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Abstract

Cacao (Theobroma cacao L.) crop faces problems worldwide associated with
low productivity due to diseases, lack of fertilization and absence of pruning.
The aim of this study was to evaluate the effect of sanitary pruning of cacao,
pruning of shade trees and fertilization on cacao flowering and fruiting. The
study was carried out in a 40-year old cacao plantation in the Experimental
Field of the Colegio de Postgraduados, Campus Tabasco (17° 59'23.98" N and
93° 37' 10.24" W), at 24 masl, in Cardenas, Tabasco, Mexico. Shade tree and
cacao tree pruning (both with and without pruning) and fertilization (without
fertilizer and with K and NPK) were the evaluated factors and levels. There
were 12 treatments with three repetitions including four trees per repetition.
The assessed variables were the number of healthy, diseased and damaged
fruits; number of healthy and diseased developing cacao fruits (chilillos); and
number of flowers per tree. Analysis of variance indicated a significant effect
of the interaction among the three evaluated factors on healthy fruits at 24
months after applying the treatment; on damaged fruits and healthy chilillos
at 18 months; and on diseased chilillos at 18 and 24 months. Regarding the
number of flowers, the interaction among the three factors had an effect at 6,
12 and 18 months. The best interaction of factors for increasing the number
of healthy fruits was pruning of shade trees, no pruning of cacao trees and
fertilization with K. The interaction of K with cacao tree pruning and with or
without shade tree pruning decreased the number of diseased chilillos. The
conclusion is that cacao pruning combined with K fertilization increased the
number of flowers and decreased the number of diseased chilillos.
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Fruiting

1. Introduction

The cultivation of cacao (7heobroma cacaoL.) faces problems worldwide associated
with low productivity caused mainly by diseases, lack of fertilization and absence
of cacao and shade tree pruning [1] [2]. Among the diseases that affect cacao trees,
moniliasis, caused by the fungus Moniliophthora roreri, can reduce the production
of cacao beans by up to 100% [3] [4]. Disease damage coupled with low yields and
low prices has decreased the willingness to properly cultivate cacao by producers
[5], who often reduce management activities to a minimum, which leads to even
lower yields. In the state of Tabasco, Mexico, such activities have caused reductions
of 30% in the cultivated area and more than 50% in the production of cacao
beans in the last 15 years. Thus, these practices have led to the loss of a production
system that is more than 5300 years old [6], provides multiple forest and non-forest
resources [7] and maintains a diversified tree cover [8], since cacao is cultivated
as an agroforestry system.

Cacao cultivation is an Olmec heritage [9]. In the 1930s, Mexico transitioned
from cultivating high-quality criollo cacao [10] to growing lower-quality, yet
more productive, varieties. However, these varieties have now experienced a de-
cline in productivity due to aging plantations, disease prevalence, and notably,
inadequate agronomic practices [11], including insufficient pruning and fertili-
zation.

The fertilization of shade cacao produces only small increases in yield [12],
whereas the fertilization of shade-free cacao leads to a significant increase in yield,
which is because photosynthesis is stronger in shade-free plantations and increases
the response to fertilization [13]. However, if all shade is suppressed and the plants
are not fertilized, then the yield will decrease over time and cacao trees will enter
early senescence [14].

In Mexico, cacao is grown under shade. In Malaysia, Peru, Colombia, Ecuador
and some African countries, production systems have been implemented in which
cacao is grown in full sun [15] [16]. Although these systems can triple the output
of cacao beans [17], the maintenance costs are high due to the requirements for high
fertilizers rates and irrigation systems. In addition, cacao chilillos (i.e. developing
cacao fruits) soon deteriorate due to the attack of pests and diseases. In contrast,
shade cultivation mitigates some adverse environmental effects while the reduction
in photosynthetic activity is offset by the greater amount of foliage [18]. The design
and management of a shade canopy varies according to the tree species used. The
importance of shade canopy is associated with its role in preserving biodiversity
and ameliorating climatic conditions [8] [16] [19] that favor disease development
and reduce crop yields.

Cacao requires a shade canopy that provides 30% shadow to have a beneficial
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effect on yields [20]. Shade trees contribute to maintaining the soil nutrient balance
and proper humidity, provide wind protection and promote weed, pest and plant
disease control [15].

Diseases such as moniliasis can be controlled by regulating the microenvironment
of plantations. This microenvironment is formed, and modified by the density,
diversity and age of shade and cacao trees. Pruning to remove excessive shade slows
the development of moniliasis, which thrives in the humid environments of cacao
plantations [21]. Such environments emerge in the absence of pruning, which leads
to the development of large cacao trees with multiple trunks and dense crowns. In
addition to favour high humidity, these conditions make it difficult to detect and
remove diseased fruits. Excessive amounts of unpruned shade trees impede light
penetration and air circulation, resulting in the plantation being kept in dark and
humid conditions for most of the day, thus favoring the emergence and dissemina-
tion of fungal diseases.

The main objective of pruning is to induce the formation of new terminal buds
and thereby increase flowering and fruit production [22] [23]. Pruning cacao trees
also promotes the formation of straight trunks, regulation of tree growth, regulation
of light needed for normal development, and control of weeds and insect pests;
moreover, pruning facilitates harvest and disease management by regulating the
light that enters the center of the tree and spraying areas [22] [23] [24]. Thus, the
aim of this study was to evaluate the effect of the sanitary pruning of cacao trees,
the pruning of shade trees and application of fertilizer on the production of cacao

flowers, fruits and chilillos.

2. Methods

2.1. Experimental Site

The present study was carried out between February 2014 and September 2016 in
a 40-year old cacao plantation located in the municipality of Cardenas in the
Experimental Field of the Colegio de Postgraduados, Campus Tabasco (17° 59'
23.98" N and 93° 37' 10.24" W), at 24 masl. Tabasco contributes 64% of the total
cacao production in Mexico, and Cardenas is the second largest municipality in
the state in terms of cacao production [25].

The climate of the study area is hot-humid, with abundant rain falling in summer
[26]. The average annual temperature is 26°C, with a monthly average maximum
of 30.3°C in May and an average minimum of 20°C in December and January.
The absolute maximum and minimum temperatures reach 40°C and 10°C. The
average annual rainfall is 2643 mm, with a monthly maximum average of 335 mm
in September and a monthly average minimum of 10 mm in April [27]. The annual
average relative humidity is 83%, with a maximum of 86% in January and February
and a minimum of 77% in May. The highest wind speed (30 km h™') was recorded
in November and December, while the lowest (20 km h™!) was recorded in June
[26].

The chemical analysis of the soil in the plantation showed the following results:
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pH 5.61; EC, 53.40 uS cm™; organic matter, 3.25%; total, N 0.14%; Olsen P, 12.96
mg/kg; K, 0.36 Cmol/kg; Ca, 9.13 Cmol/kg; Mg, 2.19 Cmol/kg; Na, 0.08 Cmol/kg;
CIC, 15.64 Cmol/kg; Fe, 192.16 mg/kg; Cu, 5.31 mg/kg; Zn, 2.49 mg/kg; Mn, 15.00
mg/kg; clay, 42.20%; silt, 16.24% and sand, 41.56%. The soil is classified as a
texturally clayey and silty soil.

The management of the plantation consisted of two weeding during the year.
The density of the plantation was 625 trees per hectare, which is the typical plan
tation density in the region. The shade trees associated with the plantation under
study were mahogany (Swietenia macrophylla King), Spanish cedar ( Cedrela odora-
ta L.), beechwood (Gmelina arborea Roxb. Ex Sm.), teak (Tectona grandis L.F.),
chipilcohite (Diphysa robinioides Benth.) and jinicuil (/nga jinicuil Schltdl. &
Cham. Ex G. Don), which are typical of cacao agroforestry systems in Cardenas,
Tabasco, Mexico [8]. Such trees are established without any arrangement. The
plantation was surrounded by other plantations of coconut (Cocos nucifera L.),
bananas (Musa paradisiacal.), cacao and an orchard with different tropical fruits,
such as caimito (Chrysophyllum cainito L.), mamey sapote (Pouteria sapota Jacq.
H.E. Moore & Stearn), jinicuil (£ jinicuil), soursop (Annona muricatal.) and Malay
apple (Syzygium malaccense (L.) Merr. & L. M. Perry).

The present study evaluated the effect of sanitary pruning of cacao and shade
trees, and the application of fertilizer with K and NPK. Before the experiment was
established, we measured the intensity of sunlight that passed through the shade
tree canopy to the cacao tree canopy to ensure the correct pruning shade trees and
adjust the light intensity of the plantation to 60%. The instrument used for such
measurements was a LI-190SA QUANTUM SENSOR from LI-COR Bioscience™
(Nebraska, U.S.A.). The pruning of cacao trees consisted of eliminating crossed,
dry or damaged branches and removing diseased or damaged fruits and chilillos.
The fertilizer was applied in a band at a distance of 1.5 m and a depth of 5 - 10 cm
around the cacao trees. The fertilizer sources were urea (46% N), triple calcium
superphosphate (46% P,Os) and potassium chloride (20% K,Cl). The dose of K
applied was 300 g per tree, and that of NPK was 600 g per tree.

2.2. Experimental Design and Data Analysis

The experimental design was split-plot in a factorial arrangement of treatments 22
x 3. The large plot was shade trees pruning and small plot was cacao trees pruning.
The evaluated factors were: pruning of shade trees (with and without pruning),
cacao pruning (with and without pruning) and fertilization (without fertilizer, with
K, with NPK). There were a total of 12 treatments with three repetitions and four
trees per repetition (Figure 1).

The variables number of healthy, diseased and damaged fruits, number of healthy
and diseased chilillos, and number of flowers per tree were assessed every 15 days.
Healthy fruits were those without the presence of moniliasis and/or black pod
(Phytophthora spp.) and ready for harvest. Diseased fruits were those with presence

of moniliasis and/or black pod. Damaged fruits were those attacked by squirrels
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(Sciurus aureogaster F. Cuvier) or birds (Melanerpes aurifrons Wagler). Healthy
chilillos were cacao fruits up to two months old without the typical hump caused
by the presence of M. roreri. Diseased chilillos were those with the aforementioned
hump. The number of flowers was assessed from the base of the stem up to a height
of 1.5m.

Overall Experiment: Split-Plot Factorial (22 x 3)

P, Shade tree pruning

P1 P2
> p1 P1p1F1 P1p1F2 P1p1F3 P2p1F1 P2p1F3 P2p1F2
5
&
[}
e
o
@
o
©
]
% p2|  Pip2r2 P1p2F3 P1p2F1 P2p2F2 P2p2F1 P2p2F3

P, large plot (Shade tree pruning): P1 pruning, P2 no pruning
p, small plot (Cacao tree pruning): p1 pruning, p2 no pruning
F, fertilization: F1 no fertilization, F2 K, F3 NPK.

3 repetitions per treatment.

4 trees per repetition.

Figure 1. Schematic of the experimental design to evaluate the effect of the pruning of
cacao trees, the pruning of shade trees and fertilization on the production of cacao flowers,
fruits and chilillos.

For each of the variables evaluated, an analysis of variance (ANOVA) was
performed to test statistical differences between the factors studied: pruning of
shade trees, pruning of cacao trees, fertilization, and the interactions. The ANOVA
was performed on the data at 6, 12, 18 and 24 months after applying the treatments
(months). The significance of the interactions and the factors evaluated was
recorded at p < 0.05. For significant interactions, a least squares mean test was
performed to determine statistically different interactions (p < 0.05). For non-
significant interactions, a multiple comparison of means of the factors was
carried out using the Tukey test (p < 0.05). The assumption of normality of the
ANOVA errors was verified using the Shapiro-Wilk test (p > 0.05); while the
assumption of homoscedasticity was verified using the graphs of the predicted
values vs. the residuals, whose points presented a random distribution in the
plane, which meant homogeneity of variances in the groups. The information was
processed using the Proc Mixed Procedure and the slice instruction of the SAS

software version 9.4 [28].

3. Results and Discussion
3.1. Number of Healthy Cacao Fruits

The ANOVA results indicated a significant effect (F = 2.85, p > F = 0.060) of the
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interaction among the three evaluated factors on the number of healthy fruits at
24 months (Table 1). The best interaction in terms of its effect on the number of
healthy fruits was shade tree pruning, no cacao pruning and K fertilization (Figure
2). These results contrast with those obtained by other authors, such as [12] and
[29], who reported a lack of response of cacao trees to fertilization treatments in
agroforestry systems. This discrepancy likely stems from competition, primarily
among cacao trees, given the higher plant density in the agroforestry systems
reported by those authors (1242 plants) compared to our study (625 plants).
Furthermore, the age of the cacao trees and the fertilizer dosage and formulation

may also contribute.

14 -
eeeeee Without fertilizer e e e K e NPK
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No shade tree pruning Shade tree pruning

Figure 2. Effect of the combination of shade tree pruning, cacao pruning and fertilization
on the number of healthy cacao fruits 24 months after applying the treatments. Equal
letters in the same line indicate statistically equal values (Tukey, p < 0.05). n = 12.

Table 1. Main effects and interaction among shade trees pruning, cacao pruning and fertilization on cacao (7heobroma cacaoL.)

flowering and fruiting at 6, 12, 18 and 24 months after applying the treatments.

Tested variables 6 MAAT 12 MAAT 18 MAAT 24 MAAT

Variation model
df F value Pr>F F value Pr>F F value Pr>F F value Pr>F

and factor

Number of fruits 3.5431,180) 0.0002 4.21qa1,163) <0.0001 3.71a1,167) <0.0001 4.51a1,167) <0.0001
LP 1 2.57 0.1107 21.58 <0.0001 16.67 <0.0001 10.66 0.0013

Sp 1 0.02 0.8913 9.90 0.0020 7.08 0.0085 2.76 0.0983
FERT 2 4.09 0.0184 1.86 0.1585 0.57 0.5674 0.05 0.9505
LP*SP 1 5.87 0.0164 2.52 0.1146 12.57 0.0005 16.65 <0.0001
LP*FERT 2 0.83 0.4365 0.63 0.5341 0.36 0.6984 0.68 0.5068
SP*FERT 2 9.67 0.0001 2.75 0.0672 0.54 0.5843 5.72 0.0040
LP*SP*FERT 2 0.67 0.5147 0.07 0.9353 1.45 0.2372 2.85 0.0608
Diseased fruits 3.18as)  0.0006 3801163  <0.0001  2.08auen  0.0242  8.16ausn  <0.0001
LP 1 2.41 0.122 11.62 0.0008 6.27 0.0132 50.95 <0.0001

Sp 1 8.89 0.0033 0.13 0.7223 2.64 0.1061 0.09 0.7668
FERT 2 1.47 0.2333 7.8 0.0006 0.05 0.9496 0.95 0.3882
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Continued
LP*SP 1 6.56 0.0112 0.09 0.7623 7.01 0.0089 11.21 0.0010
LP*FERT 2 2.38 0.0957 3.99 0.0203 1.31 0.2737 4.70 0.0103
SP*FERT 2 2.57 0.0795 1.76 0.1746 0.5 0.6081 4.10 0.0183
LP*SP*FERT 2 2.17 0.1176 0.84 0.4349 2.04 0.1333 1.93 0.1485
Damaged fruits 4.66(11,180) <.0001 3.29a1,163) 0.0004 2.01a1,167) 0.0306 3.21a1167) 0.0006
LP 1 5.18 0.024 6.23 0.0135 1.92 0.1682 1.68 0.1964
Sp 1 5.71 0.0179 10.55 0.0014 2.43 0.121 27.95 <0.0001
FERT 2 8.53 0.0003 2.76 0.0662 3.38 0.0364 0.21 0.8112
LP*SP 1 4.93 0.0276 3.85 0.0516 1.78 0.1838 2.84 0.0936
LP*FERT 2 1.39 0.2508 4.38 0.014 0.42 0.6550 0.16 0.8526
SP*FERT 2 5.82 0.0035 0.02 0.9756 0.03 0.9727 0.63 0.5316
LP*SP*FERT 2 1.80 0.1675 0.40 0.6724 4.32 0.0148 0.21 0.8114
Healthy chilillos 3480150  0.0002  3.44011  0.0003 2.401.167) 0.0086  2.74auen  0.0028
LP 1 10.8 0.0012 6.57 0.0113 0.25 0.6170 1.28 0.2603
Sp 1 9.34 0.0026 4.44 0.0367 3.72 0.0555 4.79 0.0300
FERT 2 5.44 0.0051 0.94 0.3944 5.92 0.0033 0.81 0.4449
LP*SP 1 3.62 0.0587 14.72 0.0002 0.28 0.5989 2.97 0.0865
LP*FERT 2 1.13 0.3268 1.17 0.314 2.00 0.1390 0.69 0.5037
SP*FERT 2 0.26 0.7711 2.19 0.1153 0.07 0.9370 7.41 0.0008
LP*SP*FERT 2 0.46 0.6305 1.75 0.1762 3.05 0.0500 1.45 0.2363
Diseased chilillos 58950  <.0001  5.140ue ~ <.0001  7.64aumen  <0.0001  2.96auin  0.0013
LP 1 14.75 0.0002 18.24 <.0001 0.27 0.6061 6.63 0.0109
Sp 1 11.58 0.0008 2.15 0.1445 31.76 <.0001 11.68 0.0008
FERT 2 8.93 0.0002 5.41 0.0053 1.6 0.206 1.61 0.2040
LP*SP 1 6.77 0.01 2.2 0.1404 1.44 0.2321 0.11 0.7352
LP*FERT 2 3.22 0.0421 6.78 0.0015 12.22 <.0001 0.00 0.9995
SP*FERT 2 1.63 0.1988 3.54 0.0313 1.55 0.2145 2.65 0.0739
LP*SP*FERT 2 2.03 0.1346 2.16 0.1183 9.51 0.0001 2.89 0.0584
Number of flowers 2.99(11,180) 0.0011 4.33011,163) <0.0001 7.581,167) <0.0001 2.22(1,170) 0.0154
LP 1 0.01 0.9352 8.23 0.0047 19.40 <0.0001 0.54 0.4616
Sp 1 0.47 0.4946 8.38 0.0043 22.96 <0.0001 0.81 0.3680
FERT 2 1.09 0.3368 291 0.0574 2.85 0.0605 1.08 0.3408
LP*SP 1 0.40 0.5259 8.37 0.0043 1.37 0.2430 7.53 0.0067
LP*FERT 2 2.82 0.0621 3.02 0.0516 8.69 0.0003 2.57 0.0795
SP*FERT 2 9.48 0.0001 2.96 0.0546 1.48 0.2315 2.64 0.0744
LP*SP*FERT 2 2.60 0.0768 2.96 0.0544 7.83 0.0006 1.00 0.3702

MAAT, Months after applying the treatments. LP, Large plot (shade trees pruning). SP, Small plot (cocoa pruning). FERT, Fertilization.
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At 24 months, the number of healthy fruits was also significantly affected by
shade tree pruning, the interaction between cacao and shade tree pruning, and
the interaction between cacao pruning and fertilization (Table 1). The mean com-
parison test indicated that shade tree pruning significantly increased this variable,
and that the effects of NPK fertilization and the control treatment without fertilizer
were statistically equals (Table 2). This can be attributed to the fact that nutrient
content in the soil was enough for the number of fruits that can be produced by

cacao trees.

3.2. Number of Diseased Cacao Fruits

The interaction among the three factors did not have a significant effect on the
number of diseased fruits at any of the evaluation dates (Table 1). The factors that
had the greatest effect on this variable were cacao pruning at 6 months, shade tree
pruning and fertilization at 12 months and shade tree pruning at 18 and 24 months.
The greatest effect of the interaction between cacao and shade tree pruning was
observed at 6, 18 and 24 months. With the exception of the first evaluation date,
shade tree pruning significantly increased the number of diseased fruits on all
evaluation dates.

Cacao pruning increased the number of diseased fruits at 6 months, decreased
it at 12 and made no significant difference at 18 and 24 months (Table 2). This
can be attributed to the fact that cacao pruning is usually an annual practice,
although this was not done in the plantation under study. As indicated [30] the
damage to fruits due to disease is a direct function of the age of the cacao plantation.
The plantation under study was 40 years-old, and the age of maximum production
is 28 years [31]. However, the trees responded to fertilization.

3.3. Number of Damaged Cacao Fruits

The ANOVA results showed a significant effect (F = 4.32, p > F = 0.0148) of the
interaction among the three evaluated factors on the number of damaged fruits at
18 months. The main effect of fertilization on this variable was also recorded at this
time (Table 1). The mean comparisons indicated that K fertilization significantly
decreased the number of damaged fruits (Table 2). Independent of fertilization, the
combination of cacao pruning and shade tree pruning decreased the number of
damaged fruits (Figure 3). The best interactions to reduce the number of damaged
fruits were K fertilization, no shade tree pruning and cacao pruning as well as shade
tree pruning, cacao pruning and no fertilization. The above two interaction groups
contrasted with the interaction among NPK fertilization, cacao pruning and no
shade tree pruning, which had the highest number of damaged fruits (Figure 3).
The damage to cacao fruits caused by squirrels and birds was similar to that by
moniliasis [1]. Pruning can thus be used to reduce the effect of the above problems
by decreasing the number of rest locations for squirrels and birds, improving the
aeration and regulating the humidity in the plantation. Another way to reduce the
damage by these animals is to avoid cultivating shade trees that attract the animals

[29], which was not the case in the plantation under study and surrounding plan-
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tations.
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Figure 3. Effect of the combination of shade tree pruning, cacao pruning and fertilization
on the number of damaged cacao fruits 18 months after applying the treatments. Equal
letters in the same line indicate statistically equal values (Tukey, p < 0.05).n = 12.

Table 2. Effect of the shade tree pruning, cacao pruning and fertilization on cacao ( Theobroma cacao L.) yield components at 6,
12, 18 and 24 months after applying the treatments.

6 MAAT 12 MAAT 18 MAAT 24 MAAT
STP CP FERT STP CP FERT STP CP FERT STP CP FERT
1)77a 1)69a 1)74a 1)54b 1)9.1a 1)82a 1)44b 1)50b 1)55a 1)44b 1)52a 1)5.8a
NHF 2)6.0a 2)68a 2)48b 2)98a 2)62b 2)64a 2)7.9a 2)7.3a 2)66a 2)7.6a 2)68a 2)6.2a
3) 8.4a 3) 8.4a 3)6.3a 3)5.9a
1)1.2a 1)0.6b 1)1.2a 1)1.6b 1)26a 1)3.7a 1)0.6b 1)0.7a 1)0.9a 1)24b 1)4.7a 1)4.9a
DF 2)08a 2)l4a 2)07a 2)34a 2)25b 2)14b 2)1.la 2)1.0a 2)08a 2)7.2a 2)49a 2)4.la
3) 1.la 3) 2.5b 3)0.9a 3) 5.4a
1)19b 1)28a 1)33a 1)1.2b 1)2.1a 1)1.7ab 1)2.1a 1)22a 1)1.8ab 1)1.7a 1)2.2a 1)1.3a
DF 2)28a 2)19b 2)l4c 2)20a 2)1.1b 2)1.1b 2)16a 2)15a 2)1.1b 2)1.3a 2)07b 2)1.5a
3) 2.3b 3)1.9a 3) 2.6a 3) 1.6a
1)52b 1)81a 1)7.0a 1)2.7a 1)1.7b 1)26a 1)6.5a 1)7.6a 1)55b 1)2.6a 1)34a 1)24a
HCh 2)82a 2)53b 2)47b 2)17b 2)27a 2)19a 2)7.0a 2)58a 2)57b 2)32a 2)24b 2)3.1a
3) 8.3a 3) 2.0a 3)9.1a 3)3.3a
1)2.6b 1)4.7a 1)5.1a 1)3.4b 1)6.a 1)114a 1)4.8a 1)64a 1)4.3a 1)52b 1)69a 1)5.5a
DCh 2)48a 2)27b 2)22b 2)113a 2)88a 2)47b 2)4.6a 2)2.8b 2)42a 2)67a 2)49b 2)5.6a
3)3.8a 3) 6.1b 3) 5.5a 3)6.7a
1)81la 1)7.7a 1)7.6a 1)25a  1)0.0b 1)03b 1)4.7b 1)4.7b 1) 5.1b 1)1.la 1)0.6a 1)14a
NFl 2)82a 2)86a 2)74a 2)0.0b 2)25a 2)07ab 2)77a 2)79a 2)69a 2)0.73a 2)1.la 2)0.7a
3) 9.5a 3)2.7a 3)6.7a,b 3) 0.5a

MAAT, Months after applying the treatments. Variation factors: STP, Shade tree pruning [1) no pruning, 2) pruning]. CP, Cacao
pruning [1) no pruning, 2) pruning]. FERT, Fertilization [1) no fertilizer, 2) K, 3) NPK]. NHF, Number of healthy fruits; DF,
Diseased fruits; Df, Damaged fruits; HCh, Healthy chilillos; DCh, Diseased chilillos; NF], Number of flowers. Values with the same
letters by date, variation factor and variable are statistically equal (Tukey, p < 0.05).
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3.4. Number of Healthy Cacao Chilillos

The ANOVA results showed a significant effect (F = 3.05, p > F = 0.05) of the in-
teraction among the three evaluated factors on the number of healthy chilillos at 18
months. The main effect of cacao pruning and fertilization on this variable was also
recorded at that time (Table 1). The mean comparisons did not show statistically
significant differences between the cacao pruning treatments or between the shade
tree pruning treatments. Significant differences were observed between fertilization
treatments. Fertilization with NPK significantly increased the number of healthy
chilillos (Table 2). The best interaction to increase the number of healthy chilillos

was NPK fertilization, no cacao pruning and no shade tree pruning (Figure 4).
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Figure 4. Effect of the combination of shade tree pruning, cacao pruning and fertilization
on the number of healthy cacao chilillos 18 months after applying the treatments. Equal
letters in the same line indicate statistically equal values (Tukey, p < 0.05). n = 12.

3.5. Number of Diseased Cacao Chilillos

The ANOV A results showed a significant effect of the interaction among the three
evaluated factors on the number of diseased chilillos at 18 months (F = 9.51, p >
F =0.0001) and at 24 months (F = 2.89, p > F = 0.0584). On those dates, the main
effect of cacao pruning on the number of diseased chilillos was also observed (Table
1) and it led to a significant decrease in this variable (Table 2). The best interactions
to decrease the number of diseased chilillos were shade tree pruning, cacao pruning
and NPK or K fertilization at 18 months (Figure 5). At 24 months, the best interact
tree pruning and NPK or K fertilization (Figure 5).

The absence of an effect of the evaluated treatments on the number of healthy
and diseased chilillos during the first year can be attributed to the 9.3 months that
the moniliasis epidemic lasts in cacao plantations [4]). Thus, cacao fruits remain
infected throughout the entire cacao production cycle. In other words, eliminating
possible inocula (diseased chilillos) in a plantation has a positive effect one year
after the activity has ceased.

The reasons why K fertilization reduced diseased chilillos could be several.

Potassium deficiency can increase the accumulation of soluble sugars and amino
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acids, which are nutrients for pathogens. An adequate supply of potassium reduces
this accumulation, decreasing the plant's susceptibility to disease [32]. Potassium
strengthens the plant’s structural and biochemical defenses, improving its ability
to resist pathogen attack. Also, K contributes to the synthesis of lignin and cellulose,
essential components of cell walls. Strong cell walls act as a physical barrier, making
it difficult for pathogens to penetrate [32] [33].

141 e eee Without fertiizer = m = K emmmme NPK
12 2
810 -
5 8-
1’ L]
8 ° 2
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2 2 g
0 .
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No shade tree pruning Shade tree pruning
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Figure 5. Effect of the combination of shade tree pruning, cacao pruning and fertilization on
the number of diseased cacao chilillos at 18 and 24 (up and down) months after applying the
treatments. Equal letters in the same line indicate statistically equal values (Tukey, p < 0.05).
n=12.

3.6. Number of Flowers Per Tree

The ANOV A results showed a significant effect of the interaction among the three
evaluated factors on the number of flowers at 6 months (F = 2.6, p > F = 0.0768),
12 months (F = 2.96, p > F = 0.0544) and at 18 months (F = 7.83, p > F = 0.0006).
An effect of the interaction between fertilization and cacao or fertilization and
shade tree pruning on the number of flowers was also observed at 6 months (Table
1). The best three-way interaction to increase the number of flowers was cacao
pruning, no shade tree pruning and no fertilization. This interaction significantly

increased this variable compared to all other interactions (Figure 6). This finding
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can be attributed to the fact that the nutrient content of the soil, which was
determined according to the analysis performed here and in Aikpokpodion [34],
was sufficient to meet the needs of the flowering process. Another explanation is

that 60% of incident light on cacao trees was enough to stimulate the flowering

process, as indicated by Tezara et al. [35].
At 12 months, the ANOVA results showed a significant effect of pruning, their

interactions, and the interaction between fertilization and each of the pruning

Number of flowers
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Figure 6. Effect of the combination of shade tree pruning, cacao pruning and fertilization
on the number of cacao flowers 6, 12 and 18 months after applying the treatments (up,
middle and down). Equal letters in the same line indicate statistically equal values (Tukey,

p<0.05).n=12.
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treatments on the number of flowers (Table 1). Shade tree pruning significantly
decreased the number of flowers per tree, while cacao pruning and NPK fertilization
increased it (Table 2). The best interactions to increase this variable were cacao
pruning without shade tree pruning, NPK fertilization without shade tree pruning,
and cacao pruning with NPK fertilization (data not tabulated). The best interaction
among the three factors to increase the number of flowers was NPK fertilization,
cacao pruning and no shade tree pruning (Figure 6). In contrast to [36], who asso-
ciated the increase in flowering with increased lighting, the interaction of cacao
and shade tree pruning in the present study decreased the number of flowers. Such
a result could be attributed to the depletion of plant reserves or photosynthate
sources. Additionally, it may be due to the increased stress experienced by the cacao
trees because of the increase in incident light. This explanation is consistent with
[37] and [38], who indicated that cacao trees exhibit optimal physiological behavior
under low radiation conditions.

At 18 months, the ANOVA results showed a significant effect of the interaction
between tree pruning, fertilization and each of the pruning treatments on the
number of flowers (Table 1). Shade tree pruning, cacao pruning and K fertilization
significantly increased this variable (Table 2). The best interaction between two
factors to increase the number of flowers was shade tree pruning and NPK fertili-
zation (data not tabulated). At this time, the best interactions among the three eva-
luated factors to increase it were the combination of K fertilization, cacao pruning
and no shade tree pruning and the combination of NPK fertilization, cacao pruning
and shade tree pruning (Figure 6).

Shade tree pruning is economically costly and dangerous [38]; in addition, the
greater amount of incident light on cacao trees increases the requirement of nutri-
ents for the flowering process. Therefore, we would advise an initial pruning,
repeating the pruning after one year and fertilizing with NPK at the same time,
and then fertilizing with K at 18 months after the first pruning. This advice takes
into account that fertilization is not a common practice in cacao cultivation [39]-
[41]; however, when applied correctly and combined with pruning and disease
management, it can significantly increase the yield of cacao trees, as reported by
Ortiz et al. [4].

4. Conclusions

The results of the present study demonstrate the effect of sanitary cacao pruning,
shade tree pruning and fertilization on the production of flowers, chilillos and
cacao fruits. While cacao is a shade-tolerant species with C3 metabolism, dense
agroforestry systems have low cacao yields. The sanitary pruning of cacao trees,
along with shade trees allows cacao plants to have the right conditions for flowering
and fruiting by adjusting the microclimatic conditions of the plantation, mainly
the aeration, humidity and solar radiation. Thus, pruning is an important activity
in the management of cacao agroforestry systems, as it improves flowering, healthy

fruit production, and production yields. To maintain yields, cacao trees should
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receive the proper nutrition. Fertilization is another important agricultural practice
that should be part of the management of cacao agroforestry systems, especially K
fertilizer.

Good production of flowers and fruits in cacao agroforestry systems requires
good management for fertilizer, shade, diseases and pests. These factors are closely
linked with the pruning of shade trees and the sanitary pruning of cacao. Pruning
allows for the indirect control of moniliasis and damage from squirrels and birds.
It also helps to reduce the use of fertilizers, mainly NPK fertilizer. However, if prun-
ing is combined with fertilization, then only K fertilizer should be used because K
accounts for constitutes 60% of cacao pod contents and is therefore the most in-
demand element in cacao agroforestry systems.

In summary, the pruning of cacao trees increased the number of flowers, on which
depends the formation and production of fruits. In addition, fertilization, mainly
with K, decreased the damage observed in developing and mature fruits. Therefore,
proper management of pruning and fertilization can increase the yield of cacao

agroforestry systems.

Acknowledgements

The authors would like to thank LGAC-2: Sustainable Agricultural and Livestock
Production Systems for providing institutional support and CONACYT Mexico

for providing financial support.

Authors’ Contribution

Conceptualization: JPF; Methodology: JPF, JJOO; Formal analysis and investigation:
JPE, JJOO, EGL; Writing—original draft preparation: JPF; Writing—review and
editing: all authors; Statistical analysis: FIR; Funding acquisition: JPF, VCA;
Resources: JPF, EGL; Supervision: ORR, VCA; Project administration: JPF.

Conflicts of Interest

The authors declare no conflicts of interest regarding the publication of this paper.

References

[1] Somarriba, E. and Beer, J. (2010) Productivity of Theobroma cacao Agroforestry
Systems with Timber or Legume Service Shade Trees. Agroforestry Systems, 81, 109-
121.
https://doi.org/10.1007/s10457-010-9364-1

[2] Adeniyi, D. (2019) Diversity of Cacao Pathogens and Impact on Yield and Global
Production. In: Aikpokpodion, P.O., Ed., Theobroma Cacao-Deploying Science for
Sustainability of Global Cocoa Economy; IntechOpen, 43-62.
https://doi.org/10.5772/intechopen.81993

[3] Hernandez-Gémez, E., Hernandez-Morales, J., Avendafio-Arrazate, C.H., Lopez-
Guillen, G., Garrido-Ramirez, E.R., Romero-Nadpoles, J., et al. (2015) Socio-Economic
and Parasitological Factors that Limit Cacao Production in Chiapas, Mexico. Revista
Mexicana de Fitopatologia, 33, 232-246.

DOI: 10.4236/ajps.2025.165043

604 American Journal of Plant Sciences


https://doi.org/10.4236/ajps.2025.165043
https://doi.org/10.1007/s10457-010-9364-1
https://doi.org/10.5772/intechopen.81993

J. Pérez-Flores et al.

(10]
(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

Ortiz-Garcia, C.F., Torres-de-la-Cruz, M. and Hernandez-Mateo, S. (2015) Compara-
cién de dos sistemas de manejo del cultivo del cacao, en presencia de Moniliophthora
Roreri, EN México. Revista Fitotecnia Mexicana, 38, 191-196.
https://doi.org/10.35196/rfm.2015.2.191

Alcudia, A.A., Valenzuela, Q.F., Van, D.W.H,, Villanueva, L.G. and Hernandez, D.S.
(2009) Densidad de plantacion, luz, manejo y productividad de cacaotales en comal-

calco, tabasco. Universidad Auténoma de Chiapas, Sociedad Mexicana de Agricultura
Sostenible, 5, 345-353.

Zarrillo, S., Gaikwad, N., Lanaud, C., Powis, T., Viot, C., Lesur, L., et al. (2018) The Use
and Domestication of Theobroma cacao during the Mid-Holocene in the Upper
Amazon. Nature Ecology & Evolution, 2, 1879-1888.
https://doi.org/10.1038/s41559-018-0697-x

Bautista-Mora, E., Pérez, F.J., Ruiz, R.O. and Valdez, B.A. (2016) Uso de recursos
forestales maderables y no maderables del sistema agroforestal cacao (7heobroma
cacao L.). Agro Productividad, 9, 50-55.

Sanchez Gutiérrez, F., Pérez-Flores, J., Obrador Olan, ].J., Sol Sinchez, A. and Ruiz-
Rosado, O. (2017) Arboles maderables en el sistema agroforestal de cacao en Cérdenas,
Tabasco, México. Revista Mexicana de Ciencias Agricolas, 14, 2711-2723.
https://doi.org/10.29312/remexca.v0i14.440

Uriarte, M.T. (2019) Olmecas. Jaka Book & Unam, 265 p.
ICCO (2012) The World Cacao Economy: Past and Present. 43 p.

Pérez-Flores, J., Mendoza-Hernandez, J.R.H., Cleomé, A. and Cérdova-Avalos, V.
(2021) Cocoa (Theobroma Cacao L.) Harvest and Postharvest in Tabasco, Mexico.
Agro Productividad, 14, 39-45.

Souza, C. and Dias, L. (2004) Environmental and Socioeconomic Improvement. In:
Dias, L.A.S., Ed., Genetic Improvement of Cacao, FAO, 260 p.

De Almeida, A.F. and Valle, R.R. (2007) Ecophysiology of the Cacao Tree. Brazilian
Journal of Plant Physiology, 19, 425-448.
https://doi.org/10.1590/s1677-04202007000400011

Jaimez, R.E., Tezara, W., Coronel, I. and Urich, R. (2008) Ecophysiology of Cacao
(Theobroma cacao): Its Management in Agroforestry System. Revista Forestal Vene-
zolana, 52, 253-258.

Orozco-Aguilar, L., Lopez-Sampson, A., Cerda, R.H., Casanoves, F., Ramirez-Argueta,
0., Diaz Matute, J., et al. (2024) CacaoFIT: The Network of Cacao Field Trials in Latin
America and Its Contribution to Sustainable Cacao Farming in the Region. Frontiers
in Sustainable Food Systems, 8, Article 1370275.
https://doi.org/10.3389/fsufs.2024.1370275

Uribe, A., Méndez, H. and Mantilla, J. (2010) Efecto de niveles de nitrégeno, Fésforo
y potasio sobre la produccién de cacao en los suelos del departamento de Santander.
https://cadenacacaoca.info/CDOC-

Deployment/documentos/19 Fertilizacion del cacao.pdf

Beer, J., Muschler, R., Kass, D. and Somarriba, E. (1998) Shade Management in Coffee
and Cacao Plantations. In: Nair, P.K.R. and Latt, C.R., Eds., Forestry Sciences, Springer,
139-164. https://doi.org/10.1007/978-94-015-9008-2 6

Sudrez Salazar, ].C., Melgarejo, L.M., Casanoves, F., Di Rienzo, J.A., DaMatta, F.M.
and Armas, C. (2018) Photosynthesis Limitations in Cacao Leaves under Different
Agroforestry Systems in the Colombian Amazon. PLOS ONE, 13, e0206149.

https://doi.org/10.1371/journal.pone.0206149

DOI: 10.4236/ajps.2025.165043

605 American Journal of Plant Sciences


https://doi.org/10.4236/ajps.2025.165043
https://doi.org/10.35196/rfm.2015.2.191
https://doi.org/10.1038/s41559-018-0697-x
https://doi.org/10.29312/remexca.v0i14.440
https://doi.org/10.1590/s1677-04202007000400011
https://doi.org/10.3389/fsufs.2024.1370275
https://cadenacacaoca.info/CDOC-Deployment/documentos/19_Fertilizacion_del_cacao.pdf
https://cadenacacaoca.info/CDOC-Deployment/documentos/19_Fertilizacion_del_cacao.pdf
https://doi.org/10.1007/978-94-015-9008-2_6
https://doi.org/10.1371/journal.pone.0206149

J. Pérez-Flores et al.

(19]

(20]

(21]

(22]

(23]

(24]
(25]

[26]

(27]

(28]
(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

Roa, R.H.A., Salgado, M.M.G. and Alvarez, H.J. (2009) Analisis de la estructura
arbdrea del sistema agroforestal de cacao (7Theobroma cacao L.) en el soconusco,
chiapas, México. Acta Biologica Colombiana, 14, 97-110.

Torres-de-la-Cruz, M., Ortiz-Garcia, C.F., Téliz-Ortiz, D., Mora-Aguilera, A. and
Nava-Diaz, C. (2011) Temporal Progress and Integrated Management of Frosty Pod
Rot [ Moniliophthora roreri (Cif y Par.) Evans et al] of Cacao (7heobroma cacao) in
Tabasco, México. Journal of Plant Pathology;, 93, 3-36.

FHIA-Fundacién Hondurefia de Investigacién Agricola (2007) Uso de especies
maderables tropicales latifoliadas como sombra del cacao. Hoja Técnica, Programa
de Cacao y Agroforesteria. https://repositorio.catie.ac.cr/handle/11554/4245
Sénchez, E.L., Parra, D. and Rondén, O. (2007) Poda del Arbol de cacao. Ciencia y
producciéon vegetal, centro de investigaciones agricolas del estado de tichira, La
Asuncion, 67 p.

Pastorelly, D. (2006) Manual del cultivo del cacao. Asociacién Nacional de Exportadores
de Cacao, 80 p.

Duran, R.F. (2013) Cultivo y explotacion del cacao. Editorial Grupo Latino, 424 p.

SIAP-SADER (2023) Cierre de la produccién agricola por cultivo. Anuario Estadistico
de la Produccion Agricola 2019.
https://nube.agricultura.gob.mx/cierre agricola/

Ruiz-Alvarez, O., Arteaga-Ramirez, R., Vazquez-Pefla, M.A., Ontiveros-Capurata,
R.E. and Lépez-Lépez, R. (2012) Water Balance and Climatic Classification of the
State of Tabasco, Mexico. Universidad y Ciencia, 28, 1-14.

SMN-CONAGUA (Servicio Meteoroldgico Nacional-Comisién Nacional del Agua)
(2019) Temperatura y precipitacion a nivel nacional y por entidad federativa.
https://smn.conagua.gob.mx/es/climatologia/temperaturas-y-lluvias/resumenes-
mensuales-de-temperaturas-y-lluvias

SAS Institute (2018) SAS/STAT User’s Guide. Version 9.4, SAS Institute.

Asare, R., Asare, R.A., Asante, W.A., Markussen, B. and Rabild, A. (2016) Influences
of Shading and Fertilization on on-Farm Yields of Cocoa in Ghana. Experimental
Agriculture, 53, 416-431. https://doi.org/10.1017/s0014479716000466

Castelan-Estrada, M. and Chavez-Garcia, E. (2019) Evaluaciéon campesina del manejo
agroecoldgico de plantaciones de cacao (7heobroma cacao L.) en Tabasco, México.
Agro Productividad, 12,43-49.

Yao, P., Ahoutou, K. and Issiaka, Y. (2015) Manuel Technique de Cacao Culture
Durable. A I’ Attention du Technicien, Le Conseil du Café, 166 p.

Marschner, P. (2012) Marschner’s Mineral Nutrition of Higher Plants. Academic
Press.

Wang, M., Zheng, Q., Shen, Q. and Guo, S. (2013) The Critical Role of Potassium in
Plant Stress Response. International Journal of Molecular Sciences, 14, 7370-7390.
https://doi.org/10.3390/ijms14047370

Aikpokpodion, P.E. (2010) Nutrients Dynamics in Cocoa Soils, Leaf and Beans in
Ondo State, Nigeria. Journal of Agricultural Sciences, 1, 1-9.

Tezara, W., Urich, R,, Jaimez, R., Coronel, 1., Araque, O., Azocar, C., et al (2016)
Does Criollo Cocoa Have the Same Ecophysiological Characteristics than Forastero?
Botanical Sciences, 94, 563-574. https://doi.org/10.17129/botsci.552

Sanchez Mora, F.D., Torres Navarrete, E.D., Abril Saltos, F., Jacome Lépez, G.,
Vésconez Montufar, G.H., Vera Chang, J.F., et al (2014) Zeolites in the Chemical
Fertilization of CCN-51 Cocoa Associated with Four Wood Species. Ciencia y

DOI: 10.4236/ajps.2025.165043

606 American Journal of Plant Sciences


https://doi.org/10.4236/ajps.2025.165043
https://repositorio.catie.ac.cr/handle/11554/4245
https://nube.agricultura.gob.mx/cierre_agricola/
https://smn.conagua.gob.mx/es/climatologia/temperaturas-y-lluvias/resumenes-mensuales-de-temperaturas-y-lluvias
https://smn.conagua.gob.mx/es/climatologia/temperaturas-y-lluvias/resumenes-mensuales-de-temperaturas-y-lluvias
https://doi.org/10.1017/s0014479716000466
https://doi.org/10.3390/ijms14047370
https://doi.org/10.17129/botsci.552

J. Pérez-Flores et al.

(37]

(38]

(39]

(40]

(41]

Tecnologia, 6, 21-29. https://doi.org/10.18779/cyt.v6i2.131

Vialet-Chabrand, S., Matthews, J.S.A., Simkin, A.]., Raines, C.A. and Lawson, T.
(2017) Importance of Fluctuations in Light on Plant Photosynthetic Acclimation.
Plant Physiology, 173, 2163-2179. https://doi.org/10.1104/pp.16.01767

Esche, L., Schneider, M., Milz, J. and Armengot, L. (2023) The Role of Shade Tree
Pruning in Cocoa Agroforestry Systems: Agronomic and Economic Benefits.
Agroforestry Systems, 97, 175-185. https://doi.org/10.1007/s10457-022-00796-x

Jaimez, R.E. and Franco, W. (1999) Litter Production, Nutrient Input and Decompo-
sition in Agroforestry Systems of Cacao with Fruit Trees. Agrotropica, 111, 1-8.

Baah, F., Anchirinah, V. and Amon-Armah, F. (2011) Soil Fertility Management
Practices of Cocoa Farmers in the Eastern Region of Ghana. Agriculture and Biology
Journal of North America, 2,173-181. https://doi.org/10.5251/abjna.2011.2.1.173.181

Koko, L.K., Snoeck, D., Lekadou, T.T. and Assiri, A.A. (2013) Cacao-Fruit Tree
Intercropping Effects on Cocoa Yield, Plant Vigour and Light Interception in Cote
d’Ivoire. Agroforestry Systems, 87, 1043-1052.

https://doi.org/10.1007/s10457-013-9619-8

DOI: 10.4236/ajps.2025.165043

607 American Journal of Plant Sciences


https://doi.org/10.4236/ajps.2025.165043
https://doi.org/10.18779/cyt.v6i2.131
https://doi.org/10.1104/pp.16.01767
https://doi.org/10.1007/s10457-022-00796-x
https://doi.org/10.5251/abjna.2011.2.1.173.181
https://doi.org/10.1007/s10457-013-9619-8

	Pruning and Fertilization of Theobroma Cacao L. and of Shadow Trees Affect the Flowering and Fruiting of Cacao
	Abstract
	Keywords
	1. Introduction
	2. Methods
	2.1. Experimental Site
	2.2. Experimental Design and Data Analysis 

	3. Results and Discussion
	3.1. Number of Healthy Cacao Fruits
	3.2. Number of Diseased Cacao Fruits
	3.3. Number of Damaged Cacao Fruits
	3.4. Number of Healthy Cacao Chilillos
	3.5. Number of Diseased Cacao Chilillos
	3.6. Number of Flowers Per Tree 

	4. Conclusions
	Acknowledgements
	Authors’ Contribution
	Conflicts of Interest
	References

