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Cultivation of Cedrela odorata, a valuable tropical hardwood species, is restricted by the mahogany shoot borer (Hypsipyla
grandella), whose attacks reduce stem quality in forest plantations. This study investigated whether infestation rates would be
reduced and growth performance improved by the intercropping of C. odorata tree seedlings with different crop rotations. The
height increment achieved by C. odorata during the first two years was significantly stimulated by the intercropping of maize (Zea
mays), pigeon pea (Cajanus cajan), and cassava (Manihot esculenta). Attacks of H. grandella were also considerably reduced in
these treatments, compared to the control plots, while intercropping with beans and rice produced no improvement. The effect
was particularly distinct when lateral competition between trees and crops was high. Accordingly stem quality was higher in the
treatments featuring tall crops. Trees intercropped with C. cajan performed best in terms of height (276 cm +93), survival (100%
+0), and quality (81% +13.5 of trees with satisfying stem quality) after two years. We concluded that intercropping of tree seedlings
which are susceptible to H. grandella with shrubby multipurpose species can improve both tree growth and timber quality and

hence increase the attractiveness of such species for reforestation.

1. Introduction

Cedprela odorata L., a member of the family Meliaceae, is val-
ued on international markets for its attractive wood. Native
to most of Central America, it is now widespread throughout
subtropical and tropical life zones [1-3]. Despite its wide
native range, individuals are not very common in natural
forests and are mostly scattered in mixed semievergreen or
semideciduous forests dominated by other species [4]. Due
to extensive timber extraction and poor natural regeneration
[5], the species is now considered to be endangered in
Mesoamerica [6]. However, the demand for the wood, sold
under the commercial name “Spanish Cedar,” remains high.
Similar to other species of the Meliaceae family, such as
Swietenia macrophylla King, the wood is both rot and termite
resistant, which, along with its light weight (specific gravity
of 0.4 [7]), makes it highly suitable for exterior constructions.

Due to its high strength, easy workability, and its low and
even shrinkage, it is also frequently made into veneer and
used for furniture and interior fittings [8, 9]. Additional
characteristics—among others, the medicinal value of the
bark—make it a desirable multipurpose tree species [9].
In spite of the high demand for its wood, however, C.
odorata is rarely used in reforestation projects or commercial
plantations due to low planting successes in the past [3, 9].
In Central America, the main obstacle is the high sus-
ceptibility of C. odorata (along with other species of the
Meliaceae family) to attack by the mahogany shoot borer
(Hypsipyla grandella Zeller). This insect is a small moth
(Pyralidae) that bores into the pith of terminal shoots, ulti-
mately resulting in multiple shoot growth and forked trunks
of little economic value [10]. Once a plantation is invaded
by the insect, nearly all trees are attacked, thus rendering the
production of Meliaceae hardwoods in pure stands too risky.



Hence, considerable research has been carried out to reduce
Hypsipyla infestation. For example, much effort has been
spent on the development of viable insecticides [11], pest-
resistant planting stock [6, 12, 13], and on the introduction
of parasitoids, predators, or viruses [14]. Yet, up to now,
none of these methods have proved effective in preventing
damage [14]. Consequently, it is widely acknowledged that
a significant reduction in mortality can be achieved only
by combining these measures with silvicultural management
options, such as admixing with other tree species, in order
to reduce the density of potential host trees [6, 9, 15, 16].
In Central America, C. odorata is therefore frequently used
and promoted, for example, as a shade tree in agroforestry
systems alongside coffee [17, 18] or cacao [19, 20], in pastures
[9], and in living fences [21, 22]. These systems might not,
however, be able to tap the full potential of this tree species
and might not provide either the quality or the quantity of
wood demanded. Due to lack of knowledge about native
hardwood species, exotic tree species are generally used for
large-scale reforestation in Central America. In Panama, for
example, where the present study took place, 82% of the
reforested area is planted in nonnative species such as Tectona
grandis, Pinus caribaea, and Acacia mangium [23]. However,
studies have shown that native tree species might be better
able to restore degraded land, fulfill multiple purposes, and
at the same time, be equally attractive in terms of financial
returns [24-26].

Given the scarcity of C. odorata in natural forests and
the high demand for its wood, the objective of the present
study was to test new management options to successfully
include C. odorata in forest plantations to meet this demand,
while reducing logging pressure on remnant natural forests
and ensuring the preservation of the species. As noted
above, agroforestry systems have already been considered as a
possible option for integrating C. odorata into the landscape.
It is widely acknowledged that such land-use systems can
help to enrich the ecological value of the landscape [27, 28],
improve the economic situation of farmers [29, 30], and also
contribute to food security. Moreover, studies have shown
that lateral competition in agroforestry systems can improve
growth and quality of C. odorata [6, 19]. However, rather than
using the species for scattered shade trees between crops or
in pastures, the approach of this study was to create a fully
stocked forest plantation of C. odorata with the purpose of
sawn wood production with a typical tree density for tropical
forest plantations [31]. During the first two years after
plantation establishment, trees were enriched by different
agricultural crops. The system of planting mostly staple food
crops between young tree seedlings is well known under the
name “Taungya” and originates from southeast Asia [32]. It
has been applied throughout the tropics, including Central
America [33, 34]. Studies with S. macrophylla in Belize and
Puerto Rico have shown that this agroforestry system might
help to overcome the difficult initial growth phase where
plantations are most susceptible to H. grandella infestation
(35, 36].

For this study we hypothesized that intercropping of C.
odorata would reduce H. grandella infestation and at the same
time improve both growth performance and timber quality.
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Four intercropping treatments including different staple food
crops were tested and compared to pure C. odorata stands.

2. Materials and Methods

2.1. Study Area. The experimental site is located near the
town of Torti, at the border of the Provinces of Panama
and Darien in the eastern part of the Republic of Panama

(9°8630 N, 79°9320 W). The elevation is 119 meters
above sea level, and the mean annual temperature is 26.4°C
[37]. Mean annual precipitation is 1910 mm, with a dry
season between January and March with less than 30 mm
of monthly rainfall [37]. The study site is characterized by
Vertisols, with a clayey texture featuring the typical formation
of mounds and depressions known as “Gilgai,” that develop
due to the shrinking and swelling of the soils [38]. With
the exception of these differences in the microrelief, the
experiment was established on a plain. The land-use history
of this region is relatively young, with intensive conversion
of previously undisturbed tropical rainforest into farmland
beginning in the 1970s [39]. The experimental site itself was
used for several years as cattle pasture, but today it is owned
and used as a commercial forest plantation by the Forest
Finance Group. In August 2009, twenty plots of 200 m*, each
containing 16 C. odorata seedlings, were established within
an area of 3.7 hectares. One of five treatments (to be described
below) was randomly assigned to each of these plots and
hence to 64 trees.

2.2. Intercropping Treatments. The four different intercrop-
ping treatments which were compared to pure C. odorata
plantations without intercrop (FP) are displayed in Table
1. In two of these intercropping treatments different crops
were planted in rotation, while in the other two only one
crop was planted during the observation period of two
years. In the M-B-M-M treatment common beans (Phaseolus
vulgaris) were alternately planted with maize (Zea mays)
to improve soil fertility. At the same point in time, beans
were also planted in the B-R-R treatment previous to two
consecutive rice rotations (Oryza sativa). This simultaneous
planting of beans with and without previous maize harvest
was done to enable comparison of the nutrient cycle between
the two treatments (not discussed in this paper). In addi-
tion to the two grain/bean rotations, a commonly grown
tuber crop—cassava (Manihot esculenta)—and a leguminous
shrub—pigeon pea (Cajanus cajan)—were included in the
experiment. Both are shrubs reaching heights of up to 3 m.
Pigeon pea is a common agricultural plant in Panama, as
the peas are used for a traditional Christmas dish, and
the leaves are used as fodder for cattle due to their high
nutritional value and are also frequently processed to make
medicinal ointments. These multiple purposes, along with
its ability to fix nitrogen, make C. cajan a desirable plant
for agroforestry systems [28, 40]. Previous to the planting of
pigeon pea, ginger (Zingiber officinale) was planted in these
plots. However, as this crop did not germinate in the trial,
the management in these plots can be considered as identical
to that undertaken in the control plots (FP) during the first
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TaBLE 1: Overview of the different crop rotations planted between C. odorata trees. Light shading indicates crops with a height of less than
1 m, and dark shading indicates crops reaching a height greater than 2 m.

Calendar year, (calendar month), and month after tree planting

.. 2009 2010 2011
Treatment Abbreviation
[08-11] [11-02] [02-05] [05-08] [08=11] [11-02] [02-05] [05-08]
0-03 03-06 06-09 09-12 12-15 15-18 18-21 21-24
Maize-beans-maize-maize M-B-M-M Beans l!@
Beans-rice-rice B-R-R Beans Rice Rice
Cassava C Cassava
Ginger! -pigeon pea G-P Pigeon pea
Forest plantation without intercrop FP

1
Is not displayed, as seeds did not germinate.

9 months, and no further mention of ginger will be made in
the discussion to follow.

2.3. Tree and Crop Management. The seedlings for the plan-
tation were raised in the projects nursery, with the support
of Brinkman y Asociados Reforestadores de Centro América,
SA (BARCA SA). Seeds were collected from 5 mother trees
in natural forests in the adjacent districts of Chepo and
Chepigana. Before tree planting, tall grasses and woody suc-
cessional vegetation were cleared manually and chemically
using Glyphosate (4Lha™'). One week after planting, 20 g
of 15-30-8 N-P-K fertilizer was divided among three holes
placed at a distance of 15cm from each tree. In the control
plots, spot-ringed cleaning using a machete was applied to all
trees every four weeks for the first four months. During the
following months any regrowth of competing vegetation in
these plots was cut back to the ground every four months.
In the agroforestry plots, both manual and chemical weed
control were carried out before crop sowing. No weeding
had to be carried out during crop cultivation, as the crops
rapidly shaded out grasses. In plots in which temporarily no
intercrop was present (see Table 1), vegetation was cut every
four months in accordance to the management.

Crops were planted starting two weeks after tree establish-
ment (Table 1). Due to low precipitation, no intercropping
was carried out during the dry season. In accordance with
local agricultural practices [41], establishment and manage-
ment of crops was carried out manually, and seeds for crops
were obtained from local farmers. Cassava was cultivated
using locally-acquired stem cuttings of 15-20 cm in length
and a diameter of 2-3cm, also in accordance with local
tradition. Planting distances for maize, beans, and rice were
30 cm within rows and 90, 70, and 30 cm, between rows,
respectively. Pigeon pea and cassava were both planted at 1 x
1 m intervals. All crops were sown in a regular grid between
trees, leaving a radius of 50 cm around each tree free of crops,
thus creating very dense competition. To meet certification
standards of the Forest Stewardship Council (FSC), no pesti-
cides were applied [42], but the first and third maize rotations
were fertilized using 180 kg/ha of 15-30-8 NPK fertilizer.

2.4. Data Collection. Intercropping was carried out during
the first 18 months after tree planting. During this time, the

vegetative growth of trees was measured every three months
(starting year 0). After 24 months, a final growth performance
survey was done in order to evaluate possible long-term
effects of intercropping. Height (h) was measured as the
shortest distance between the highest tissue in the canopy
and ground level, as proposed by Cornelissen et al. [43]. Root
collar diameter (rcd) was recorded 5 cm above ground level.
Presence or absence of shoot borer attack was recorded every
three months, and if damage was detected, infested parts were
cut and burned. Also at three-month intervals, all trees were
pruned to one apical shoot, to improve wood quality.

In the first three months after plantation establishment,
we observed that the planting position relative to the microre-
lief strongly affected seedling development. While small
depressions quickly filled with water during the rainy seasons,
deep cracks developed during the dry season, making those
planting positions unsuitable for tree seedlings. Therefore the
planting position relative to the microrelief was noted, using
the code 1, for seedlings planted in depressions and 0 for
seedlings on the flank or top of a mound. In addition, the
quality of each tree was assessed and characterized as “bad”
if the stem was forked or consisted of multiple stems.

2.5. Data Analysis. A general linear mixed model (LMM)
was applied to compare tree growth (height and diameter)
between treatments. Mixed models are frequently used in
agricultural and forestry research, as they allow the inclusion
of random environmental effects [44]. In this study, the
mixed-model approach was used, as the assumption of
independence of observations was violated due to the fact
that trees are spatially clustered within plots. Therefore, plot
number was included in the model as a random factor, allow-
ing intercepts to vary across plots. The various intercropping
treatments were included as a fixed factor with 5 levels and
the microrelief for each tree as a binary covariable. The same
model was applied to test for differences in the final status of
tree traits between the different treatments after the entire 24
months, as well as at various different time periods. The latter
approach facilitates the allocation of effects to certain crop
rotations due to different planting and harvesting periods
(Table 1). Furthermore, the nonlinear growth trajectories of
the trees impeded the use of a mixed model for clustered
longitudinal data which would assign an additional random
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FIGURE 1: Height (a) and root collar diameter (b) increment per month during different time periods in different treatments. Different letters
within each time period denote significant differences between treatments (LSD test: P < 0.05). For abbreviations see Table 1.

time effect associated with both the intercept and slope
(effect of time) to each tree (within plot), as they resulted
in severe violations of model assumptions. The observation
period was therefore split up into four periods for the
purpose of analysis. The first three months were examined to
investigate the initial growth phase of the trees. Next, the first
18 months, during which enrichment planting was carried
out (including the previously examined initial three-month
period), were divided into two time periods—before and after
dry season—at 9 months. These intervals correspond to the
main sowing and harvesting periods for all crops, with the
exception of cassava (Table 1). Finally, the growth increment
in the period between 18 and 24 months was analyzed in
detail to investigate the development of trees after enrichment
planting had stopped.

To achieve normality, all dependent variables were trans-
formed using the natural logarithm. As the model is only
composed of one random effect, a simple variance compo-
nent matrix (with assumed independent random effects),
which assigned a scaled identity structure to each of the
random effects, was used. The Residual Maximum Likelihood
Estimation (REML) was applied to estimate the covariance
parameters because it produces unbiased estimates by taking
into account the loss of degrees of freedom that results
from estimating the fixed effects [45]. The Satterthwaite
approximation was used to calculate the degrees of freedom,
and Type III Sum of Squares was used to estimate fixed
effects. The assumption of normally distributed residuals was
checked using the Kolmogorov-Smirnov test. Other model
assumptions (e.g., nonlinear patterns) were revised visually
using Q-Q plots and scatter plots of conditional residuals
plotted against predicted values. Pairwise comparisons using
least significant differences (LSD) were used to test for
significant differences among treatments when the result of
the Type III test of fixed effects was significant. The analysis

was carried out using the “MIXED” command of SPSS 20.
Error probabilities below 5% (P < 0.05) were accepted
as statistically significant. In order to compare damages
caused by H. grandella between trees grown under different
treatments, an infestation rate was calculated as the quotient
of trees with visible signs of damage divided by the number
of trees alive per plot (N = 4 per treatment) and time
period. Infestation rate was tested for differences between
treatments using a Generalized Linear Model (GLM) with
a binomial probability distribution and the logit link func-
tion. Fisher scoring was used for parameter estimation. The
robust Huber/White/Sandwich method offered by SPSS 20
(“GENLIN” command) for estimating variance parameters
was used [46]. Chi-square statistics for the fixed effect
treatment were calculated using the Wald method. As the
Wald test can be unreliable in small samples, a likelihood ratio
statistic between the intercept only model and the full model
(including treatment as a factor) was also carried out [46]. The
same procedure was used to test for significant differences
between treatments in both survival rate per plot and fraction
of “bad quality” trees per plot.

3. Results

The height increment of C. odorata was significantly affected
by intercropping during the period from 0-3 months (F
(4/15.068) = 6.375; P = 0.003) and in the period from 9-18
months (F (4/15.079) = 14.473; P < 0.0001).Figure 1(a)
reveals that the initial height growth in the first three months
was higher in the maize fields compared to that found in
all other treatments (P < 0.03). This is likely due to the
intense light competition within maize fields stimulating
better height growth among the young tree seedlings. During
subsequent time periods, however, this effect was no longer
evident, with the M-B-M-M treatment showing a by trend
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TABLE 2: Height, root collar diameter, survival per plot, and rate of forked or multiple stem trees per plot (bad quality) of C. odorata, 24
months after planting in pure forest plantations (FP) or combined with intercrops (for abbreviations see Table 1). Standard deviations are
given in brackets. Different letters within columns denote significant differences between treatments (P < 0.05 based on LSD test for height
and diameter and Wald confidence intervals for survival and bad quality rate, respectively).

Height (cm) Diameter (mm) Survival (%) Bad quality (%)
G-P 276 (93) a 71 (20) a 100.0 (0.0) ! 18.8 (13.5) a
M-B-M-M 244 (83) ab 72 (18) a 92.2 (6.0) a 22.1 (11.8) a
B-R-R 229 (62) bc 68 (16) a 96.9 (6.3) a 50.0 (12.5) bc
C 251 (76) ab 70 (20) a 96.9 (6.3) a 31.7 (17.8) ab
FP 190 (59) ¢ 66 (17) a 98.4 (3.1) a 57.8 (18.7) ¢

1
Excluded from the analysis because of missing events.

inferior overall height growth. In general, however, height
increment after the first 9 months seemed not be influenced
by intercropping (F (4,14.789) = 0.586; P = 0.678). After
9 months, maize, rice, and pigeon pea were sown (May
2010), and cassava was harvested after 12 months. Between
9 and 18 months, a height increment of 137 cm (+70.6) was
recorded in the pigeon pea plots, a figure seven times higher
than the increment during this period in the plots without
intercropping (FP) (P < 0.001) and more than twice the
increment acquired by the trees in the plots that received
other agroforestry treatments (P < 0.001). After 18 months,
C. odorata in the pure forest plantation plots without crops
(FP) showed a mean height of 134 cm (+48), while heights in
the agroforestry treatments ranged between 155 cm (+£51) (B-
R-R treatment) and 235cm (+75) (G-P-treatment). During
the last observation period (18-24 months) no agriculture
was carried out between trees in any of the treatments. The
increment of trees in the former pigeon pea fields decreased
considerably after harvest, suggesting a growth-inducing
effect of the leguminous shrubs. Differences in increments
among the five treatments in the period from 18-24 months
were not statistically significant, though they had a very small
P value (F (4/15.266 = 2.994); P = 0.052).

Diameter growth also differed significantly between
treatments during the first 3 months (F (4/14.925) = 4.381;
P = 0.015) and again during the period from 9-18 months
(F (4/15.223) = 5.719; P = 0.005). However, height and
diameter growth were inversely related, suggesting that trees
competing for light and space with crops show reduced
diameter growth in favor of height growth (Figure 1(b)). This
effect was particularly evident for trees growing in maize or
pigeon pea fields. In contrast to these treatments, diameter
growth was highest during the first 9 months in the FP, B-
R-R, and G-P plots where—at this time—no crops or only
low-growing crops were planted between trees. However, in
the subsequent months, control plots showed a surprisingly
small diameter increment compared to agroforestry plots.
Thus, growth performance was better in agroforestry plots
compared to control plots in terms of both height and
diameter increment.

After two years—that is, six months after the last
crop harvest—tree height still differed among treatments
(F (4/15.050) = 4.82; P = 0.011). Trees in agroforestry
treatments were still taller than those in pure forest plantation

(FP) with the exception of those in the B-R-R treatment (see
Table 2). Greatest height was observed in G-P treatment,
followed by C treatment. Both accompanying crops (pigeon
pea and cassava) are shrubs which create a dense lateral
competition. Root collar diameter hardly differed between
treatments (see Table 2) (F (4/14.812) = 1.767; P = 0.189)
but also tended to be lowest in the FP and B-R-R plots.

Microrelief played an important role in the growth of
C. odorata. Trees planted in relative depressions were gener-
ally associated with smaller diameters (estimated regression
coefficient b, ranging between —0.091 and —0.152 with P <
0.001) and smaller heights (b ranging between -0.151 and
-0.202 with P < 0.006) during all time intervals, with two
exceptions. Relative planting position in microrelief did not
affect height increment between 9 and 18 months (b =-0.079;
SE = 0.057; P = 0.169) and between 18 and 24 months (b =
0.024; SE = 0.056; P = 0.669). At 24 months, both height and
diameter were negatively influenced by a planting position in
arelative depression (h: b=—0.11 SE 0.03; P < 0.001; rcd: b =
-0.089 SE 0.027; P = 0.001).

Overall survival rate for all treatments was high: 97% of
the 320 planted trees survived during the first two years, and
in the pigeon pea plots, not a single tree died during this
time. As the logit link function generally encounters severe
problems when no event (in this case death of tree) occurs,
and this treatment was excluded from the GLM, which
revealed that survival rate between the other treatments
did not differ significantly (Likelihood-Ratio-Test between
intercept only model and full model: Likelihood-Ratio-Chi-
Square = 3.461; df = 3; P = 0.326; fixed effect of treatment:
Wald-Chi-Square = 3.307 df = 3 P = 0.347).

The first damage from H. grandella which we observed
was found six months after planting when tree height of
C. odorata ranged between 31 and 144cm (h = 71cm +
20.7). The H. grandella population increased between 6 and
9 months during the first dry season (Figure 2). Despite
intensive management to control H. grandella, infestation
rates continued to increase between 9 and 12 months. At six
months, 59% of all C. odorata trees in the trial were infected
and at 12 months 70%. In the following time intervals,
abundance of H. grandella was generally reduced due to the
onset of the rainy season. Infestation rates decreased to 27.5%
during the period from 12 to 15 months. However, when trees
were measured after a period of 6 months without intensive
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TABLE 3: P values (P) estimated by the Wald-Chi-Test to test for differences in the fraction of infested trees per plot between pairs of treatments
within each time period. Tests were carried out using simple contrasts. Significant results with P > 0.05 are presented in bold. Exp(f3) can be
interpreted as the odds of being infected by H. grandella compared between treatment 1 and treatment 2 (Exp(f3) = odds of tree being infected
in treatment 2/0dds of being infected in treatment 1; N = 4 per treatment and time period). For abbreviations see Table 1.

Age (months) 6 6-9 9-12 12-15 15-18 18-24

Treatment 1' versus treatment 2 P Exp(f) P Exp(f) P Exp(B) P Exp(f) P Exp(f) P  Exp(f)

FP 0.36 1.76 0.26 0.61 0.11 2.74 0.00 10.31  0.00 5.80 0.37 3.10

G-P? versus C 0.35 0.58 0.01 0.37 0.44 0.64 0.06 3.55 0.00 9.98 0.33 0.39

B-R-R 0.27 0.45 0.70 0.80 0.83 1.17 0.02 5.40 0.03 3.22 0.69 1.52

M-B-M-M 0.06 0.28 0.14 0.39 0.16 0.47 0.07 3.24 0.12 2.01 0.28 0.34

B-R-R 0.42 1.62 0.33 2.05 0.08 2.49 0.26 1.67 0.23 1.61 0.02 4.51

M-B-M-M versus C 0.07 2.12 0.91 0.94 0.32 1.35 0.79 1.10 0.00 4.97 0.81 1.14

Fp 0.00 6.40 0.48 1.56 0.00 5.80 0.02 3.18 0.00 2.89 0.02 9.16

B-R-R versus Fp 0.01 3.94 0.63 0.76 0.17 2.33 0.30 1.91 0.21 1.80 0.49 2.03

C 0.56 1.31 0.12 0.46 0.29 0.54 0.42 0.66 0.01 3.10 0.03 0.25

C versus Fp 0.00 3.02 0.14 1.66 0.00 4.31 0.05 2.90 0.19 0.58 0.03 8.02

1
Redundant parameter in the estimation algorithm (coded 0).

?Because of easier interpretation of odds >1 control was not set as a reference category in this table. Comparison of treatments can be conversed using the

reciprocal value of Exp(f3).
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FIGURE 2: Infestation rate of C. odorata trees with H. grandella
per plot, displayed by treatment and observation period (N per
treatment = 4). For abbreviations see Table 1.

pest management (after the end of the 24 month observation
period), the infestation rate per plot had climbed again to
100%, revealing the importance of a continuous monitoring
interval of 3 months or less.

Prediction of infestation probability was significantly
improved by the inclusion of treatment effects during all
time periods (Likelihood-Ratio-Test between intercept only
model and full model Likelihood-Ratio-Chi-Square = 10.588
(18-24 months) to 37.502 (12—15 months), df =4, P < 0.032;
test for treatment effect; Wald-Chi-Square = 9.915 (15-18
months) to 35.875 (15-18 months), df = 4, P < 0.042).
Figure 2 reveals that infestation rates were particularly high

in the G-P, B-R-R, and FP treatments during the first 12
months. On all of these plots, either no crop was grown or
only crops less than 1 m in height were present during this
time interval (see Table 1). In contrast, mean infestation rate
of trees in dense maize and cassava fields tended to be lower.
For instance, between 9 and 12 months an average of 87%
(+£8%) of trees were attacked by H. grandella on the four
pure forest plantation plots (FP), but only 55% (+6%) in the
maize fields (M-B-M-M treatment) and 62% (+15%) in the
cassava fields (C treatment). These differences were highly
significant (P < 0.001, see Table 3). With increasing height
of the pigeon pea shrubs (sown after 9 months), infestation
rates decreased considerably. Between 12 and 18 months,
when the shrubs had reached their final height of up to 3 m,
in two of the four plots assigned to the G-P treatment, no
single tree was affected by H. grandella. Between 12 and
15 months, the risk of a C. odorata tree being attacked by
the moth was 10 times higher on the pure forest plantation
plots compared to the pigeon pea plots (Exp(f8) = 10.3; 95%
Wald confidence interval 2.27-47.6; P = 0.002, see Table 3)
and 3 times higher compared to the maize and cassava plots
(M-B-M-M versus FP: Exp(f3) = 3.18, 95% Wald confidence
interval 1.212-8.354, P = 0.02; C versus FP: Exp(ff) =
2.9, 95% Wald confidence interval 0.986-8.540). The same
effect was observed in the subsequent time period (15-18
months), infestation rates of trees in former cassava plots
(cassava was harvested after 12 months in the C treatment), in
rice (B-R-R treatment), and pure forest plantation plots (FP
treatment) were significantly higher than in pigeon pea plots
(G-P treatment) (P < 0.001; P = 0.033 and 0.001, resp.). High
infestation rates led to multiple adventitious shoot forma-
tions, resulting in trees with bad stem quality. Accordingly,
the lowest percentage of forked or multiple-stemmed trees
was observed in the G-P treatment (19% +13), and the highest
percentage in the FP plots, in which 58% of trees were badly
shaped (P < 0.001 between these treatments) (see Table 2).
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The odds for bad quality were significantly higher in the
FP plots compared to the G-P (Exp(f8) = 5.95, 95% Wald
confidence interval = 2.2-16.1), M-B-M-M (Exp(f3) = 4.8,
95% Wald confidence interval = 2.0-11.5), and C treatment
(Exp(B) = 2.8, 95% Wald confidence interval = 1.11-7.4).
In the B-R-R treatment the probability of occurrence of bad
quality trees was 3.4 times higher compared to the M-B-M-
M treatment (95% Wald confidence interval = 1.7-7.2) and
4.3 times higher compared to the G-P treatment (95% Wald
confidence interval = 1.8-10.3).

4. Discussion

The overall performance of C. odorata observed in this study
fits well to growth data from other trials of the same age.
In Panama, mean heights of 0.5 to 2.2m and mean basal
diameters of 3 to 7.5 cm after two years have been reported
[16, 47-49]. A wide range of survival rates for C. odorata can
be found in other studies, which are, however, all below the
high rates observed here [6, 47, 50, 51] with the exception of
the study by von Breugel et al. [48] which looked at a variety
of sites and also found survival rates of up to 90%. Due to
high mortality rates, Plath et al. [47] suggested C. odorata
might best be planted at sites with well-drained soils. This
was not supported by our study, as the high clay content of
the present soils, which tended to be waterlogged during the
rainy season, did not seem to adversely affect tree survival.
However, we did find that a planting position in a relative
depression negatively affected tree growth performance. But,
of the few trees that died during the first two years, only
40% had a planting position in a potentially waterlogged
microsite. Nevertheless small-scale site conditions should be
taken into account during planting.

The overall high survival rates that we observed despite
the high rates of infestation also support observations of other
authors that attacks by H. grandella usually do not cause tree
death but rather lead to a reduction in growth performance
and timber quality [10, 14, 15]. With the exception of one, all
320 trees were attacked at least once by H. grandella during
the 2-year observation period, supporting the accepted view
that C. odorata is highly susceptible to H. grandella in com-
mercial reforestation projects [52-54]. However, the present
study shows that infestation rates can be significantly reduced
when intercropping young tree seedlings with agricultural
crops as is traditionally carried out in the Taungya system.
Crops that reach the same height as tree seedlings or tower
above them, such as maize, cassava, and pigeon pea, seem
to be especially appropriate. Height growth performance and
pest damage were strongly connected, as the infested, mostly
apical branches were either cut or died off. However, the
magnitude of induced height increment cannot be attributed
to reduced pest infestation alone. This is supported by the
diameter growth rates observed, that also tended to be
higher in the agroforestry treatments compared to the control
plots. Factors contributing to improved growth performance
might include competition for light, in the case of height
increment, along with additional positive effects of crops,
such as the shading out of competing grasses, reduction of
soil compaction by their roots, improved nutrient input from

their foliage, and the nitrogen-fixing ability of C. cajan. It
is known that taller trees with multiple shoots are affected
less by shoot borers [12, 55]. Inducing rapid early growth
by intercropping can therefore be an effective silvicultural
measure to help reduce damages by H. grandella. This might
also have a clear economic advantage, as frequent monitoring
and manual cutting of infested parts are cost intensive. The
clear increase of infestation between 18 and 24 months when
monitoring frequency was reduced and seems to indicate
the necessity for a three-month monitoring interval during
the first two years. Therefore, if the time period in which
H. grandella can cause serious damage to the tree can be
shortened by encouraging faster initial growth, costs can be
reduced considerably.

Lateral shade also significantly improved quality of C.
odorata stems. Although future development cannot be reli-
ably predicted from an observation period of only two years,
results during this period can certainly be interpreted as a first
indicator. Both effects—improved growth performance and
timber quality of C. odorata—have also been reported from
other agroforestry systems which included other shrubby
species, such as coffee [17, 18] and cacao [19], and the positive
effect has been shown to increase with lateral competition
[6]. This finding is supported by the present study. The effect
was highest in maize fields during the first three months
after plantation establishment and in the pigeon pea fields
when the shrubs had reached their final height and crown
radius. In contrast, in the cassava fields, where competition
was lower due to both higher planting losses and the rather
open canopy structure of the shrubs, infestation was also
reduced, but the effect of induced height growth was not
observed. Accordingly, height performance and infestation
rate in the B-R-R rotation, where crops were smaller than
trees during the entire observation period, was very similar to
that observed in the control plots. Leguminous shrubs seem
to be the best option for enrichment planting. Maize should
be considered with caution, due to the comparably high
mortality of trees observed in this treatment. In another study
in Panama, leguminous companion trees in silvopastoral
systems did not have an effect on the growth performance of
C. odorata within the first two years [47]. One possible expla-
nation might be that the shrub species used in this study—C.
cajan—is relatively fast growing, reaching up to 3 m after 4
months, compared to the used leguminous trees in the cited
study. Furthermore, shrubs can be planted very densely—up
to 1 x 1 m—rapidly shading out competing grasses within 3
months, and thus considerably reducing maintenance costs
of forest plantations [56]. Introducing C. odorata in coffee
and cacao plantations is one possible proactive measure to
increase the occurrence of this endangered species in current
land-use systems [6, 18]. Moreover, from the perspective
of farmers (or companies) who are interested primarily in
timber production, intercropping with fast-growing staple
crops, such as maize, cassava, and especially pigeon pea,
might offer an interesting option as well, as they (1) offer
financial returns within one year, (2) are easy to sell, (3) can be
introduced in common plantation designs, (4) do not require
professional knowledge for planting, and (5) can contribute
to ensuring food security in rural areas, while simultaneously



improving the quantity and quality of the timber produced.
In the Taungya system, however, agriculture is traditionally
carried out only during the first years until canopy closure,
thus not producing additional income or consumables during
the entire rotation period of trees.

Studies show that infestation of C. odorata with H.
grandella generally decreases when the trees reach a height
of around 6m (e.g., [11] and references therein). It is
assumed that cassava and pigeon pea can be intercropped
with trees until trees have overcome the most susceptible
period of plantation establishment. However, research is
recommended to identify other shade-tolerant shrub species
that could be planted in later stages of plantation develop-
ment to serve as sources of staple foods or fodder while
simultaneously reducing infestation with H. grandella and
improving wood quality (as e.g., Borojoa patinoi, Eugenia
stipitata). In larger reforestation areas, admixing of other tree
species is recommended for the same system, as it might have
a supplementary effect on reducing infestation [51, 57].

Small-scale farmers in particular might not have access
to or the financial recourses to acquire pesticides, improved
planting material or parasitoids. Given its simplicity and
its similarity to current agricultural practices, the Taungya
system might encourage farmers to integrate C. odorata into
their farms and thus help meet demand for wood and ensure
recovery of the species in its native range. Farmers in Panama
already actively plant and protect trees on their farms [41, 58,
59]; however, systematic concepts to improve wood quality
that meet demands of small-scale farmers are lacking. The
system presented here might be suitable not only for C.
odorata but could potentially be adapted to other species of
Meliaceae (such as S. macrophylla) as well as to other valuable
hardwoods, which will be investigated in further studies.
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