that (circa
20 %).

Discussion

Solar radiation and plant plasticity

The use of shade trees on coffee farms reduces the total
radiation incidence (as also observed in this study) and
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restricts wind speed, thus reducing the fluctuations in
daily temperature and the evapotranspiration of the
crop (Barradas and Fanjul 1986; Velasco et al. 2001).
The reduction of wind speed restricts CLM dissemi-
nation, which occurs mostly via the airstream (Parra
1985; Souza et al. 1998). The influence of trees on the
microclimate conditions around coffee plants depends
on plant density and season of the year (Beer et al.
1998; Muschler 2001; Righi 2005). Modifications to
the microclimate alter plant responses, leading to
changes in the plants themselves (Righi 2005), in
productivity and in the life cycle (Monteith et al. 1991;
Brenner 1996). The irradiation fraction of 45 %
(1.5 m distance) seems to be a tipping point in plant
performance, with an abrupt change in many charac-
teristics, including trunk diameter, total plant height,
trunk height, canopy height, leaf number, foliage area,
leaf area index (LAI) and canopy volume. The
massive investment of coffee plants in canopy struc-
ture from 45 % I, onwards is a clear response to
available irradiation, increasing the area available to
capture solar radiation (see detailed discussion by
Righi et al. 2008).

Whereas in a monocrop situation the number of
mined leaves may be related to minimum air temper-
ature, as observed by Lomeli-Flores et al. (2010), this
does not satisfactorily explain the less intense CLM
damage to the relatively more shaded plants (25-40 %
I,) immediately adjacent to the most intensely dam-
aged plants. Coffee plants in shadier positions showed
a perceptible decrease in the number of leaves and
foliage area; the observed values were less than half of
those found in sunnier positions. Cardenas (1981)
found no correlation between several morphological
characteristics of leaves from different coffee varieties
and the degree of susceptibility to the attack of CLM,
which feeds solely on the palisade tissue. Thus, the
morphological adaptations themselves, including the
larger specific leaf area (m” leaf kg™ ') under shade
conditions (with thinner leaves and a larger surface)
and the inverse in full sun (Righi 2005), are not
correlated to the intensity of the pest attack.

Influence of rubber trees on CLM damage
Once inflicted, the damage will persist for several
months, as the leaves do not drop easily. Thus, the

increase in the number of mined leaves indicates the
growth of a population at a specific location. The
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rubber trees might have had a shelter effect during the
cold season, which in our study favored higher CLM
damage in the zone between 1.5 and 18.5 m from the
trees, with a perceptible decrease in damage toward
the open field (monocrop). This protective effect more
or less matched the height of the rubber trees (1 H),
which was about 15 m (Fig. 3). It is impossible to
relate the CLM damage from May to August to the
available irradiance because the latter it reached
100 % I..

In April and May, when the period of water
shortage began (Fig. 1), CLM damage increased
steadily, and from May until July the damage almost
doubled in each month. Interestingly, CLM damage to
the monocrop was still low compared to the damage to
the plants located beneath the rubber trees. From July
onwards, CLM damage occurred more steadily,
increasing more slowly and reaching its peak in
October. In contrast to plants in other positions, coffee
plants in the monocrop showed a continuous increase
of mined leaves, which equaled the damage near the
trees only in October. The largest difference between
ETp and the ETg, as well as the highest water deficit in
the soil occurred in this month (Fig. 1). These
observations are in agreement with the findings of
Carracedo et al. (1991), Nestel et al. (1994) and
Meireles et al. (2001), all of whom observed the
largest CLM occurrence in plants under conditions of
more intense water shortage. Leaves under hydric
stress are 2° to 4° C warmer than those of well-
watered plants and, consequently, provide almost
ideal conditions for pest development (Mattson and
Haak 1987). Righi et al. (2011) evaluated the instan-
taneous soil water content in this experimental field at
the end of the same dry season and observed that plants
located farther from the tree border (from 1.5 m to the
beginning of the monocrop) were in a similar dry
condition. The soil moisture content rose inside the
rubber tree plantation. These authors attributed this
effect to rainfall interception by the trees, better water
infiltration and less water evaporation from the soil.
Thus, plants beneath rubber trees would be subject to a
lower degree of water deficiency.

With the beginning of the rains and the lessened
severity of the drought in October/November, CLM
damage declined until January 2004. This change in
the damage level seems to be in agreement with the
reports of other researchers on the incidence of this
pest in the Neotropics (Villacorta 1980; Nestel et al.



Agroforest Syst (2013) 87:1351-1362

1359

1994; Souza et al. 1998; Pereira et al. 2007), who
found that rain acts as a mortality factor. Conversely,
Lomeli-Flores et al. (2010), in a study in Chiapas,
Mexico, found a higher percentage of mined leaves in
the rainy season. Weather conditions would not only
affect CLM mortality rates but would also affect the
reproductive potential of the pest and, therefore,
significantly alter the population dynamics (Pereira
et al. 2007). On the other hand, the decrease we
observed in CLM damage may have been due to the
senescence and the natural leaf fall. It is not possible to
determine the turnover attack, as the leaves were not
marked.

The degree of CLM damage on the plants located
beneath the rubber trees (positions from —13.7 to
—2.3 m, receiving 25-40 % I,) remained more stable
with the increase in air temperature from July onwards
(Figs. 1a, 3). From July onward, the damage was very
low, with few mined leaves per plant; in contrast,
CLM damage oscillated widely in plants located
farther from the rubber trees. The coffee plants with
45 % 1, (1.5 m) showed a sudden decrease in CLM
damage from August through October, and from then
on all values were similar to those found in shadier
areas (25-40 % 1., from —13.7 to —2.3 m). These
latter plants, from September onward, showed a
slightly lower level of damage until the end of the
experiment (Fig. 3). These observations partially
contradict the conclusions drawn by a number of
other investigators (Reis et al. 1975; Machado et al.
1978; Reis and Souza 1979, 1986; Villacorta 1980;
Paulini 1990). Although the incidence of this pest
usually increases during the dry season, this was not
always the case in sunnier locations in this experiment.
Our results directly contradict other reports from the
Neotropics of CLM outbreaks following the reduction
of shade and the coincidental use of pesticides on
coffee farms (Monterrey et al. 2001; Fragoso et al.
2002; Carvalho et al. 2005; Lomeli-Flores et al. 2010).

In this experiment, no significant changes in the
water vapor-pressure deficit between the two environ-
ments (inside and outside the rubber tree plantation),
were expected. Sampaio (2003), in a similar experi-
ment with agai (Eutherpe oleracea Mart.) and rubber
trees, observed a decrease of up to 1°C in air
temperature in the AFS in comparison with the
monoculture, during the hottest hours of the day.
Shade can raise the hydric status by lowering the
temperature of the leaves on plants under hydric stress

(Ludlow and Powles 1988), and as observed by Righi
(2005), coffee plants under an irradiance of <45 % I,
are able to transpire freely. Avilés (1991) observed
that the mortality rate of CLM larvae inside mined
leaves increased when the water content rose, and
Fonseca (1949) observed that abundant sap in leaves
retards the growth of the larvae. In agreement with this
idea, Bigger (1969 in: Parra 1985) found a higher
larval mortality rate in younger leaves (53 %) than in
older ones (15 %). In addition, Bigger came to the
conclusion that rain did not cause mortality of the
larvae in the field. According to Tapley (1961), high
air relative humidity is not sufficient to kill the larvae
inside the leaves, and the water must reach the plants
directly to raise mortality rates. Therefore, it appears
that water status and, consequently, the lower hydric
potential could provide a clue to a reasonable expla-
nation for the smaller degree of CLM damage in
relatively more shaded coffee plants (2540 % 1,),
even though these were located in better protected
areas.

Complementary discussion

A better understanding of the eco-physiological inter-
action in an AFS will likely suggest new lines of
scientific inquiry, in addition to improving crop
management. Management of solar radiation and
microclimate in an AFS by pruning shade trees during
colder periods may be one way to control CLM
damage in coffee. Most studies of CLM incidence fail
to adequately characterize the plant microclimate.
There is a lack of rigorous measurement of radiation
intensity in relation to CLM incidence. It is therefore
necessary to quantify the radiation intensity pre-
cisely—and not merely to state the conditions as
“shade” or “sun”.

Shade increases the foliar water content by reduc-
ing the temperature and vapor-pressure deficit, result-
ing in abundant water in leaves, which is less suitable
for the development of CLM larvae. We suggest that
the smaller degree of CLM damage in shadier areas is
most likely due to asphyxiation of the larvae inside the
leaf, as previously observed by Fonseca (1949) and
Avilés (1991). This seems to be the main reason for the
wider distribution and increased severity of damage of
this pest during the dry season in many areas, which
would occur in sunnier areas and with high air
temperatures, as reported by several investigators
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(Reis et al. 1975; Machado et al. 1978; Reis and Souza
1979, 1986, Villacorta 1980; Paulini 1990). Fanton
(1991) measured the hydric potential of leaves in
CLM-infested coffee plants, although he did not relate
it to pest attacks. Future studies should attempt to
relate leaf hydric potential to pest attack under field
conditions.

Conclusions

In our study, the rubber trees acted as a shelter during
the colder autumn and winter seasons, leading to a
higher incidence of CLM damage to coffee plants that
extended to a distance about equal to the height of the
trees (1 H).

The coffee plants adapted to the different situations
(number of leaves, foliage area, etc.) and were
damaged to different degrees throughout the year.
Plants in full sun suffered the highest CLM damage
only at the end of winter, with the increase in air
temperature and hydric deficit. They showed similar
damage levels to those in shadier positions (25-40 %
I;) until the end of winter (August). Coffee plants
grown beneath the rubber-tree canopy in shadier
positions (25-40 % 1,) were less damaged by CLM
throughout the year. However, they showed the largest
fraction of mined leaves, which can further compro-
mise plant growth because of the naturally reduced
foliage area.

Acknowledgments Special thanks to the Funda¢do de Amparo a
Pesquisa do Estado de Sao Paulo (Foundation for Research Support
of the State of Sdo Paulo, or FAPESP) for financial support, and to
Prof. Dr. José Dias Costa for his unconditional help. We are also
grateful to Prof. Dr. José RP Parra for his corrections and
suggestions on this paper, to Prof. Dr. Jodo Luis F Batista for
conceptual system analysis, and to Janet W Reid for the language
corrections. Furthermore, we thank the kind and accurate
suggestions and corrections made by the two anonymous reviewers.

References

Avilés DP (1991) Avaliagdo das populagdes de bicho mineiro do
cafeeiro Perileucoptera coffeella (Lepdoptera: Lyonetii-
dae) e seus parasitoides e predadores: metodologia de
estudo e flutuagc@o estacional. PhD thesis. Universidade
Federal de Vicosa, Vicosa

Barradas V, Fanjul L (1986) Microclimatic characterization of
shaded and open-growth coffee (Coffea arabica) planta-
tions in Mexico. Agric For Meteorol 38:101-112

@ Springer

Beer JW, Kass D, Somarriba E, Muschler RG (1998) Shade
management in coffee and cacao plantations. Agrofor Syst
38:139-164

Bigger M (1969) Partial resistance of arabica coffee to the coffee
leaf miner Leucoptera meyricki Ghesq. (Lepidoptera,
Lyonetiidae). E Afr Agric For J 34(4):441-445

Borkhataria R, Collazo JA, Groom MJ, Jordan-Garcia A (2012)
Shade-grown coffee in Puerto Rico: opportunities to pre-
serve biodiversity while reinvigorating a struggling agri-
cultural commodity. Agric Ecosyst Environ 149:164—170

Brenner AJ (1996) Microclimatic modifications in agroforestry.
In: Ong CK, Huxley P (eds) Tree—crop interactions: a
physiological approach. CAB International, Wallingford,
pp 159-187

Bustillo AE, Villacorta A (1994) Manejo de las principales
plagas del café en plantaciones de altas densidades. In:
Proc Int Symp High Coffee Tree Density. Londrina, PR,
pp 185-196

Camargo AP (1985) O clima e a cafeicultura no Brasil. Inf
Agropec 126(11):13-26

Cardenas RM (1981) Caracterizacion histo-morfoldgica del
dafio del minador de la hoja, Leucoptera coffeella (Guérin-
Meneville), en especies y hibridos de Coffea spp. y ob-
servaciones sobre a resistencia. PhD thesis. Universidad
Nacional de Colombia, Bogota

Cardinale B, Harvey C, Gross K, Ives A (2003) Biodiversity and
biocontrol: emergent impacts of a multi-enemy assemblage
on pest suppression and crop yield in an agroecosystem.
Ecol Lett 6:857-865

Carracedo CJ, Oliva A, Zorrilla M (1991) Influencia de algunos
factores ecoldgicos en las fluctuaciones poblacionales del
minador de la hoja del cafeto en el Tercer Frente, Santiago
de Cuba. Rev Baracoa 21(1):7-29

Carvalho GA, Miranda JC, Moura AP, Rocha LCD, Reis PR,
Vilela FZ (2005) Controle do Leucoptera coffeella (Gué-
rin-Ménéville, Perrottet, 1842) (Lepidoptera: Lyonetiidae)
com inseticidas granulados e seus efeitos sobre vespas
predadoras e parasitdides. Arq Inst Biol 72(1):63-72

Concei¢ao CHC, Guerreiro-Filho O, Gongalves W (2005) Flu-
tuacdo populacional do bicho-mineiro em cultivares de
café arabica resistentes a ferrugem. Bragantia 64(4):
625-631

Cornelissen T, Stiling P (2008) Clumped distribution of oak leaf
miners between and within plants. Basic Appl Ecol
9:67-77

De la Mora A, Livingston G, Philpott SM (2008) Arboreal ant
abundance and leaf miner damage in coffee agroecosys-
tems in Mexico. Biotropica 40(6):742-746

Fanton CJ (1991) Efeito do déficit hidrico na biologia do bicho-
mineiro-do-cafeeiro, Perileucoptera coffeella (Lepdopter-
a: Lyonetiidae). PhD thesis. Universidade Federal de
Vicosa, Vicosa

Fonseca JP (1949) O “bicho-mineiro” das folhas do café e seu
combate. O Bioldgico 15(9):167-172

Fragoso DB, Guedes RNC, Picango MC, Zambolim L (2002)
Insecticide use and organophosphate resistance in the
coffee leaf miner Leucoptera coffeella (Lepidoptera:
Lyonetiidae). Bull Entomol Res 92:203-212

Koppen W (1948) Climatologia: con un estudio de los climas de
la tierra (translated by Pérez PRH). Fondo de Cultura
Economica, Mexico



Agroforest Syst (2013) 87:1351-1362

1361

Krug CA (1959) World coffee survey. FAO, Rome

Kumar D (1979) Some aspects of the physiology of Coffea
arabica L. A review. Kenya Coffee 44:9-47

Leroy T, Altosaar I, Duris D, Frutos R, Henry AM, Royer M,
Philippe R (2000) Genetically modified coffee plants
expressing the Bacillus thuringiensis crylAc gene for
resistance to leaf miner. Plant Cell Rep 19:382-389

Lomeli-Flores JR, Barrera JF, Bernal JS (2009) Impact of nat-
ural enemies on coffee leafminer Leucoptera coffeella
(Lepidoptera: Lyonetiidae) population dynamics in Chia-
pas, Mexico. Biol Control 51:51-60

Lomeli-Flores JR, Barrera JF, Bernal JS (2010) Impacts of weather,
shade cover and elevation on coffee leafminer Leucoptera
coffeella (Lepidoptera: Lyonetiidae) population dynamics and
natural enemies. Crop Prot 29:1039-1048

Ludlow MM, Powles SB (1988) Effects of photoinhibition
induced by water stress on growth and yield of grain sor-
ghum. In: Evans JR, Caemmerer S, Adams IIl WW (eds)
Ecology of photosynthesis in sun and shade. CSIRO,
Melbourne, pp 179-194

Machado JRM, Ferreira AJ, Sampaio AS (1978) Flutuacdo
populacional de “bicho-mineiro” das folhas do cafeeiro
em 2 regides cafeeiras do Estado do Ceard. In: Cong. Bras.
Pesq. Cafeeiras. IBC, Rio de Janeiro

Mattson JW, Haak RA (1987) The role of drought stress in
provoking outbreaks of phytophagus insects. In: Brabosa P,
Schultz JC (eds) Insect outbreaks. Academic Press, San
Diego

Meireles DF, Carvalho JA, Moraes JC (2001) Avaliacdo da
infestag@o do bicho-mineiro e do crescimento do cafeeiro
submetido a diferentes niveis de déficit hidrico. Ciénc
Agrotec 25(2):371-374

Mendonga JMA, Carvalho GA, Guimaraes RJ, Reis PR, Rocha
LCD (2006) Produtos naturais e sintéticos no controle de
Leucoptera coffeella (Guérin-Meneville & Perrottet, 1842)
(Lepidoptera: Lyonetiidae) e seus efeitos sobre a predagao
por vespas. Ciénc Agrotec 30(5):892-899

Monteith JL, Ong CK, Corlett JE (1991) Microclimatic inter-
actions in agroforestry systems. For Ecol Manag 45:31-44

Monterrey J, Suarez D, Gonzalez M (2001) Comportamiento de
insectos en sistemas agroforestales con café en el Pacifico
sur de Nicaragua. Agrofor Am 8(29):15-21

Moraes JC (1998) Pragas do Cafeeiro: Importancia e Métodos
Alternativos de Controle. UFLA/FAEPE, Lavras

Muschler RG (2001) Shade improves coffee quality in a sub-
optimal coffee-zone of Costa Rica. Agrofor Syst
85:131-139

Nestel D, Dickschen F, Altieri MA (1994) Seasonal and spatial
population loads of a tropical insect—the case of the coffee
leaf-miner in Mexico. Ecol Entomol 19(2):159-167

Oliveira ACS, Martins SGF, Zacarias MS (2008) Computer
simulation of the coffee leaf miner using sexual Penna
aging model. Physica A 387:476-484

Parra JRP (1985) Biologia comparada de Perileucoptera
coffeella (Guérin-Meneville, 1842) (Lepdoptera, Lyonet-
iidae) visando ao seu zoneamento ecoldgico no Estado de
Sédo Paulo. Rev Bras Entomol 29(1):45-76

Paulini AE (1990) Manejo integrado de pragas do café no Es-
pirito Santo. In: Fernandes OA, Correia ACB, Bortoli SA
(eds) Manejo Integrado de Pragas e Nemato6ides. FUNEP,
Jaboticabal, pp 59-80

Pereira EJG, Picango MC, Bacci L, Crespo ALB, Guedes RNC
(2007) Seasonal mortality factors of the coffee leafminer,
Leucoptera coffeella. Bull Entomol Res 97:421-432

Perfecto I, Armbrecht I, Philpott SM, Soto-Pinto L, Dietsch TV
(2007) Shaded coffee and the stability of Rainforest mar-
gins in Latin America. In: Tscharntke T, Leuschner C,
Zeller M, Guhadja E, Bidin A (eds) The stability of tropical
rainforest margins, linking ecological, economic and social
constraints of land use and conservation, Environmental
Science Series. Springer, Heidelberg, pp 227-263

Philpott SM, Armbrecht I (2006) Biodiversity in tropical agro-
forests and the ecological role of ants and ant diversity in
predatory function. Ecol Entomol 31:369-377

Ramiro DA, Guerreiro-Filho O, Queiroz-Voltan RB, Matthiesen
SC (2004) Caracterizagdo anatomica de folhas de cafeeiros
resistentes e suscetiveis ao bicho-mineiro. Bragantia 63(3):
363-372

Reis PR, Souza JC (1979) Resisténcia do bicho-mineiro-do-
cafeeiro, Perileucoptera coffeella (Guérin-Meneville)
(Lepdoptera, Lyonetiidae) a baixas temperaturas. In: 7th
Congresso Brasileiro de Pesquisas Cafeeiras. Rio de Janeiro

Reis PR, Souza JC (1986) Influéncia das condi¢des do tempo
sobre a populagéio de insetos e acaros. Informe Agropec-
uario 38(12):25-30

Reis PR, Souza JC (1996) Manejo integrado do bicho-mineiro,
Perileucoptera coffeella (Guérin-Meneville) (Lepdoptera,
Lyonetiidae) e seus reflexos na producao de café. An Soc
Entomol Brasil 25:77-82

Reis PR, Lima JOG, Souza JC (1975) Flutuacao populacional do
“bicho-mineiro” das folhas do cafeeiro, Perileucoptera
coffeella (Lepdoptera, Lyonetiidae), nas regides cafeeiras do
Estado de Minas Gerais e identificacdo de inimigos naturais.
In: 3rd Cong. Bras. Pesq. Cafeeiras. Curitiba, Parana

Reis PR, Souza JC, Venzon M (2002) Manejo ecoldgico das prin-
cipais pragas do cafeeiro. Inf Agropecu 214/215(23):83-99

Righi CA (2005) Avaliagéo ecofisioldgica do cafeeiro (Coffea
arabica L.) em sistema agroflorestal e em monocultivo.
Piracicaba. PhD thesis. Universidade Sdo Paulo, Piracicaba

Righi CA, Bernardes MS (2008) The potential for increasing
rubber production by matching tapping intensity to leaf
area index. Agrofor Syst 72(1):1-13

Righi CA, Lunz AMP, Bernardes MS, Pereira CR, Dourado-
Neto D, Favarin JL (2008) Radiation availability in agro-
forestry system of coffee and rubber trees. In: Shibu J,
Gordon A (eds) Toward agroforestry design: an ecological
approach. Series: Advances in Agroforestry, chap. 15.
Springer SBM, Dordrecht, pp 249-266

Righi CA, Bernardes MS, Lunz AMP, Pereira CR, Camargo FT
(2011) Competi¢do por dgua em um sistema agroflorestal
de seringueira e cafeeiro. In: Annals 8th Congresso Bra-
sileiro de Sistemas Agroflorestais. Embrapa, Belém

Sampaio LS (2003) Radiagao e crescimento de plantas jovens de
acai em sistemas agroflorestais. Piracicaba. PhD thesis.
Universidade Sao Paulo, Sdo Paulo

Sentelhas PC, Angelocci LR, Barbieri V, Marin FR, Pereira AR,
Villa-Nova NA (1998) Analise dos dados climaticos e do
balang¢o hidrico climatoldgico de Piracicaba (1917-1997).
DFM/ESALQ/USP, Piracicaba

Souza JC, Reis PR, Rigitano RLO (1998) Bicho Mineiro do
Cafeeiro: Biologia, Danos e Manejo Integrado, 2nd edn.
Technical Bulletin 54. EPAMIG, Belo Horizonte

@ Springer



1362

Agroforest Syst (2013) 87:1351-1362

Tapley RG (1961) Natural mortality of eggs and early instars of
leaf miner. Research report. Lyamungu Coffee Research
Station, Coffee Research Services, Tanganyika

Teodoro A, Klein AM, Tscharntke T (2008) Environmentally
mediated coffee pest densities in relation to agroforestry
management, using hierarchical partitioning analyses.
Agric Ecosyst Environ 125:120-126

Thomaziello RA, Fazuoli LC, Pezzopane JRM, Fahl JI, Carelli
MLC, (2000) Café ardbica: cultura e técnicas de produgéo.
Boletim Técnico 187. Inst. Agronomico of Campinas,
Campinas

Thornthwaite CW (1948) An approach toward a rational clas-
sification of climate. Geogr Rev 38:55-94

Vega FE, Posada F, Infante F (2006) Coffee insects: ecology and
control. In: Pimentel D (ed) Encyclopedia of pest man-
agement. Dekker (published online)

@ Springer

Velasco E, Verdecia J, Medina R, Rodriguez L (2001) Variac-
iones en el microclima de un cafetal en dependencia de la
exposicion a la radiacion solar en las condiciones del
macizo de la Sierra Maestra. Cult Trop 22:53-59

Venzon M, Ciociola Al Jr, Fadini AM, Pallini A, Rosado MC
(2005) The potential of Neem Azal for the control of coffee
leaf pests. Crop Prot 24:213-219

Villacorta A (1980) Alguns fatores que afetam a populacdo
estacional de Perileucoptera coffeella, Guérin-Meneville,
1842 (Lepidoptera, Lyonetiidae) no Norte do Parand. An
Soc Entomol Brasil 9:23-32



	Influence of rubber trees on leaf-miner damage to coffee plants in an agroforestry system
	Abstract
	Introduction
	Materials and methods
	Results
	Solar radiation and plant plasticity
	Influence of rubber trees on CLM damage

	Discussion
	Solar radiation and plant plasticity
	Influence of rubber trees on CLM damage
	Complementary discussion

	Conclusions
	Acknowledgments
	References


