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Properly designed agroforestry systems (AFS) can generate optimal cocoa bean
(BC) yields, produce co-products and provide ecosystem services. This study
analyzes the interactions between climate, AFS structure and BC yield in six
climatic zones across three natural regions of Colombia. A total of 305 plots of
1,000 m? each were established in 132 farms where the cocoa-AFS structure, BC
yield and climatic variables were determined. Five typologies of cocoa-AFS were
obtained based on the characteristics of the shade canopy and the abundance
of cocoa trees: "Highly diversified multistratum with high biomass” (HDMHB),
“Diversified multistratum with high shade and abundance of Musaceae
(DMHSM),” "Diversified multistratum with high abundance of cocoa trees
(DMHDC)," "Diversified monostratum with low shade (DMLS)" and “monostratum
with minimal shade (MMS)."” In the departments of Huila and Caquetd, Andean
and Amazonia regions, respectively, the HDMHB typology predominated, while
in Meta, the Orinoquia region, it was MMS. In the temperate-humid zone, the
DMHDC and DMHSM typologies were not found. A high floristic diversity of the
shade canopy was found: 229 species; Caqueta registered the highest number
(152). The most frequent canopy companion species were Musa paradisiaca,
Cariniana pyriformis, Cedrela odorata, Psidium guajava, Musa sapientum, and
Cordia alliodora. The highest abundance of cocoa trees occurs in areas with
lower temperature and relative humidity and in AFS with lower abundance of
fruit and timber trees. Zones with higher temperature and lower precipitation
had higher abundance of timber species (r = 0.23). The BC yield is higher in areas
with higher precipitation and is related to the lower abundance of individuals of
timber and fruit species, and to the higher abundance of Fabaceae. The BC yield
depends on the typology (p <0.0001) of the cacao systems and was higher in
DMHDC (1,148 kg ha™ yr.7}). These results are key for the design of cocoa-AFS
farms that maximize the integral production of BC, co-products and ecosystem
services, approaching sustainable cocoa farming.
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1 Introduction

Agroforestry systems (AFS) are considered as a solution to climate
and food security challenges (Reppin et al., 2019; Ballesteros et al.,
2022; Koutouleas et al., 2022). The inclusion of several tree species
increases biodiversity, productivity and the provision of ecosystem
services (Vaast and Somarriba, 2014; Wartenberg et al., 2017; Notaro
etal, 2021; Numbisi et al., 2021), improving the well-being of farmers
(Vaast and Somarriba, 2014; Herndndez-Nunez et al., 2021b; Scudder
et al, 2022) by obtaining benefits that are not achieved with
monoculture production systems (Maney et al., 2022). The AFS are
the association of trees as a shade canopy and a crop adapted to grow
under it (Notaro et al., 2021). Their design depends on ecological,
productive and local knowledge factors, such as the predominant
vegetation, land tenure and decision making (Numbisi et al., 2021).
This is the case of cocoa (Theobroma cacao L.), which is planted under
different levels of shade across approximately 70% of plantations
worldwide (Vaast and Somarriba, 2014), where shade is generated by
one or more companion species (Deheuvels et al., 2012; Hosseini et al.,
2017; Jagoret et al., 2018; Notaro et al., 2021; Schmidt et al., 2022).

The cocoa tree, native to the Amazon region (IMotamayor et al.,
2002), is one of the most important agricultural crops in tropical regions
(Hosseini et al., 2017; Gonas et al., 2022). This production system is the
livelihood of approximately five million rural households (Scudder
et al,, 2022), 80% of which present vulnerable conditions (Vaast and
Somarriba, 2014). Cocoa planted under AFS allows multiple benefits,
such as: (a) conservation of biodiversity and generation of ecosystem
services (Deheuvels et al., 2014; Vaast and Somarriba, 2014; Asigbaase
et al, 2019; Maney et al, 2022), (b) adaptive capacity to climate
variability and change (Andrade et al., 2013; Salvador et al., 2019;
Notaro et al., 2021; Zequeira-Larios et al., 2021; Hernandez-Nuiiez
etal, 2021a), (c) contribution to self-consumption, food security and
food and nutritional sovereignty (Vaast and Somarriba, 2014; Hosseini
etal, 2017; Saj et al., 2017; Asigbaase et al., 2019; Notaro et al., 2021;
Gonas et al,, 2022), (d) decrease in the economic vulnerability of
households (Cerda et al., 2014; Vaast and Somarriba, 2014; Hosseini
et al., 2017; Herndndez-Nunez et al., 2020; Notaro et al., 2021;
Somarriba etal, 2021; Zequeira-Larios et al,, 2021), and (e) synergy that
makes the production system sustainable (Vaast and Somarriba, 2014;
Hosseini et al., 2017; Wartenberg et al., 2017; Asigbaase et al., 2019;
Notaro et al., 2021; Zequeira-Larios et al., 2021; Maney et al., 2022).

Despite the importance of cocoa AFS, their complexity can
present difficulties at the production (such as increased incidence of
pests and diseases) and technological level (such as pruning and
fertilization management) (Correa et al., 2014; Vaast and Somarriba,
2014; Espinosa, 2016), which generate negative impacts on production
(Correa et al,, 2014; Sterling et al., 2015). These conditions threaten
the sustainability of the crop, which has a direct impact on the well-
being of rural households (Scudder et al., 2022). Additionally, the
improvement of cocoa AFS, setting bean yield as the only criterion,
invisibilize the multiple objectives that can be achieved (Vaast and
Somarriba, 2014; Herndndez-Nunez et al., 2020), as the other products
are as important as cocoa in contributing to household livelihoods
(Vaast and Somarriba, 2014; Hosseini et al., 2017).

The design of the AFS must contemplate the physiological
needs of the crop (Fedecacao, 2015; Hosseini et al., 2017; Sudrez
et al., 2018), the challenges and objectives of the rural household
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(Numbisi et al., 2021; Zequeira-Larios et al., 2021; Rodriguez
et al., 2022) and the local biophysical and socioeconomic
conditions (Reppin et al., 2019). The interactions of the above
factors determine whether there are synergistic or competitive
effects in the production system (Notaro et al., 2021). An
adequate AFS design can achieve optimal cocoa bean yields,
generate co-products and enhance the provision of ecosystem
services, aspects that improve household well-being (Hosseini
etal., 2017; Asigbaase et al., 2019; Hernandez-Nuiiez et al., 2020;
Numbisi et al., 2021; Zequeira-Larios et al., 2021). Moreover, AFS
are not static but change over farm age and production cycles
(Numbisi et al., 2021).

This study analyzes the interactions between climatic
conditions, shade canopy structure, floristic composition, pest
and disease incidence and yield in cocoa production systems in
Colombia. The guiding research questions were: How are plant
species compositions in cocoa AFS in Colombia? What is the
relationship between climatic conditions and shade canopy
typologies in cocoa AFS? and How do AFS typologies affect pest
and disease incidence and cocoa bean yield? The answers to the
questions posed will provide academic inputs for the integrated
management of cocoa production systems. Our results aim to
find cocoa AFS based on the interaction and balance between a
high production of dry cocoa beans and a high generation of
companion species that contribute to security, diversify diets and
have a greater capacity to adapt to climate change.

2 Materials and methods
2.1 Study area and selected population

The study was conducted in Colombia, in the departments of
Huila, Meta and Caquetd, which are in the Andean, Orinoco and
Amazon regions, respectively. These departments were taken as
representative of the natural regions of greatest importance
for cocoa cultivation. Sixteen municipalities in the three
departments were selected based on their agro-climatic
conditions and the participation of cocoa cultivation in the
productive dynamics of the region, considering: (a) area planted,
(b) bean yield, (c) marketing or processing, and (d) presence of
cocoa organizations.

A total of 305 sample plots were selected in 132 cocoa producing
farms (22, 51 and 59 in Meta, Huila and Caquetd, respectively)
registered in the Cooperativa Agroindustrial de Cacaoteros del Meta
-CACAOMET-, the Red de Asociaciones de Productores de Cacao del
Huila -APROCAHUILA- and the Asociaciéon Departamental de
Cultivadores de Cacao y Especies Maderables del Caqueta
-ACAMAFRUT-. The
proportionally to the total number in each department. Visits were

producers were randomly selected,
made to the producers’ farms to identify cocoa plots under AFS, in
which an area 1,000m? (50x20m) was established in each plot,
corresponding to 83, 100, and 122 in Meta, Huila and Caqueta,
respectively (Jagoret et al., 2017; Sudrez et al., 2018; Hernandez-Nuiez
etal, 2020). According to the Caldas Lang climate zone classification,
157 of these plots were located in the Humid Warm zone, 22 in Semi-

Arid Warm, 31 in Semi-Humid Warm zone, 11 in Humid Temperate
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zone, 51 in Semi-Arid Temperate and 33 in Semi-Humid Temperate
zone (supplementary) (Ideam, 2017).

2.2 Tree structure and floristic composition
of cocoa production systems

In each plot, the position of each individual was projected on a
Cartesian plane with respect to the south-west corner of the plot
(Sudrez et al., 2018; Herndndez-Nufez et al., 2020) and different
dasometric measurements were taken: (a) trunk diameter at breast
height (dbh); (b) mean crown diameter and; (c) height - total and at
the base of the crown (Arango-Ulloa et al., 2009; Ngo Bieng et al.,
2013). Only companion trees with dbh > 2.5 cm were measured. In the
case of cocoa and coffee trees, trunk diameter was measured at 50 and
15 cm height, respectively (Hernandez-Nafez et al., 2021a). Botanical
samples of the companion trees were taken for identification to species
level at the Laboratorio de Malherbologia y Agrobiodiversidad de la
Universidad de la Amazonia. The companion species were classified
according to their use as food, palms, legumes, timber, Musaceae and
others. From this information, 74 variables were estimated, grouped
into seven components: (1) shade; (2) height; and (3) the selection of
variables was based on work by Ngo Bieng et al. (2013), Jagoret et al.
(2017), Sudrez et al. (2018), and Herndndez-Nuiiez et al. (2020).

2.3 Climatic conditions

The geographic position of the center of each sample plot was
determined using a Global Positioning System with an accuracy of
3m. For each plot, annual climatic information was obtained for a
20-year period (2000-2020) for the following variables: (a) mean
temperature (°C), (b) relative humidity (%), and (c) precipitation
(mm). This information was downloaded from “The POWER Project,
which provides solar and meteorological data sets from the National
Aeronautics and Space Administration-NASA research (Sparks,
2018). The download was performed using the “nasapower” library in
the R Core Team statistical software (R Core Team, 2021; Sparks, 2021).

2.4 Incidence and severity of pests and
diseases in cocoa production systems

In each plot, the infestation and severity of damage caused by the
insect Monalonium dissimulatum and the fungi Moniliophthora roreri
and Phytophthora spp. were measured. The degree of external severity
of M. roreri damage was estimated on 50 pods per plot, using the scale
used by Sterling et al. (2015): 0, healthy pod; 1, oily spots; 2, swelling
and/or premature ripening; 3, spot (necrosis); 4, mycelium up to 25%
of the necrotic spot; and 5, mycelium covering more than 25% of the
necrotic spot. A longitudinal cut was made on 50 pods to determine
internal severity. The percentage of internal necrosis caused by
M. roreri was measured and ranked from 0 to 5: 0, no necrosis; 1,
1-20%; 2, 21-40%; 3, 41-60%; 4, 61-80%; and 5, more than 80% of
with necrosis (Sterling et al., 2015). The incidence of Phytophthora spp.
and M. dissimulatum was determined by counting all the pods of the
trees in the plot and identifying those affected (Vargas et al., 2005;
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Ramirez, 2016). The percentage of incidence was estimated as the ratio
between number of affected pobs and numbers of evaluated cobs x100.

The severity of Phytophthora spp. damage was estimated on 50
pods. This was categorized on a grade from 1 to 5: 1, symptom-free; 2,
less than 2 mm affected; 3, affected between 2 mm and 2 cm; 4, affected
up to 25%; and 5, spots on more than 25% of the pod (Ramirez, 2016).
The severity of M. dissimulatum was estimated by counting the
number of bites on all pods of all cocoa trees per plot. The severity of
this affectation was ranked from 0 to 4, as follows: (0) zero stings; (1)
1-10 stings; (2) 11-25 stings; (3) 26-50 stings; (4) more than 50 stings
(Vargas et al., 2005).

2.5 Cocoa bean yields

In each plot, 50 mature cobs of the main genotype of the lot were
collected and the fresh kernels of each were weighed. Subsequently,
grain yield during the peak production period of each department was
estimated using the following formula proposed by Jagoret
etal. (2017):

R = NbPods x Wbeans x TC x KkoDens

donde;

R:yield (kgha™ year™).

NbPods: average number of pods/cacao tree.

Wheans: average weight of fresh beans (kg pod™).

TC: fresh grain to dry grain conversion ratio.
KkoDens: abundance of cocoa trees (individuals ha™).

2.6 Data analysis

2.6.1 Typification of tree structure and floristic
composition

The types of cocoa agroforestry systems were identified using the
variables of the seven components of tree structure and floristic
composition and the abundance of cocoa trees. The variables that
make up each of the seven components of the cocoa-AFS were
transformed to a scale between 0 and 1; based on this, seven indices
were generated because of the sum of these transformed variables per
component (Supplementary Table S1). With the seven indices and the
variable “abundance of cocoa trees,” a classification of the plots was
generated using a hierarchical cluster analysis, with Ward’s method
and Euclidean distance (Balzarini et al., 2008).

The influence of the 74 variables of the seven components and the
abundance of cocoa trees on the separation of the groups (Cocoa
types-AFS) was estimated by an analysis of variance. The continuous
variables were analyzed using linear mixed models (MLM), with the
typologies as a fixed effect, based on cluster analysis, and the natural
regions as a random effect. The model assumptions were evaluated by
graphical inspection of the residuals. When heterogeneous variances
between typologies were detected, the variance-covariance matrix was
modeled (Di Rienzo et al., 2011). Discrete variables were analyzed
using generalized linear mixed models (GLMM) with Poisson
distribution (Di Rienzo et al., 2017). Fisher’s LSD test (p <0.05) was
used for mean comparisons. The association of clusters with
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departments and with climatic zones was performed by contingency
table analysis. Relationships between cocoa tree and companion
species variables were estimated with Spearman correlation analysis.
Multiple relationships between the dasometric measures of companion
species and cocoa trees were performed through a Principal
Component Analysis (PCA) (Balzarini et al., 2008). The analyses were
performed using the statistical software InfoStat (Di Rienzo et al,
2019) and R Core Team (R Core Team, 2021).

2.6.2 Climatic conditions, pests and diseases and
dry cocoa bean production in cocoa agroforestry
system types

Spearman correlation analysis was performed between climatic
variables and component variables describing tree structure and
floristic composition (supplementary). A tri-plot using Partial Least
Squares Regression (PLS) was performed to order the plots according
to the climatic variables (predictors) and the abundance of cocoa trees
and accompanying individuals (dependent), identifying the types of
cocoa agroforestry systems (Balzarini et al., 2008).

Additionally, an analysis of variance was performed to determine
the influence of cocoa AFS types on pest and disease incidence and
severity status (using MLGM) and cocoa bean yield (using MLM)
with fixed effect of typology and random effect of department (Di
Rienzo et al., 2011, 2017). Finally, a linear regression analysis was
performed to determine the relationship between cocoa bean yield
(response variable) and tree structure, shade and climate variables
(independent or predictor variables) (Balzarini et al., 2008).

3 Results

3.1 Types of cocoa production systems in
Colombia

The 305 plots were grouped into five types of cocoa agroforestry
systems with significant difference (p<0.0001) among them
(Supplementary Table S1): Highly diversified multistratum with
high biomass (HDMHB), Diversified multistratum with high shade
and abundance of Musaceae (DMHSM), Diversified multistratum
with high abundance of cocoa trees (DMHDC), Diversified
monostratum with low shade (DMLS) and monostratum with
minimum shade (MMS).

Highly diversified multistratum with high biomass
(HDMHB) (31.2%, n=95). This typology presented a high
diversity of companion species (richness=6.52 species, Shannon
Weaver index = 1.43) and the highest diversity in potential uses
of 6.45 index=1.6)
(Supplementary Table S1). This typology presented on average 788

-1

(richness uses, Shannon Weaver

individuals ha™ of cocoa trees and 211 individuals ha™ of
companion species, which are distributed in the low, medium and
high strata (64, 34 and 2%, respectively). The 32 and 29% of the
companion species correspond to timber species and Musaceae,
with 68 and 61 individuals ha™’, respectively. The accompanying
individuals presented the largest basal area and dbh in the three
strata and in all use categories with a dbh of 36.2 cm. This typology
presented a high shade, generated by individuals of companion
species (30.5%) (Supplementary Table S1).
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Diversified multistratum with high shade and abundant
Musaceae (DMHSM) (10.8%, n=33). This typology presented high
values of companion species diversity (richness=6.73 species,
Shannon Weaver index=1.14) and diversity in potential uses
(richness = 6 uses, Shannon Weaver index = 1.48 uses). This cacao AFS
typology was characterized by having the lowest abundance of cocoa
trees (574 individuals ha™') and the highest abundance of companion
species (481 individuals ha™"), most of them in the middle and low
strata. These cocoa plantations had a high abundance of timber and
moss species (169 individuals ha™ and 140 individuals ha™,
respectively). Despite the high abundance of companion species, the
individuals had small diameters (dbh=12.3cm). The shade
accompanying cocoa in the plots of this typology was 36.8%
(Supplementary Table S1).

Diversified multistratum with high abundance of cocoa trees
(DMHDC) (15.7%, n=48). This typology presented average values of
companion species diversity (richness=5 species, Shannon Weaver
index=1.2) and a high diversity of potential uses (richness=6.4 uses,
Shannon Weaver index=1.6). This typology reached the highest
abundance of cocoa trees (1,259 individuals ha™') and 196 individuals
ha™" of companion trees. Of the companion trees, 68 and 32% are of
low and medium stratum, respectively. A total of 86% of the
companion individuals correspond to: Musaceae (42%) with 82
individuals ha™!, timber (25%) with 50 individuals ha™' and food
species (19%) with 36 individuals ha™". It had the largest basal area
(13.83m* ha™"). The accompanying shade to cocoa in the plots of this
typology was 25%.

Diversified monostratum with Low shade (DMLS) (23.3%,
n=71). This typology was characterized by an average abundance of
726 individuals ha™' of cocoa trees, and a low abundance of
companion individuals (143 individuals ha™"), with no trees in the
upper stratum. The highest percentage of accompanying individuals
corresponded to Musaceae (34%), with 48 individuals ha™'. This
typology presented a low percentage of shade from companion
species (16.9%) (Supplementary Table ST).

Monostratum with minimum shade (MMS) (19.0%, n=58).
This typology presented the lowest diversity of companion species
(richness=2.3 species, Shannon Weaver index=0.57), and
potential uses (richness of 4.7 uses, Shannon Weaver index=1.23
uses). It had an average abundance of 871 individuals ha™' of
cocoa trees and was characterized by having the lowest abundance
of companion species (90 individuals ha™') and no individuals in
the upper stratum. It also had the lowest shade canopy (5.5%)
(Supplementary Table S1).

Using the tree structure and floristic composition indices, the
principal component analysis (PCA) explained 63% of the variance of
the data with the first two axes. The first component allows sorting the
PCAs in order of complexity, with HDMHB being the most complex,
followed by DMHSM and DMHDC, then DMLS and finally the
simplest, MMS. The abundance of cocoa trees only allows separating
DMHSM from the rest. The variables with the strongest contribution
to the separation in CP1 are the shade index and the height index. In
the case of the indices that have more strength in CP2, the variables
with the greatest contribution were the abundance of companion
species (associated with DMHSM) and abundance of cocoa, associated
with DMLS, DMHDC, HDMHB and MMS (Figure 1A). Significant
negative correlations (p <0.05) were found for the abundance, basal
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area and shade of cocoa trees with the abundance, basal area and
height of companion individuals (Figure 1B).

3.2 Spatial distribution of cocoa production
system typologies

The distribution of cocoa production system typologies was
heterogeneous among natural regions and climatic zones. In Huila,
86% of the systems corresponded to the typologies: HDMHB (42%),
DMHDC (31%), DMLS (13%); while MMS and DMHSM only
represented 9 and 5% of the total plots, respectively. In Meta, 75% of
the plots corresponded to: MMS (42%) and DMLS (34%), while no
HDMHB typology were found (Figure 2). In Caquetd, 68% of the
plots were of the HDMHB (43%) and DMLS (25%) typologies; only
3% of the plots corresponded to DMHDC (Figure 2).

In the Humid Temperate zone, no plots of the DMHDC and
DMHSM typologies were found; in this same zone, the largest number
of plots corresponded to DMLS (45%) and MMS (36%). The HDMHB
typology was uniformly presented in the different climatic zones. In the
Humid Warm zone, the DMLS typology predominated, followed by
HDMHB and MMS with 29, 23 and 22% of plots, respectively. In the
Warm Semiarid and Warm Semi-humid zones, most of the plots were
of the HDMHB typology with 41 and 55%, respectively. In the
Temperate Semiarid zone, the DMHDC and HDMHB typologies were
the most abundant (35% each); while the DMHSM and MMS
typologies were the least present (4 and 6%, respectively). Finally, in the
Semi-humid Temperate zone, the largest number of plots corresponded
to HDMHB and MMS with 39 and 30%; while the least common were
DMHSM and DMHDC with 3% of plots in each case.
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3.3 Floristic diversity of cocoa production
systems

A total of 229 species, corresponding to 54 taxonomic families
(Figure 3A), were found in 30.5ha of cocoa plantations in the three
departments. Caqueta recorded the highest number of species (152,
66.3% of the total of the study) grouped in 112 genera and 49 families,
with dominance of the species Musa paradisiaca L., Cariniana
pyriformis Miers., Cedrela odorata L., Psidium guajava L., Musa
sapientum L., and Cordia alliodora (Ruiz & Pav.) Oken. In Huila and
Meta, a similar number of species (64 and 67), genera (57-52) and
taxonomic families (28-25) were found, respectively; with the highest
frequency of Musa paradisiaca L., Persea americana Mill. and
Gliricidia sepium (Jacq.) Kunth ex Walp. found, while Musa sapientum
L. was found only in Huila (Figures 3A,B).

Musa paradisiaca L. was the most frequent species in all
typologies (48-63% of the plots) (Figure 3B). However, the
abundance of Musaceae presented significant differences between
typologies (p <0.0001) (Supplementary Table S1), with the highest
abundance of Musa paradisiaca L. and Musa sapientum L. (174 and
142 individuals ha™, respectively) in DMHSM; in addition, this
typology showed a high abundance of Hevea brasiliensis (Willd. ex
A. Juss.) Miill. Arg. and Manihot esculenta Crantz, which are present
in 42 and 27% of the plots, respectively (Figures 3A,B). The HDMHB
cocoa plantations had the highest number of species (142), with high
frequency of Psidium guajava L., Cedrela odorata L., Cariniana
pyriformis Miers, Erythrina poeppigiana (Walp.) O. E Cook and
Persea americana Mill (Figures 3A,B). The MMS typology presented
the lowest richness: 23 families, 34 genera and 42 species, where
Musa paradisiaca L. and Persea americana Mill. were in 48 and 29%
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FIGURE 2

Spatial distribution of cocoa crop plots by typology in the departments of Caquetd, Huila and Meta, Colombia. Highly diversified multistratum with high
biomass (HDMHB), Diversified multistratum with high shade and abundance of musaceae (DMHSM), Diversified multistratum with high abundance of
cocoa trees (DMHDC), Diversified monostratum with low shade (DMLS), and Monostratum with minimum shade (MMS).

of the plots with an abundance of 49 and 68 individuals ha™',
respectively. The highest species richness was reported in humid
warm climate zones, with Musa paradisiaca L., Persea americana
Mill., Gliricidia sepium (Jacq.) Kunth ex Walp. and Psidium guajava
L. and Cedrela odorata L. being the most frequent (Figures 3A,B). In
general, the cocoa plantations hosted a high diversity of companion
species, with a maximum of 20 species per plot, with an average of
five species.

3.4 Relationships between climatic
conditions, tree structure and floristic
composition

Significant correlations (p <0.05) were found between the
variables describing tree structure and climatic conditions (Figure 4B).
The highest abundance of cocoa trees occurred in areas where
temperature and relative humidity were lower (r =—0.34 and —0.18,
respectively) (Figure 4B). The correlations between abundance and
climatic conditions were different according to the categories of uses
of the shade canopy species. For example, in areas of high temperature
and low precipitation, a higher abundance of timber species was found
(r=0.23) (Figures 4A,B). The abundance of Musaceae was higher in
areas with lower relative humidity (Figures 4A,B).
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The shade accompanying the cocoa tree presented negative
correlations (p <0.05) with precipitation and relative humidity
variables (r =—0.12 and —0.18, respectively). Richness and Shannon
Weaver index presented positive correlations with temperature
(r =0.20 and 0.14, respectively). On the contrary, Shannon Weaver
index and diversity of potential uses were significantly (p <0.05) and
negatively correlated with relative humidity (r =—0.20 and —0.19,
respectively) (Figure 4B).

3.5 Relationship between pest and disease
attack, bean production, cocoa farm type
and climatic conditions

Cocoa bean yield showed statistical differences (p <0.0001)
between typologies, where DMHDC had the highest value
(1,148kgha™" yr.™"). DMHSM had the lowest yield (655kgha™ yr.™),
42.9% lower than DMHDC. The MMS, HDMHB and DMLS
typologies reached intermediate yields (855, 806 and 767 kgha™" yr.”/,
respectively) (supplementary). Grain index, pod index, wet to dry
grain transformation coefficient and grain weight did not show
significant differences (p >0.05) between typologies.

Cocoa bean yield was affected by different conditions of shade
canopy, climate and phytosanitary status. In areas with higher rainfall,
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FIGURE 3

Floristic diversity of cocoa AFS in the typologies, departments and climatic zones in the departments of Caquetad, Huila and Meta, Colombia.
(A) Taxonomic richness at family, genus and species level; purple, orange and lilac dots denote the number of families, genera and species,
respectively. (B) Frequency expressed as percentage of species presence. The colors and sizes of the circles refer to the frequency (0-100%).

cocoa bean yield was higher; the opposite behavior occurred in areas  (p <0.05) by the incidence of Monalonion and Phytophthora
with high incidence of Monilia, and high values of timber trees and ~ (r=—0.23 and r =—0.18, respectively). Similarly, internal and external
Musaceae (p <0.05) (Table 1). Bean yield was negatively affected  severity of Monilia reduced yield (r =—0.19 and r =-0.16,
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FIGURE 4

annual relative humidity; P, annual precipitation.
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Relationships between climatic conditions and tree structure and floristic composition variables in cocoa crops in the departments of Caquetd, Huila
and Meta, Colombia. (A) Tri-plot constructed by PLS using climatic variables as predictors (blue dots), abundance of cocoa trees and accompanying
individuals as dependent (yellow dots) and identifying cocoa production system typologies. (B) Significant Pearson correlations (p < 0.05) between tree
structure variables and floristic composition of cocoa production systems and climatic variables; green color represents positive correlations; red color
represents negative correlations; width represents the strength of the correlation. CS, companion species; TS, timber species; OS, other companion
species; EFS, food species; MS, Musaceae species; CT, number of cocoa trees; AS, palms; FSE, leguminous plants; T, mean annual temperature; RH,

respectively). The abundance of timber, fruit, Musaceae and other
species was negatively related (p <0.05) with cocoa yield, while the
abundance of Fabaceae was positively correlated (p <0.05) with
this variable.

4 Discussion

Cocoa production in Colombia is carried out under different AFS,
without an exclusive design by zones. In this regard, Ndo et al. (2023)
indicate that the specific diversity leads to a diversity of spatial
structures that can be adopted by communities, as a number of species
vary greatly from one farm to another. This defines the different
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production and sustainability approaches that cocoa crops can have,
which although, in a general way can be defined as cocoa planted in
monoculture or in AFS (Jaimes et al., 2022), the latter has different
variations in its design (Sudrez et al., 2018; Notaro et al., 2020); where,
the number and type of plants are important factors in defining the
spatial structure adopted by farmers (Ndo et al., 2023).

In the three areas studied, five types of cocoa plantations were
found with differences in their structure and floristic composition (i.e.,
number and type of species, percentage of shade): Highly diversified
multistratum with high biomass (HDMHB), diversified multistratum
with high shade and abundance of Musaceae (DMHSM), diversified
multistratum with high abundance of cocoa trees (DMHDC),
diversified monostratum with low shade (DMLS) and monostratum
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TABLE 1 Multiple regression coefficient and univariate correlations between the different variables evaluated and the response variable (dry cocoa
bean yield per hectare) in cocoa crops in the departments of Caqueta, Huila and Meta, Colombia.

Multiple regression coefficient

Correlations

Variable

p-value CpMallows VIF Coefficient p-value
Cocoa trees <0.0001 255.69 1.17 0.63 <0.0001
Cocoa companions 0.01 —12.06 1.12 —0.22 0.0001
Fabaceae 0.01 11.08 1.12 0.15 0.0121
Food species Individuals ha™" —-0.12 0.0455
Musaceae -0.12 0.0369
Timber -0.2 0.0007
Other species companion species —-0.14 0.0201
Cocoa companion wealth Number species —-0.17 0.0034
Percentage of shade of companion species % 0.27 <0.0001
Precipitation mm year <0.0001 33.35 1.29 0.24 <0.0001
Temperature °C <0.0001 18.86 1.29
Relative humidity 0.16 0.01
Monalonium incidence % -0.23 0.0001
Phytophthora incidence 0.03 —10.04 1.08 —-0.18 0.0017
External severity of Monilia —0.16 0.0059
Internal severity Moninilia —-0.19 0.001

with minimum shade (MMS). This has a contradiction with different
technical approaches and research, where it is indicated that an
adequate plantation should have a certain level of shade and number
of species (Fedecacao, 2015). For example, the DMHDC and DMHSM
typologies presented, respectively, a higher and lower abundance of
cocoa trees than recommended by the technical guidelines of
Fedecacao (2015): 600-700 trees ha™". The first of these typologies was
above the average reported in Central America and the second is
similar to the average of plantations in Africa (Cerda et al., 2014).
Ballesteros et al. (2022) considered the low density of trees (400
individuals ha™") as one of the disadvantages of the competitiveness of
cocoa farms. The abundance of companion species was not uniform
between zones either, as high abundance was found in the DMHSM
typology with 481 individuals ha™" and low abundance in MMS with
90 individuals ha™'. Research has reported in Ivory Coast, Indonesia,
Cameroon, Central American countries and the Colombian Amazon
approximately 237, 205, 196, 200, and 127 accompanying individuals
ha™', respectively (Cerda et al., 2014; Sudrez et al., 2018). In Africa,
they reported 30 accompanying individuals ha™, corresponding 45
different families, 129 genera and 213 species (Sanial et al., 2023). This
is consistent with other research, which has found that the spatial
configuration of cocoa trees often deviates from agronomic
recommendations (Numbisi et al., 2021).

The dichotomy between the designs of cocoa-based AFS found
and the technical recommendations may occur because, as indicated
by Lavoie et al. (2023), the design of the AFS does not obey a single
factor but is given by the convergence of local conditions (social and
environmental), external conditions (projects) and the farmer’s own
capabilities and projections. For example, farmers are more aware of
the multiple uses of cocoa companion species (Zequeira-Larios et al.,
2021), which can lead to a higher abundance of these species, as
occurs in the DMHSM typology. This reaffirms the potential of
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cocoa-AFS for multiple production objectives (Vaast and Somarriba,
2014). This behavior goes against the institutional trend of increasing
the abundance of cocoa planting, but is in line with the vision of
traditional farmers because the low density of cocoa trees allows them
to plant diverse crops for their livelihood (Ballesteros et al., 2022). In
addition, with appropriate management practices, a balance between
bean yield and co-product generation can be achieved (Hernandez-
Nuriez et al., 2020). For example, the HDMHB typology presented a
cocoa bean yield of 855kgha™ year™', which is higher than that
reported by different studies (Escobar Ramirez et al., 2021; Gama-
Rodrigues et al.,, 2021; Asitoakor et al., 2022b) and presented an

average abundance of 211 accompanying individuals ha™

, mainly of
Musaceae, timber species and food generators, which increase the
provision of ecosystem services. This is related to what has been
suggested by different authors who indicate that the cocoa-AFS can
be a socioeconomically and ecologically viable system (Notaro et al.,
2021; Gonas et al., 2022), which emphasizes the need to eliminate the
bias of studying AFS-cocoa focused on cocoa bean yields without
evaluating the complementary economic benefits (Ballesteros
etal., 2022).

One factor that agreed with the ranges reported by different
authors and technical guides was the percentage of shade, since no
typology exceeded 36%. This is in agreement with different authors,
who indicate that this should be less than 50% (Zequeira-Larios et al.,
2021), where the most recommended is 30%, since a higher shade
causes limitations in cocoa bean yield (Ballesteros et al, 2022).
However, in departments such as Caqueta, which have fewer daylight
hours (3.8 daylight hours day™'), a lower percentage of shade is
necessary as reported by Sudrez et al. (2018). In this department, there
was a higher frequency of the HDMHB typology, which has a high
percentage of shade. This can cause a higher incidence of pests and
diseases and limit cocoa productivity (Jaimes et al., 2011; Vaast and

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1295992
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Herndndez-Nufiez et al.

Somarriba, 2014; Ortiz et al., 2015; Sterling et al., 2015), which was
consistent with the present results, where the higher the percentage of
shade, the greater the severity of Monilia.

Research has found different reasons that define the number of
companion species to cocoa and the type of species (Salazar-Diaz and
Tixier, 2017; Guelly et al., 2021) and is that the diversity of crop species
generates a diversity of phenological, morphological and physiological
characteristics, whose combination influences the agroecological
functioning of FFS through facilitation or competition effects (Notaro
etal., 2022). One factor of importance when establishing companion
species is to regulate shade for cocoa, as it directly influences the
agronomic yield of cocoa beans (Ngo Bieng et al., 2013; Jagoret et al,
2017; Wartenberg et al., 2017; Asare et al., 2018; Sudrez et al., 2018).
In some cases, farmers have found it necessary to remove forest tree
species to achieve high grain yields (Anglaaere et al., 2011). This is due
to a trade-off between yields and biodiversity within cropping systems
(Notaro et al., 2022). However, authors such as (Trebissou et al., 2021),
indicate that competition between trees occurs from the early years in
cocoa plantations. Also, Hernandez-Nuniez et al. (2020) concluded
that proper management of companion species can generate high
cocoa bean yields and different environmental and economic services.

Defining the percentage of shade for cocoa is accompanied by
different reasons that the producer may have to determine the type of
species and amount to plant. Among them, the various environmental,
economic and food security services they can generate (Vaast and
Somarriba, 2014). Some of these are the improvement of soil
conditions (Anglaaere et al., 2011), biodiversity conservation and
generation of ecosystem services (Deheuvels et al., 2014; Vaast and
Somarriba, 2014; Asigbaase et al., 2019; Maney et al., 2022), adaptive
capacity to climate variability and change (Andrade et al., 2013;
Salvador et al., 2019; Notaro et al., 2021; Zequeira-Larios et al., 2021;
Hernandez-Nanez et al., 2021a), food production that diversify the
diet and economic income of farmers (Vaast and Somarriba, 2014).
Although environmental services are of global interest, Sanial et al.
(2023) indicate that there are socioeconomic variables that are more
determinant than environmental variables in making decisions on the
association of trees to cocoa.

In our study, the typologies in Caquetd recorded a high number
of companion species with potential timber and other uses. In some
of these cases, this occurs because cocoa planting projects incorporate
timber species as companion species (Rodriguez et al., 2022). In other
cases, it may be due to the fact that the planting was generated in areas
of natural regeneration, where cocoa replaces one of the strata and the
upper strata are kept as shade (Jaimes et al., 2022). This is an important
practice, as it reduces establishment and maintenance costs (Rodriguez
etal,, 2022). Furthermore, retained trees provide shade for cocoa and
leaf mulch from shade trees and nutrients stored in the forest ground
ensure productivity (Hosseini et al.,, 2017; Asigbaase et al., 2019; Cote
etal, 2022). Additionally, these trees enable biodiversity conservation
(Vaast and Somarriba, 2014), carbon sequestration (Hernindez-
Nurez et al., 2021a) and enhance better connectivity, which allows the
movement of forest species between remnant patches of primary
forest in a wider matrix than open land cocoa-AFS (Maney et al.,
2022). These aspects are of high importance in departments such as
Caquetd, which belong to the Amazon, but have high deforestation
rates (Capdevilla et al., 2023).

Timber trees also diversify household income. In studies by
Notaro et al. (2021) and Gonas et al. (2022) the species with high
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abundance were Cordia alliodora (Ruiz & Pav.) Oken, a species that
also appears with high frequency in the plots of our study along with
Cedprella odorata L. Authors such as Reppin et al. (2019), report the
importance of other forest species for household provisioning services,
such as construction and firewood. In the present investigation, this
type of species has high frequency, mainly in the DMHSM typology.
Herndandez-Nanez et al. (2021a) report that these species also
represent an important accumulation of carbon, which contributes to
climate change mitigation.

The DMHDC and DMLS cocoa AFS present a high number of
mosaic and fruit species, with high abundance and frequency of
Musaceae and Persea americana Mill species, which are in agreement
with global trends reported by different authors (Cerda et al., 2014;
Deheuvels et al., 2014; Gonas et al., 2022; Asitoakor et al., 2022a; Ndo
etal., 2023). In studies in the Peruvian Amazon, the species with the
highest abundance was Musaceae (316 individuals in total) (Gonas
etal., 2022); in cocoa crops in Ghana, Persea americana was the most
common shade tree species (Asitoakor et al., 2022a). In research in
Cameroon, fruit trees belonging to different families and species are
one of the key components of cocoa-AFS in humid forest areas,
accounting for up to 80% of the agrobiodiversity (Ndo et al., 2023).
These types of companion species have a high potential for
commercialization (Notaro et al., 2021), which diversifies household
income sources (Asitoakor et al,, 2022a; Jaimes et al,, 2022). In
addition, they provide food for household consumption, resulting in
savings in household expenses (Hosseini et al., 2017). Also, they are
shade generators for cocoa (Gonas et al., 2022), which also increases
soil fertility by providing organic matter (Notaro et al., 2021).

This trend towards the predominance of fruit and timber trees may
indicate that it would be advantageous to plant more citrus or other
fruit trees and decrease cocoa trees (Notaro et al., 2021). This may
be an indication of the deliberate transformation of the landscape by
farmers from natural pioneer species traditionally grown with cocoa to
species that provide food and medicinal benefits (Zequeira-Larios
etal, 2021; Gonas et al., 2022). Concordant with these statements, the
results of this research indicate that there is a negative correlation
between cocoa tree abundance and companion species, mainly fruit
and timber species. Zequeira-Larios et al. (2021) found in two
communities in Mexico differences between the densities of cocoa trees
and companion species, indicating that in one community (Tabasco)
farmers are more focused on selling cocoa; in this way they keep cocoa
trees in constant renewal and maintain shade trees and in (Chiapas),
farmers in Chiapas obtain income from cocoa and fruit trees.

Under this scenario and despite the benefits that different authors
have raised about companion trees (Andrade et al., 2013; Cerda et al,,
2014; Deheuvels et al., 2014; Vaast and Somarriba, 2014; Hosseini
et al., 2017; Saj et al., 2017; Wartenberg et al., 2017; Salvador et al,,
2019; Hernandez-Nuiiez et al, 2020; Somarriba et al., 2021;
Hernandez-Nufiez et al., 2021a; Maney et al., 2022), there is a need for
proper practices on these trees in the design of cocoa-AFS (Gonas
et al., 2022). This is due to factors such as the difficulty and time
needed to harvest these trees, the higher space requirements of these
species compared to cocoa trees, the sale of some fruit crops is
sometimes not possible due to the lack of commercial contacts, which
reduces the economic value of these associated species (Notaro et al.,
2021), nutrient competition or negative allelopathic effects for cocoa
(Jaimes et al., 2022). Finally, this trend of simplification within cocoa
agroforests leads to the creation of agrochemical-dependent cocoa
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systems, called conventional cocoa systems, which smallholder
farmers cannot manage due to high input costs (Asigbaase et al.,
2019). This has reached extreme consequences, such as the removal of
shade trees on their farms due to perceived competition for light,
water and nutrients (Asitoakor et al., 2022b), demonstrating that there
is alack of coordinated definition and implementation of cocoa-based
AFS, causing sustainable harvesting to be missed (Esche et al., 2022).

5 Conclusion

In Colombia there are five types of agroforestry designs based on
cocoa according to the components of the tree structure, floristic
composition and the abundance of cocoa trees. We found AFS Highly
diversified multistratum with high biomass, diversified multistratum
with high shade and abundance of Musaceae, diversified multistratum
with high abundance of cocoa trees, diversified monostratum with low
shade and monostratum with minimal shade. The most frequent
typology was Highly diversified multistratum with high biomass, with
an average of 788 individuals ha™" of cocoa trees and 211 individuals
ha™! of companion species.

A total of 229 plant species were found within the cocoa-AFS in
the area studied. The department of Caqueta, located in the Colombian
Amazon, registered the highest number of companion species (66.3%
of the total of the study) with a dominance of Musa paradisiaca L.,
Cariniana pyriformis Miers., Cedrela odorata L., Psidium guajava L.,
Musa sapientum L. and Cordia alliodora (Ruiz & Pav.) Oken. In Huila
and Meta, a similar number of species was found (64 and 67 species);
with the highest frequency of Musa paradisiaca L., Persea americana
Mill. and Gliricidia sepium (Jacq.) Kunth ex Walp; Musa sapientum
L. was found only in Huila. In all typologies Musa paradisiaca L. was
the most frequent species (48 to 63% of the plots); however, its
abundance differed among typologies.

Relationships were found between the components of tree structure,
floristic composition and abundance of cocoa trees and climatic
conditions. The highest abundance of cocoa trees was found in areas
where temperature and relative humidity were lower. In areas of high
temperature and low precipitation, a greater abundance of timber species
was found, and the abundance of Musaceae was higher in areas with
lower relative humidity. The Shannon Weaver index and the diversity of
potential uses were negatively correlated with relative humidity.

Cocoa bean yields differed between typologies, with DMHDC and
DMHSM having the highest (1,148kgha™ yr.") and lowest
(655kgha™ yr.™") values. The results allow us to conclude that cocoa
bean yield was affected by different conditions of shade canopy, climate
and phytosanitary status. In areas with higher rainfall, cocoa bean yield
was higher; the opposite behavior occurred in areas with high incidence
of Monilia, and high values of timber trees and Musaceae. It was found
that the abundance of timber trees, fruit trees, Musaceae and other
species was negatively related to cocoa yield, while the abundance of
Fabaceae was positively correlated with this variable. The HDMHB
typology, which presented a cocoa bean yield of 855kgha-1year-1,
higher than reported by different studies, an average abundance of
companion species ha-1, mainly Musaceae, timber species and food
generators, is a typology that allows to have significant income from
cocoa beans and also allows a good provision of ecosystem services,
contributions to food security and diversification of economic income,
which can partially conclude that it is a typology with high potential to
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promote in future cocoa farms. However, it is important to solve future
research questions that will help to make decisions based on data that
integrate more components, such as what is the income derived from the
companion species, what is the contribution of companion species to
food and nutritional security of households, and what is the contribution
of companion species to the food and nutritional security of households?

Finally, we conclude that these typologies have differentiated
conditions of cocoa bean production and co-product generation.
We found typologies in which there is a high diversity of companion
species that generate different ecosystem services and have a high
cocoa bean yield. These typologies are important because they become
efficient production systems, contributing significantly to the well-
being of the rural household by promoting food security, conservation
of diversity, generation of extra income and adaptation and mitigation
of climate change; aspects that are considered as challenges within the
dynamics of the new rurality in Colombia. On the contrary, we found
typologies that, although they have a high abundance of companion
species, these are generally of natural regeneration processes and do
not represent a current or potential use for households and, in
addition, have low cocoa yields. These types of production systems can
have a demotivating effect on rural producers. However, the design of
the AFS is not the only factor that affects bean yield and the generation
of co-products, therefore, new research questions arise, such as: What
is the relationship between the social conditions of rural households
and the agronomic conditions of the crop?
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