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Abstract While the potential of agroforestry pro-
ducts to contribute to rural livelihoods is well-
recognized, the quantification of their yields, incomes,
and value for domestic consumption (VDC) and
knowledge about their relationships with biodiversity
are still scarce. This information is crucial for
choosing the best strategy for growing cocoa in
tropical landscapes while conserving biodiversity
and enhancing ecosystem services. We analyzed the
contribution of cocoa agroforestry farming to the
incomes and domestic consumption of small farmers’
families in 179 cocoa agroforestry systems (CAFS)
(254 ha) in five Central American countries. The two
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hypotheses were: (1) agroforestry products are as
important as cocoa in contributing to livelihoods, (2)
the typology of CAFS determines the relationships
between socioeconomic indicators and yield, biodi-
versity, and structure of the shade canopy, as well as
the relationships between plant species richness and
cocoa yield. We quantified the yields of agroforestry
products and their contribution to net income, cash
flow, and family benefits and developed a typology of
CAFS production to evaluate relationships for each
CAFS cluster. The main agroforestry products other
than cocoa were bananas, oranges, peach palm, other
fruits, and timber, which generated modest cash
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incomes but high VDC at low cash costs, thus
contributing to family savings and food security.
Timber volumes and harvest rates were low but
significant increase was deemed feasible. The contri-
bution of the set of agroforestry products to family
benefits was similar or higher than cocoa, depending
on the typology of the CAFS. Intensified highly
diverse-dense CAFS demonstrated remarkably higher
yields, net income, cash flow, and family benefits, and
had more synergetic relationships than extensive
CAFS and traditional highly diverse-dense CAFS,
which showed more trade-offs. Our findings point to
intensified highly diverse-dense CAFS as feasible for
farming within a land-sparing strategy. Further
research is needed to better understand the mecha-
nisms that could regulate synergies or trade-offs to
improve this type of intensification.

Keywords Biodiversity - Yields - Fruits -
Timber - Typology - Trade-offs

Introduction

Cocoa agroforestry systems (CAFS) rank high as a
viable diversified land use to improve small farmers’
livelihoods and conserve natural resources (Rice and
Greenberg 2000; Duguma et al. 2001; Leakey and
Tchoundjeu 2001; Schroth et al. 2004; Franzen and
Borgerhoff 2007; Smith and Martino 2007). Cocoa
agroforestry production contributes to the self-suffi-
ciency of families and their farms through a diversified
production of food and cash crops (Degrande et al.
2006; Steffan-Dewenter et al. 2007) and reduced
financial and commercialization risk (Ramirez et al.
2001; Leakey et al. 2005).

Most studies on the economics of CAFS focus
mainly on cocoa yield, giving less attention to the
agroforestry production of fruit, timber, fiber, con-
struction materials, firewood, honey, and many other
goods obtained from the shade canopy. Authors have
reported in detail the species richness of different taxa
(plants, insects, birds, and other animals) in different
types of CAFS, indicating their influence (or lack
thereof) on cocoa yields. Several authors have con-
tended that biodiversity has little relationship with
cocoa yields (Steffan-Dewenter et al. 2007; Clough
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et al. 2011) while others suggest trade-offs (Bisseleua
et al. 2009; Wade et al. 2010; Rousseau et al. 2012;
Deheuvels et al. 2014). Studies quantifying yields of
cocoa and other products have usually focused on
fruits and timber in simple mixed systems, such as
cocoa-Cocus nucifera and cocoa-Gliricidia sepium
(Osei-Bonsu et al. 2002), cocoa-rubber (Alvim and
Nair 1986; Snoeck et al. 2013), and cocoa-Nephelium
lappaceum (Sanchez et al. 2002). Timber production
from different species in CAFS has also been studied,
reporting incomes from timber production (Mussak
and Laarman 1989), as well as standing timber
volumes, timber harvest ratio, and timber annual
increment (Somarriba et al. 2014), growth of timber
and incomes (Sanchez et al. 2002), and timber
production and gross margin in intensified systems
(Gockowski and Sonwa 2011). All these studies report
promising results for the production of cocoa, and
other goods and services with an adequate manage-
ment of agroforestry components and their
interactions.

Although many goods are obtained from CAFS
(Oladokun 1990; Beer et al. 1998; Osei-Bonsu et al.
2002; Laird et al. 2007; Somarriba 2007; Rice 2008;
Tscharntke et al. 2011), few studies assess their
contribution to household incomes. Simulation mod-
els with timber and fruits showed that CAFS per-
formed better than cocoa monocultures in terms of
benefit-cost and internal rate of return (Texeira 1999).
Data on planting densities, yields and gross incomes
(Yamada and Gholz 2002; Gockowski et al. 2010),
and gross returns and cash flow (Obiri et al. 2007) were
published for different agroforestry products such as
cocoa, timber, fruits, and other food crops. The
potential contribution of CAFS to the households is
often discussed qualitatively more than quantitatively.
Most studies on the socioeconomic performance of
CAFS do not consider the value of domestic con-
sumption (VDC) provided by agroforestry products,
focusing mostly on gross and net margins and incomes
from cocoa beans (Obiri et al. 2007; Rice 2008;
Herzog and Gotsch 1998). Domestic consumption
means savings in household expenses, which is
particularly important for small farmers living in
remote and poor zones (Leakey et al. 2005). Among
the reasons why few researchers take into account the
quantification of agroforestry products could be the
difficulty of measuring their production, due to
farmers usually do not have registers and there can
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be different harvest periods during the year, which
makes it hard to estimate the total production of each
product, especially when they quantify products in
uncommon ways and units.

Since the socioeconomic contribution of agrofor-
estry products has been partially evaluated, informa-
tion on their trade-offs with biophysical characteristics
(species richness, stand densities, and yields) is also
scarce. This information is critical for choosing the
best strategy for cocoa cultivation, whose design and
management will have impacts at the family, farm and
landscape levels (Schroth and Harvey 2007; Steffan-
Dewenter et al. 2007; Clough et al. 2011). Two
management strategies have been proposed to increase
production and preserve biodiversity and ecosystem
services: (1) system intensification, with high yields in
small areas, to reduce pressure on forest land (land
sparing), and (2) extensive agriculture, with low yields
but in large areas minimizing negative impacts and
maintaining biodiversity and ecosystem services
(wildlife-friendly farming) (Green et al. 2005).

We quantified and analyzed the socioeconomic
contribution of cocoa agroforestry farming to the
incomes and domestic consumption of small farmers’
families in Central America under two main hypoth-
eses: (1) agroforestry products are as important as
cocoa in contributing to family livelihood; (2) the
typology of the cocoa agroforestry production system
determines: the relationships of socioeconomic indi-
cators with yields, biodiversity, and structure of the
shade canopy, as well as the relationships between
plant species richness and cocoa yield. We propose
different types of cocoa-farming intensification for
land sparing and wildlife-friendly farming and advo-
cate for further research on these issues.

Materials and methods

Location and general characteristics
of the sampled cocoa agroforestry systems

We studied 179 CAFS (254 ha in total) in the main
cocoa-growing areas of five Central American coun-
tries: Bocas del Toro (Panama); Talamanca (Costa
Rica); Waslala (Nicaragua); Cortés (Honduras); and
Alta Verapaz (Guatemala). In these areas CAFS are in
hands of either indigenous or mestizo small farmers who
base CAFS management on family labor, practically

without external inputs (or fertilizers or pesticides).
These CAFS were selected to represent as much
variability as possible in terms of botanical composition,
biophysical conditions, and landscape characteristics of
each study area (Deheuvels et al. 2012). Climate,
topography, the number of CAFS per growing area, and
their size characteristics are shown in Table 1.

Studied variables

Five types of variables were measured in 2010 for each
CAFS and family including a series of three on: (1) area
(surface of the CAFS); (2) species richness (total and
by use) and diversity indexes: Shannon (H), Simpson
(D), and Simpson reciprocal index (1/D); and (3) stand
density: densities per plant type and trunk basal area of
timber trees. Those three types of variables were useful
to distinguish the differences in structure and to label
the CAFS clusters obtained with the typology analysis
(explained below). Two additional variables were
particularly useful to construct the typology of CAFS
in Central America: (1) production (cocoa, fruits,
timber, bananas, and plantains), standing timber vol-
ume, and timber harvest rate; which were key data to
show the total production and yield by each agrofor-
estry product of the CAFS; and (2) socioeconomic
indicators: net income, cash flow, and family benefit.
Net income is a traditional indicator used in most
studies on the performance of CAFS; cash flow is
important to show the balance between the earned and
expended cash money, and; family benefit allows
demonstrating essential hidden benefits while consid-
ering the value of domestic consumption (see the
formulas for calculations below).

Plant species richness, diversity, and density

Plants in the entire CAFS area were inventoried. In
each CAFS, all plants with diameter at breast height
(dbh) >5 cm were identified at the species level, dbh
was measured, and classified according to plant type:
cocoa, timber, fruit (including palms), firewood, and
service trees (only provide shade, improve soils, etc.)
and bananas/plantain. The main (primary) and sec-
ondary uses of each species were asked to the farmers
and classified in: fruits, timber, firewood, service,
medicinal and construction materials (round wood and
palm leaves); farmers were also asked about the
productive stage of fruit trees: young (when the tree is
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Table 1 Main characteristics of cocoa agroforestry systems in selected countries in Central America

Characteristics Guatemala Costa Rica Nicaragua Honduras Panama
Precipitation (mm year™') 1,700-2,300 3,000-4,500 2,000-2,700 2,000-2,500 2,800-3,500
Temperature (°C) 29-35 26-30 26-30 30-35 25-30
Relative humidity (%) 75-80 75-99 70-85 80-85 80-90
Altitude (m) 190-500 62-400 153-774 17-556 22-410
Number of CAFS* 36 36 35 34 38

Mean CAFS area (ha) 0.5+£0.7 1.1+£10 1.0 £ 05 24+£23 21+138
Total CAFS area (ha) 19.1 39.9 34.5 82.0 79.4

CAFS cocoa agroforestry systems
# Number of CAFS sampled for this study

growing and not producing yet), productive (when the
tree is adult, vigorous and produce) and old (when the
tree is weak and the production has declined consid-
erably). Data on standing marketable timber volume of
trees with dbh >30 cm was estimated by “eye” by
local experts, chainsaw operators involved in buying
standing timber from farmers and selling boards and
block wood to local consumers. Finally all stumps of
trees harvested in the plantation were located, iden-
tified at species level, stem diameter measured, and the
year of harvest and amount of marketable timber and
cost of harvesting were determined by the farmer.
Field data was used in the following calculations: (1)
basal area (m” ha™!) of timber trees, (2) shade canopy
diversity indexes: Shannon (H), Simpson (D) and 1/D,
(3) species accumulation curves by country using the
QEco-Quantitative ecology software (Di Rienzo et al.
2010); (4) percentage of species dedicated to each use,
and (5) annual rate of timber harvest.

Agroforestry production and socioeconomic
indicators

Management practices, costs, production and destina-
tion (sale or domestic consumption) of cocoa, fruits,
timber, bananas, and plantains were estimated for 2010
based on semi-structured interviews with the family.
Questions were asked to both man and woman heads of
the household. Questions included what management
practices were done in the CAFS, how many days to
accomplish each practice, what practices were done by
family members or by hired labor (hired persons), and
inputs applied during the year. Costs were classified in
two types: in-kind costs, represented by all the days
invested by family labour multiplied by the cost of one
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day of labour, and cash costs, which were all the costs
that required a payment in cash money. In the main
cocoa growing areas of Central America, almost all the
small cocoa farmers do not use any input (pesticides or
fertilizers); therefore, cash costs were mainly the
payments to hired labor. The production of each
agroforestry product were separated in two types
according to the destination: the amounts sold to local
intermediaries or to the cooperatives of farmers, and the
amounts for domestic consumption, which were the
products consumed by the family and/or domestic
animals, and the products used for in-farm construc-
tions. The units used for analyzing fruits production
were kilograms whenever possible, when farmers
reported productions in pounds the data were trans-
formed to kg (1 pound = 0.453 kg), when not possible
to estimate weight the production of several fruits were
analyzed as units of fruits. For timber the most common
production unit is called “board foot” (pie tablar in
Spanish) in Central America, but this unit does not
represent the same volume among countries, and
therefore productions were transformed into cubic
meters (m ) with the particular equivalence of each
country.

The prices used to calculate the value of agrofor-
estry products were influenced by international and
national (local) markets. The cocoa price paid by the
cooperatives to their farmers is influenced by interna-
tional prices. In Central America this price was
(according to the norms of each cooperative and
characteristics of the countries) between US$
2.21-3.00 per dry cocoa kg. The prices used for other
agroforestry products were the local prices, given by
the amounts that families received from the interme-
diary buyers in their communities. The prices for the
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most relevant agroforestry products were between:
US$ 0.10-0.29 per banana kg, US$ 0.25-0.45 per
peach palm kg, US$ 0.20-0.50 per orange and other
citrus kg, US$ 0.10-0.60 per unit of other fruits, and
US$ 101-148 per laurel timber m®. Laurel (Cordia
alliodora) is the most common timber tree harvested
from CAFS.

Finally, gross income (GI), net income (NI), cash
flow (CF), family benefit (FB), value of domestic
consumption (VDC) and Family Benefit per Labor-
Day ratio (FBLD) coming from the CAFS to the
household were calculated as followed:

GI = AS x MP
NI = GI — (CC + KC)
CF=GI - CC

VDC = ADC x MP
FB = CF 4+ VDC
FBLD = FB/LD

where: GI = gross income from sale of agroforestry
products; AS = amount of agroforestry products for
sales; MP = market price; NI = net income;
CC = cash costs; KC = in-kind costs; CF = cash
flow; FB = family benefit; VDC = value of domestic
consumption; ADC = amount of agroforestry pro-
ducts for domestic consumption; FBLD = family
benefit per labor-day; LD = number of days worked
(by family members) in the CAFS. Results were
expressed in United States of America dollars as USS$.

Data analysis

Analysis of variance among growing areas
(countries)

To evaluate differences of the studied variables among
countries, analysis of variance using a completely
random design were performed (o0 = 0.05). Fisher’s
least significant difference (LSD) test was used for
comparison of means.

Overview of the relationships

To explore the relationships of each growing area with
all the five types of variables, a nonmetric multidi-
mensional scaling (NMS) was performed (Clarke
1993). Before generating ordination, the variables

were standardized (to the normal standard) to avoid
the effect of outliers.

Typology and analysis of variance

A multivariate conglomerate analysis was performed
using the Ward grouping algorithm and the standard-
ized Euclidean distance with the socioeconomic
indicators (NI, CF, and FB) to obtain the typology of
CAFS. The dendrogram was obtained with the corre-
lation matrix. The significance of the clusters was
tested with multivariate analysis of variance. A
contingency table analysis was also performed to
evaluate the relationships between formed clusters and
growing areas (Di Rienzo et al. 2013).

To evaluate differences of the studied variables
among clusters, analyses of variance using general
linear mixed models declaring growing areas as a
random effect were performed (Pinheiro and Bates
2000). In case of finding statistical differences
(o0 = 0.05), Fisher’s least significant difference
(LSD) test was used for comparison of means.
Graphics of residuals and predicted values were
assessed; whenever variables did not meet the homo-
geneous variance assumption, models with heteroge-
neous variances were run, declaring a function of
independent variances for each cluster.

Relationships

A covariance analysis was adjusted under the general-
ized linear mixed models (Bates et al. 2011) in order to
evaluate the effect of the clusters (typology), the
studied variables, and their interactions on socioeco-
nomic indicators (response variables). Growing areas
were declared as a random effect and model assump-
tions (normality and homogeneous variances) were
evaluated. Since the variances assumption was not met,
a heterogeneous variance function was adjusted for
each cluster. Curves were fitted for each cluster and the
coefficient of determination (R?) for the entire model
was reported. To assess the effect of the clusters
(typology), cocoa yields, and their interactions on plant
species richness, a covariance analysis was adjusted
under the generalized linear mixed models, using a
Poisson distribution as the family of the model, and a
pseudo-coefficient of determination (R?) was obtained
for the entire model. All analyses were run using the
statistical package Infostat (Di Rienzo et al. 2013).
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Fig. 1 Rarefaction curves for plant species richness in the shade canopy of cocoa agroforestry systems in Central America

Table 2 Plant diversity indexes for shade canopies in cocoa agroforestry systems in Central America

Country Species richness Shannon—-Weaver (H) Simpson (D) D reciprocal index (1/D)
at 20 ha®
Mean + SD Min-Max Mean + SD Min-Max Mean + SD Min-Max
Guatemala 42 0.8 £0.5 0.0-1.9 0.7+ 0.2 0.2-1.0 1.8 £ 1.0 1.0-5.0
Costa Rica 83 22+ 0.5 1.1-3.1 0.2 £0.1 0.1-0.6 6.9 £33 1.8-15.5
Nicaragua 92 22+ 04 1.4-3.2 0.2 £0.1 0.1-0.4 6.7 £2.7 2.7-6.5
Honduras 97 1.8 £ 0.6 0.5-2.8 03+0.2 0.1-0.8 47 £25 1.3-11.1
Panama 104 1.9 +£ 0.5 0.7-3.0 0.3+0.2 0.1-0.7 43 +£27 1.4-13.0

SD standard deviation

# Number of plant species (see also Fig. 1)

Results
Botanical composition

A total of 253 plant species were identified in Central
American CAFS, with notorious differences among
the countries in shade-canopy plant species richness
(Fig. 1). The simplest, cocoa shade canopy with the
least number of species, was found in Alta Verapaz,
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Guatemala (43 species), and the richest in both
Panama (110 species) and Honduras (105). The
diversity indexes separated Guatemala from the rest
of countries, which did have similar diversity values
(Table 2). The percentage of species according to the
main use was variable among growing areas, but
taking into account the Central American mean: fruit
consumption, timber and firewood production, and
finally shading were the most common uses (Fig. 2).
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Details on the list of plant species, main and secondary
uses, and presence in each growing area, are provided
in Table 3.

The most abundant woody species in Central
American CAFS were C. alliodora (29.8 % of relative
abundance of total individuals), G. sepium (15.2 %),
Bactris gasipaes (7.7 %), Inga spp. (5.5 %), Cedrela
odorata (2.7 %), Citrus sinensis (2.3 %), Persea
americana (1.9 %), Mangifera indica (1.3 %), Gua-
zuma ulmifolia (1.2 %), Swietenia macrophylla
(1.1 %), and Pterocarpus officinalis (1.0 %).

Yield of agroforestry products

The most important yields originated from fruits
harvested every year (in particular: cocoa, banana,
citrus, and peach palm), while timber showed volumes
of potential importance (Table 4), and others such as
medicinal and construction materials were of low
relevance due to their very low yields. Fruit products
such as bananas, peach palm (B. gasipaes), and citrus
(especially oranges—C. sinensis) represented notice-
able yields destined for both sales and domestic
consumption. There were other fruits well-known by
the farmers, such as plantains, P. americana, M. indica,
C. nucifera, Eugenia stipitata, Mammea americana,
Rollinia mucosa, Sizygium malaccensis, various species
of Pouteria, and other less common and more infrequent

traditional fruit species destined mainly for domestic
consumption (Table 3). Timber was a dominant feature
in both Panama and Costa Rica. The most common trees
harvested for timber were C. alliodora, C. odorata,
S. macrophylla, Tabebuia rosea, Terminalia lucida, and
Hyeronima alchorneoides. All CAFS had variable
amounts of standing timber (trees with dbh >30 cm);
high volumes of standing timber are found in Panama
and Costa Rica. The harvested quantities of medicinal
products were very low and besides impossible to
quantify accurately. Generally, farmers just reported
that sometimes they use “some branches” or “a handful
of leaves” from CAFS to prepare a medicine. Con-
struction materials were harvested only in few CAFS
and not every year, only when farmers needed to make
minor repairs of houses or other constructions, and the
reported quantities were low; for instance, for a minor
repair farmers usually use 3-5 trunks or 5-10 palm
leaves for their roofs, and furthermore those materials
did not originate solely from CAFS.

Socioeconomic indicators

Central American cocoa-farming operations differed
in terms of NI, CF, and FB. On average, only 35 % of
Central American CAFS showed a positive NI. For
instance, in Nicaragua 60 % of the cocoa farms had
positive NI, followed by Guatemala (56 %), Honduras
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Table 3 Plant species and their uses identified in at least 3 % of the cocoa agroforestry systems in five cocoa growing areas of
Central America

Scientific name Relative Relative Main  Secondary  Countries
frequency abundance use use

PA CR NI HO GU

Cordia alliodora (Ruiz & Pav.) Oken 77.3 29.9 T X X X X X
Persea americana Mill 66.3 1.9 F FwW X X X X X
Citrus sinensis Osbeck 62.4 23 F X X X X X
Inga sp. Mill. 55.8 55 F FwW X X X X X
Cedrela odorata L. 50.8 2.7 T X X X X X
Mangifera indica L. 40.3 1.3 F X X X X X
Spondias mombin L. 38.7 1.0 F T X X X X
Bactris gasipaes Kunth 32.6 7.7 F X X X
Pterocarpus officinalis Jacq. 27.6 1.0 S X X X

Cecropia sp. Loefl. 26.0 0.7 S X X X X X
Pouteria sapota (Jacq.) H.E. Moore & Stearn 24.9 0.4 F X X X X X
Guazuma ulmifolia Lam. 23.8 1.2 S X X X
Erythrina sp. L. 23.2 0.8 S X X X X
Cocos nucifera L. 22.1 0.6 F X X X X X
Psidium guajava L. 21.0 0.3 F FW X X X X X
Citrus sp. L. 19.3 0.4 F X X X X X
Iriartea deltoidea Ruiz & Pav. 19.3 0.4 FwW X X

Lonchocarpus minimiflorus Donn. Sm 17.1 0.5 S X X
Carapa guianensis Aubl. 16.0 0.5 T X

Thouinidium decandrum (Bonpl.) Radlk 15.5 0.9 Fw X X X

Syzygium malaccense (L.) Merr. & L.M. Perry 15.5 0.4 F X X

Annona muricata L. 15.5 0.3 F X X X X X
Bursera simaruba (L.) Sarg. 15.5 0.2 Me X X X X
Cordia collococca L. 15.5 0.2 S X X

Rollinia mucosa (Jacq.) Baill. 13.8 0.4 F X X

Swietenia macrophylla King 13.3 1.1 T X X X X
Nephelium lappaceum L. 13.3 0.8 F X X X X
Terminalia lucida Hoffmanns. ex Mart. 13.3 0.3 T X X
Minquartia guianensis Aubl. 12.7 0.3 T X

Gliricidia sepium (Jacq.) Kunth ex Walp. 11.6 15.2 FwW T X X X X
Inga sp. Mill. 11.6 0.4 FwW X

Chamaedorea elegans Mart. 11.0 2.5 F X
Pouteria campechiana (Kunth) Baehni 11.0 0.3 F X X

Inga sp. Mill. 10.5 0.9 FwW X X
Coffea arabica L. 10.5 0.8 F X X X
Ochroma pyramidale (Cav. ex Lam.) Urb. 10.5 0.2 Me T X X X
Artocarpus altilis (Parkinson) Fosberg 10.5 0.2 F X X X

Genipa americana L. 9.9 0.1 T X

Acacia sp. Mill. 9.4 0.5 S X

Tabebuia rosea (Bertol.) A. DC. 9.4 0.5 S X X X X
Pimenta dioica (L.) Merr. 94 0.4 S X X X
Vochysia guatemalensis Donn. Sm. 9.4 0.3 S FwW X X X X
Byrsonima crassifolia (L.) Kunth 9.4 0.3 F X X X X
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Table 3 continued

Scientific name Relative Relative Main Secondary  Countries
frequency abundance use use
PA CR NI HO GU

Dialium guianense (Aubl.) Sandwith 9.4 0.2 T X X
Orbignya cohune (Mart.) Dahlgren ex Standl. 8.8 0.4 S X
Citrus sp. L. 8.8 0.2 F X X
Ficus citrifolia Mill. 8.8 0.2 T X
Vitex cooperi Standl. 8.8 0.1 T X X
Bombacopsis quinata (Jacq.) Dugand 8.3 0.5 Con T X X X X
Hyeronima alchorneoides Allemao 8.3 0.2 T FwW X X X
Sterculia apetala (Jacq.) H. Karst. 8.3 0.2 F X X
Lonchocarpus spp. Kunth 8.3 0.1 T X
Heliocarpus americanus L. 8.3 0.1 S X
Cinnamomum costaricanum (Mez & Pittier) 7.7 0.1 F X

Kosterm.
Castilla elastica Sessé 7.2 0.3 S X X X X
Welfia georgii H. Wendl. 7.2 0.3 Con X
Dipteryx panamensis (Pittier) Record & Mell 7.2 0.2 T X X X
Miconia sp. Ruiz & Pav. 7.2 0.2 FwW X
Cassia grandis L. f. 7.2 0.2 S X X X
Eugenia stipitata McVaugh 7.2 0.1 F X X
Acosmium panamense (Benth.) Yakovlev 7.2 0.1 T X
Enterolobium cyclocarpum (Jacq.) Griseb. 7.2 0.1 S X X X
Taxus sp. L. 6.6 0.2 S X
Hevea brasiliensis (Willd. ex A. Juss.) Miill. 6.1 0.2 S X

Arg.
Zygia longifolia (Humb. & Bonpl. ex Willd.) 5.5 0.2 S X

Britton & Rose
Crescentia alata Kunth 5.0 0.2 F X X X
Platymiscium dimorphandrum Donn. Sm. 44 0.1 T X
Bixa orellana L. 3.9 0.1 F Me X X X
Tectona grandis L. f. 33 0.2 T X X X
Ocotea austinii C.K. Allen 33 0.1 F X X X

Relative frequency percentage of cocoa agroforestry systems (N = 179) where the species (N = 253) was identified

Relative abundance percentage of individuals of the species respect to the total abundance of plants (N = 30,517 in 254 ha in total)

Countries countries where the species was identified in cocoa agroforestry systems

PA Bocas del Toro (Panama), CR Talamanca (Costa Rica), NI Waslala (Nicaragua), HO Cortés (Honduras), and GU Alta Verapaz
(Guatemala), F fruits, T timber, FW firewood, S only shade service, Me medicinal, Con construction materials

(26 %), Panama (18 %), and Costa Rica (17 %).
Negative NI were caused by high in-kind costs, mainly
represented by the cost value of family labor. Cash
costs were very low. On the contrary, CF and FB were
positive in all CAFS. Nicaragua showed an FB at least
three times higher (>US$ 3,700 ha™' year™') than
any other country (Table 4).

Overview of the relationships among growing
areas and the studied variables

Nicaraguan CAFS were mostly associated with high
cocoa and fruit yields and with high values of
socioeconomic indicators. Panamanian CAFS were
the most associated with high species richness, high

@ Springer
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Fig. 3 Exploratory relationships among biophysical character-
istics and socioeconomic indicators of cocoa agroforestry
systems in Central America. Socioeconomic indicators here
(net Income, cash flow, and family benefit) are the sum of
contributions of cocoa, bananas, fruits, and timber. Dha density
of individuals per hectare, Rich species richness, F fruit species,
YF young fruit species, PF productive fruit species, Me
medicinal species, FW firewood species, C species for

timber-tree densities, total high densities and basal
areas of timber trees, high banana densities, and high
banana and peach palm yields. Costa Rican CAFS were
especially associated with high fruit-tree densities, high
medicinal-species richness, and total high densities.
Guatemalan CAFS were clearly associated with high
densities of firewood trees, particularly G. Sepium, the
dominant shade-canopy species. Honduran CAFS were
correlated with high densities of all the woody perennial
trees. The first two axes of the NMS explained 68 % of
the total variation in the sample (Fig. 3).

Typology of cocoa agroforestry systems

A typology of three well-differentiated CAFS clusters
was obtained. The Cluster 1 (C1) was composed

construction materials, B banana, P plantain, T timber species,
TBA timber trees basal area, TDBH?30 timber trees with diameter
at breast height >30 cm, S species which only provide shade and
no products, WP woody perennial species (not including cocoa),
Total Dha total shade canopy density (woody and no woody
plants; not including cocoa), Total Rich total species richness in
the shade canopy (not including cocoa)

mostly by CAFS from Panama and Honduras, Cluster
2 (C2) mostly by CAFS from Costa Rica, and Cluster 3
(C3) mostly by CAFS from Nicaragua and Guatemala;
the way that the CAFS were distributed in the clusters
and the contingency analysis showed that this typol-
ogy was not independent of the cocoa-growing areas
(xz p < 0.0001) (Table 5). Based on the comparison
of their size, densities in the shade canopy, and yields
of agroforestry products, under the context of cocoa
growing characteristics in Central America (Table 6),
they were labeled as follows:

e (Cl): large-size, moderate woody species density
and low-yield CAFS

e (C2): small-size, high woody species density, and
low-yield CAFS
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Table S Number of cocoa agroforestry systems per cluster and per cocoa-growing area in Central America

Country C1: large size, moderate C2: small size, high C3: moderate size, high Total
woody species woody species woody species density
density and low yields density and low yields and high yields
Nicaragua 7 28 35
Guatemala 10 18 36
Panama 28 5 38
Costa Rica 17 16 3 36
Honduras 27 6 34
Total 89 35 55 179
% of the total 50 19 31 100

Contingency analysis: (x> p < 0.0001)

e (C3): moderate-size, high woody species density,
and high-yield CAFS

The C3 CAFS showed the best socioeconomic
indicators. It would have been expected that the total
value of socioeconomic indicators provided by the
total area of the CAFS were higher for C1 CAFS due to
the fact that its area was at least double than the ones of
other clusters, but despite this, C3 CAFS presented
higher values (Table 7). This is a strong indication that
the benefits derived from larger areas with low yields
are not equivalent to those from high yields in smaller
areas. The differences among clusters were much
more evident when the values of socioeconomic
indicators were presented per hectare, showing that
C3 CAFS were undoubtedly the most efficient and C2
CAFS the least efficient; for instance, FBLD of C3
CAFS was three to six times higher than the other
clusters (Table 8).

Contribution of agroforestry products
to socioeconomic indicators

The main agroforestry products contributing to socio-
economic indicators were cocoa, bananas, fruits, and
timber. The NI of all agroforestry products was
negative for C1 and C2; while in C3, cocoa, fruits,
and timber showed positive NI values, indicating that
only these CAFS were successful in terms of profit-
ability. As for CF, it was demonstrated that cocoa is
undoubtedly the main cash crop with higher values
than any other agroforestry products in all three
clusters, especially in C3. Only timber showed slightly
negative CF in C1 and C2, contrasting with the results

@ Springer

in C3 where the CF from timber was comparable with
CF from bananas and fruits. In terms of FB, cocoa was
no longer found to be the most important agroforestry
product. For C1 and C2, cocoa and bananas were the
most important for FB, while in C3 fruits also had the
same importance (Table 9). By comparing the contri-
butions of cocoa against the set of other agroforestry
products (banana + fruits 4+ timber altogether), it can
be shown that the same tendency was registered for NI
(Fig. 4A) and for CF (Fig. 4B), where cocoa was still
most important with higher values, but for FB in two
clusters (C1 and C3), the set of agroforestry products
had higher values than cocoa (Fig. 4C).

Relationships between socioeconomic indicators
and all studied variables

Socioeconomic indicators had significant relationships
only with cocoa yields, fruit yields, fruit tree density,
plant species richness, and area. The relationships of NI
with area and with cocoa yield were evidently positive
in C3 CAFS and almost neutral in the other clusters. On
the other hand, the relationship between NI with fruit
trees density where negative for C1 and C3 and slightly
positive in C2. Cocoa is undoubtedly the most impor-
tant cash crop as cocoa yield was the only variable
positively related to CF in the three clusters. The
relationships of FB with fruit yields and with plant
species richness were significantly positive in C3 CAFS
and almost neutral in the other clusters. The relation-
ships between total plant-species richness and cocoa
yields were clearly negative for C1 and C2 and slightly
positive for C3. Therefore, several of the relationships
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Table 7 Values of socioeconomic indicators provided by the total area of the system in a three-cluster typology of cocoa agro-
forestry systems in Central America

Socioeconomic C1: large size, moderate ~ C2: small size, high woody C3: moderate size, high F P
indicators® woody species density species density and low yields ~ woody species density

and low yields mean =+ standard error and high yield

mean =+ standard error mean = standard error
NI (US$ year™ ') —340 +£ 96a —977 £ 133b 528 + 182¢ 29.17  <0.0001
CF (US$ year ) 398 + 55a 151 &£ 30b 1101 + 163c¢ 2533  <0.0001
FB (US$ year ") 965 + 255a 600 £ 239b 2307 £ 348c 21.63  <0.0001
GI (US$ year™ ') 509 + 52a 170 + 26b 1171 £ 171c 35.13  <0.0001
VDC (US$ year™") 605 + 296a 507 + 289a 1109 + 335b 5.05 <0.0074
CC (US$ year ") 110 £ 24a 29 £+ 18b 70 £ 21a 7.98 0.0005
KC (US$ year™ ") 741 £ 110a 1109 £ 142b 582 £ 102a 821  <0.0004
ST value (US$) 1665 £+ 570a 756 £ 455b 1163 + 541ab 6.82 0.0014
LD (days year ') 100 £ 16a 146 + 19b 91 £ 16a 5.67 0.0042
Area (ha) 1.9 £0.2a 0.6 £ 0.2b 0.9 £ 0.2¢c 2143 <0.0001

Different letters within a row indicate significant differences among clusters typology (LSD Fisher, p < 0.05)

NI net income, CF cash flow, FB family benefit, GI gross income, VDC value of domestic consumption, CC cash costs, KC in-kind
costs, ST value standing timber value, LD number of labor days invested by family members

% Socioeconomic indicators here are the sum of contributions of cocoa, bananas, fruits and timber

Table 8 Values of socioeconomic indicators provided per hectare of the system in a three-cluster typology of cocoa agroforestry
systems in Central America

Socioeconomic Cl: large size, moderate C2: small size, high woody C3: moderate size, F P
indicators® woody species density species density high woody species

and low yields and low yields density and high yield

mean =+ standard error mean =+ standard error mean =+ standard error
NI (US$ ha™' year™") —272 £ 48a —1724 £+ 129 433 + 135¢ 80.21 <0.0001
CF (US$ ha™! year™") 276 + 67a 282 + 75a 1282 + 116b 47.79 <0.0001
FB (US$ ha™! year™") 600 + 145a 824 £+ 162b 3098 £ 322¢ 37.71 <0.0001
GI (US$ ha™' year ") 335 £ Sla 324 £ 57a 1336 £+ 115b 60.22 <0.0001
VDC (US$ ha™! year™") 369 + 388a 750 + 421a 1617 + 410b 12.04 <0.0001
CC (US$ ha™' year™") 53 £+ 18a 29 £+ 18b 87 £ 25a 436  0.0142
KC (US$ ha™' year™") 520 + 85a 1988 + 239b 872 + 115¢ 23.85 <0.0001
FBLD (USS$ person™' day™") 10 £2a 54 2b 31 4 4c 40.72  <0.0001
ST value (US$ ha™') 758 + 475a 1327 + 508b 1370 + 482b 6.82  0.0014
LD (days ha™' year™") 78 £ 12a 259 £ 25b 142 + 24c 34.16 <0.0001
Area (ha) 1.9 £ 0.2a 0.6 £ 0.2b 0.9 £ 0.2¢c 2143  <0.0001

Different letters within a row indicate significant differences among clusters typology (LSD Fisher, p < 0.05)

NI net income, CF cash flow, FB family benefit, GI gross income, VDC value of domestic consumption, CC cash costs, KC in-kind
costs, FBLD family benefit per labor day, ST value standing timber value; LD number of labor days invested by family members

% Socioeconomic indicators here are the sum of contributions of cocoa, bananas, fruits and timber

were different in direction (+ or —, or almost neutral) were positive, showing synergies; whereas in the other
among clusters, meaning that they were determined by clusters several were negative, denoting trade-offs
the CAFS typology. In C3, most of the relationships (Fig. 5).
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Table 9 Contribution of the main agroforestry products to net income, cash flow, and family benefit in three clusters of cocoa agroforestry systems in Central America

Timber

Fruits

Banana

Cocoa

Typology

Indicator

mean =+ standard error  mean =+ standard error  mean =+ standard error

mean =+ standard error

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

23.85

—7 £ 4b
—12 +£5d

103 &+ 63c
-3+ 4c

—4 + 3¢

—12£7b
—97 £ 15¢

—106 £ 15a
—411 £ 73b
—209 £55 b

—152 +£ 26a
—1234 £+ 133a

Cl1

C2

Net income (US$ ha~' year™")

46.42

12.24
31.18

26 + 33c
28 + 7b

540 £+ 124a
203 £ 23a
294 £+ 42a
1083 + 84a

C3

23 £+ 6b

Cl1

Cash flow (US$ ha™' year™)

18.9

15 £ 9b

8 £+ 4b
30 + 26b

C2

48.37

109 + 65b

80 £ 35b
138 £ 24b

C3

21.19
22.5

31 £ 12¢
11 £ 8c

155 + 25ab

210 £ 23a
310 £+ 42a
1133 + 83a

Cl1

Family benefit (US$ ha™' year™")

132 £+ 28b
1224 + 248a

225 + 82ab

C2

24.75

151 + 84b

796 £+ 167ab

C3

Different letters within a row indicate significant differences among agroforestry products (LSD Fisher, p < 0.05)

Countries are ordered from left to right according to the increase of species richness showed in Fig. 1

C1 large size, moderate woody species density and low yields CAFS, C2 small size, high woody species density and low yields CAFS, C3 moderate size, high woody species

density and high yields CAFS

Discussion
Agroforestry structure and yields

In Central America, small cocoa farmers manage their
plantations with low cocoa-tree densities and high
densities of bananas and woody perennials (trees,
palms), with the special aim of producing fruit and
timber. The 600 cocoa trees ha™' in Central America
are low especially compared with cocoa plantations in
Africa in the range of 800-1,300 cocoa trees ha ™'
(Jagoret et al. 2011, 2012) or with commercial shaded
or unshaded plantations around the world that even
surpass 2,000 cocoa trees ha~!. But the densities of
the shade canopy appear to be higher in Central
America, where the majority of CAFS have about 200
trees ha~! plus at least 60 bananas ha™', compared to
other parts of the world; for instance, densities in
Africa are about 160 trees ha' (Gockowski et al.
2010) or 120 trees ha™! (Jagoret et al. 2011), and
lower in Bolivia with less than 30 trees ha~"' (Orozco
et al. 2008); while in rustic (cabruca) plantations in
Brazil the densities are about 70 trees ha™' but their
basal areas are high (23 m? ha~") (Sambuichi 2006).
As for uses of the species, while the predominant use
globally is fruits, the second main use depends on the
region—timber in Central America. Around the world,
as well as in this study, mango (M. indica), avocado
(P. americana), and orange (C. sinensis) are the most
common fruit trees reported in mixed diversified
CAFS (Aulong et al. 2000; Tejada and Andujar 2004;
Lopez and Somarriba 2005; Jagoret et al. 2009;
Gockowski et al. 2010).

The differences in densities and management of
cocoa and shade-canopy plants and trees also result
in yield differences of agroforestry products. With
high densities of cocoa trees along with chemical or
systematic manual control of pest and diseases, cocoa
yields easily reach 1,000 dry kg ha™' year™', and
higher intensified systems surpass 2,000 dry kg ha™"
(Alvim and Nair 1986; Osei-Bonsu et al. 2002;
Bisseleua et al. 2009). In our study the best cluster
(C3) registered 458 dry kg ha™'year™' and the
others less than 160 dry kg ha~'year™'. Cocoa
yields in Central America are affected by several
factors such as diseases, management and arrange-
ment of shade, soil fertility, and incompatibility and
variability of cocoa trees, among others. The most
negative impact is caused by disease incidences such
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Fig. 4 Comparison between contributions of cocoa and agrofor-
estry products to A net income, B cash flow, and C family benefits
in the three clusters of cocoa agroforestry systems in Central
America. Different letters between bars indicate significant
differences between cocoa and AFP (LSD Fisher, p < 0.05).
AFP agroforestry products (banana + fruits + timber). C/ large
size, moderate woody species density and low yields CAFS; C2
small size, high woody species density and low yields CAFS; C3
moderate size, high woody species density and high yields CAFS

as monilia (Moniliophthora roreri) and black pod
(Phytophthora palmivora) since their control is not
adequate. The most important recommendation is to
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eliminate infected pods and to harvest healthy ones
as often as possible, at least every 4-weeks loss of
cocoa pods can be reduced (Leach et al. 2002). A
clustered pattern of shade trees appears to promote a
higher production of pods but with a higher number
of diseased pods than random and regular spatial
organization; therefore, the study of interactions
between cocoa diseases and spatial structure is useful
in giving us more insights on ways to increase yields
(Ngo Bieng et al. 2013).

Regarding timber, the basal area and standing
timber volume of commercial timber trees in com-
plex, mixed CAFS managed by small farmers are in
the range of 4-7 m? ha~' and about 14 m* hafl,
respectively, as reported in this study and other
CAFS in Africa (Gockowski et al. 2010). In simple
mixed CAFS, such as in Bolivia, the values are less
than 1 m® ha™" and 3 m® ha™!, respectively (Orozco
and Somarriba 2005). Timber harvest rate in CAFS
is low in Central America, with 0.6 m® ha™" year™"
in the best cluster (C3) because farmers do not
harvest every year and at each harvest they generally
cut down only one or two trees. At this rate, the
cumulative timber yield in 14 years would be
8.4 m> ha~'. In cocoa-timber agroforestry systems,
over the same period, reported timber yields were
138 m® ha™! for C. megalantha and 94 m® ha™" for
C. odorata (Sanchez et al. 2002); in 12 years
~8 m>ha~! for C. alliodora (Ramirez et al.
2001); in 10 years the overbark stem volume was
128 m’ ha™' for C. alliodora, 97 m> ha™' for
T. rosea, and 172 m? ha™! for T. ivorensis (Somarr-
iba and Beer 2011). In another study, the cumulative
timber rate for C. alliodora was 4-6 m> ha™" year™'
(Beer et al. 1998). It would not be expected that
Central American CAFS achieve those timber vol-
umes since they are not only cocoa-timber but
diversified systems; however, this indicates that high
timber production in CAFS is achievable.

Regarding fruits, several studies report yields and/
or incomes in complex or simple mixed CAFS
(Duguma et al. 2001; Osei-Bonsu et al. 2002; Tejada
and Andujar 2004; Villareal et al. 2006; Gockowski
et al. 2010). Their reported data are informative, but
unfortunately, comparisons are difficult due to the fact
that many fruit species in their shade canopies are
different to the ones found in Central American CAFS,
or because the yields of species in common are
reported in different units.
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Contribution of agroforestry farming to family
livelihoods

Our findings show that the main contribution of
agroforestry farming to small farmers’ families is the
generation of both cash incomes and products for
domestic consumption, using only family labor and
involving very small cash amounts. Undoubtedly, the
main contribution to CF is made by cocoa—little by
agroforestry products. However, agroforestry products
are as important in terms of FB as cocoa. For domestic
consumption bananas and fruits are much more
important than cocoa to family livelihoods, food
security, and nutrition (Jamnadass et al. 2011).
Another advantages of this cocoa agroforestry farming
is that bananas are easy and cheap to manage and
produce year-round (Sharrock and Frison 1999;
Dahlquist et al. 2007), the differences in seasonal
fruiting pattern of these species results in the produc-
tion of various fruits during all year long (Leakey and

Cocoa yield

species density and low yields CAFS; C3 moderate size, high
woody species density and high yields CAFS. Coefficients of
determination (R2 and Rseudo2) represents the entire model

Tchoundjeu 2001; Leakey et al. 2005; Jamnadass et al.
2011), and families can sell timber in case of
emergency (Somarriba and Beer 2011). Regarding
strict economic profitability (NI), only in C3 CAFS
most of agroforestry products are profitable while in
the other clusters NI is negative; this situation is not
caused by cash costs but by in-kind costs, indicating
that family labor is not efficient in terms of NI.

CF and FB help highlight the real contribution from
shade canopies to households, instead of relying solely
on profitability indicators, and also broaden the
understanding of the small farmer’s strategies in
growing cocoa. In most CAFS, the main strategy is
to combine cocoa trees with moderate or high densities
of other plants and trees, which could be viewed as
inadequate because it implies an increase in shade with
a consequent reduction in cocoa yields, and additional
family labor. But CF demonstrates that shade canopy
is capable of generating cash incomes with very low
cash costs while FB and FBLD demonstrate that
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working in the CAFS can potentially offer more
benefits than working outside the farm. For example,
in C3 CAFS, the FBLD was US$31 person™' day ™',
which is much better than the US$10-15 per-
son~! day~' a person earns working on other farms.
These kinds of indicators also reflect on the savings
from use of products produced on the farm (Leakey
et al. 2005) and the efficiency of the farming activity
(Herzog and Gotsch 1998; Rice 2008). Therefore,
through CF and FB it is possible to show that with
respect to small farmer’s strategy, associated trees and
plants have the same importance than cocoa for family
livelihood despite the fact that cocoa trees are the most
abundant component in the system.

Considering the yields of agroforestry products and
socioeconomic contributions, an important question
arises: Can agroforestry products compensate for low
cocoa yields? In terms of CF it is difficult for
agroforestry products to compensate for low cocoa
yields and incomes, although the modest incomes
from these products always represent an aid to
household economy. But in terms of FB, the set of
agroforestry products could compensate for current
cocoa yields and/or incomes and even enable farmers
to face a decrease of them since they had similar or
higher FB than cocoa. For example, in C3 CAFS,
cocoa yields and incomes could double with less
species richness and less abundance of trees in the
shade canopies and with external inputs such as used
in other cocoa-growing areas of the world (Sénchez
et al. 2002; FHIA 2007; Gockowski and Sonwa 2011;
Steffan-Dewenter et al. 2007; Wade et al. 2010). In
that case, though its hypothetical FB would mainly
come from cocoa bean income and might be similar to
the current FB, it would have fewer other benefits such
as ecosystem services and higher financial risk due to
the dependence on only one product (Ramirez et al.
2001; Leakey et al. 2005). In Cameroon it was also
demonstrated that the highest and most stable reve-
nues were generated by intensive cocoa-fruit agrofor-
estry, which had about 170 trees and 56 bananas ha™!
(Gockowski and Dury 1999), densities similar to
Central American CAFS.

Typology of cocoa farming in Central America

Each of the three CAFS clusters found in this study
represents a contrasting type of cocoa farming, with
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C3 CAFS as the most efficient one. The C1 cluster
represents an extensive management of cocoa with
shade trees, due to its characteristics of larger areas
and lower densities and yields; whereas C2 and C3
represent a type of intensification in terms of manag-
ing high densities of productive trees in the shade
canopy along with the main crop. However, C2 and C3
are not equal in socioeconomic benefits. Although C2
and C3 have similar densities in the shade canopy,
farmers of C3 invest significantly less family labor (in-
kind costs) and obtain remarkably higher yields of
agroforestry products, NI, CF, FB, and FBLD.
Efficiency of this type on small to medium farms has
been noted before; these farms can present higher
productivity in fruits per hectare and are also more
efficient in fruits per dollar input than larger operations
(Rice and Greenberg 2000), the success of the system
also depends on the cultural practices (Jagoret et al.
2008), which allows us to assume that the main
differences between C2 and C3 stem from the
agroforestry management (efficiency and technique)
and the objectives of the farmers. C3 is made up
mainly of CAFS managed by mestizo farmers in
Nicaragua, whose objectives clearly involve both cash
income and food production. C1 and C2 are mostly
made up of CAFS of indigenous people in Costa Rica
and Panama; several of the main objectives of
indigenous farmers have to do with traditional/cultural
and conservation factors, which do not necessarily
result in high yields (Dahlquist et al. 2007; Laird et al.
2007). Another important factor within the objectives
of indigenous farmers could be the economic resil-
ience of CAFS, because when prices are low they
reduce the management to the point that CAFS could
appear to be abandoned, and when after several years
the prices are again attractive, they invest again in
agriculture management in order to recover the cocoa
production; this dynamic could also explain the
maintenance of C1 and C2 CAFS. Within this context,
in Central America 50 % of CAFS are extensive (C1),
19 % are traditional highly diverse-dense (C2), and
31 % are intensified highly diverse-dense (C3), as
shown in Table 5.

Relationships according to CAFS typology

Several implications can be deduced from our results
of relationships:
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1. The direction of significant relationships depend
on the typology of CAFS; therefore, synergies or
trade-offs cannot be generalized. Intensified
highly diverse-dense CAFS can have more syn-
ergies, whereas extensive CAFS and traditional
highly diverse-dense CAFS tend to have more
trade-offs.

2. FB can increase with increasing fruit yields and
plant species richness, and is not related to
densities of the shade canopy. This finding is
important when promoting or justifying incen-
tives that aim to increase species richness and
abundance that can provide products for a fam-
ily’s domestic consumption, especially on farms
in remote and poor zones (see also Deheuvels
et al. 2014).

3. CF and NI do not have relationships with plant
species richness or with stand densities (cocoa,
bananas, timber trees, firewood trees), allowing us
to discard trade-offs between those variables.
Thus, banana densities can be maintained without
affecting cash incomes originated from cocoa to
continuously produce bananas for family domes-
tic consumption. The same situation exists for
timber trees, though they have the potential to
contribute to cash incomes and ecosystem ser-
vices. With timber tree densities similar to those
found in this study, high timber volumes can be
reached producing high incomes without affect-
ing cocoa yields (Ramirez et al. 2001; Sanchez
et al. 2002; Somarriba and Beer 2011); and
biomass and carbon sequestration could be
increased dramatically, avoiding excessive shade,
by manipulating the morphological characteris-
tics of timber trees (Somarriba et al. 2013). The
current timber harvest rate in Central American
CAFS could be increased significantly without
endangering the sustainability of timber stock
(Somarriba et al. 2014). The small farmer’s fear of
planting or harvesting timber trees should no
longer be a constraint because it has already been
demonstrated that well-conducted harvesting of
timber does not cause significant damage to cocoa
trees (Ryan et al. 2009). In Central America
farmers are able to harvest and sell the trees
planted in their farms with a previous permission
of local governments, as long as the timber
species is not in danger of extinction.

4. Regarding biodiversity and cocoa yields, results
from several studies are in agreement with ours,
suggesting that the relationship also depends on
the typology of the CAFS. It can range from
slightly positive or almost neutral (Steffan-Dew-
enter et al. 2007; Clough et al. 2011) to negative
relationships, denoting trade-offs (Bisseleua et al.
2009; Wade et al. 2010). Another study reported
trade-offs within varying levels of agroforestry
intensification, suggesting that plant biodiversity
can be maintained if it has economic value
derived from the shade canopy (Gockowski and
Sonwa 2011). We support this suggestion because
C3 CAFS registered high socioeconomic value
and showed synergetic relationships, also con-
firming that a win—win situation can be attained
by intercropping a mix of species that provide
benefits to small farmers and maximize biodiver-
sity conservation (Leakey and Tchoundjeu 2001;
Clough et al. 2011; Kessler et al. 2012; Deheuvels
et al. 2014). C3 CAFS merit further detailed
studies on the relationships between their man-
agement and the provision of ecosystem services
such as carbon sequestration (Somarriba et al.
2013), soil quality (Rousseau et al. 2012), polli-
nation and conservation of wild species, among
others.

There is also evidence that trade-offs with yields
and incomes are caused by shade cover and system
structure rather than biodiversity per se. The negative
effect of increasing shade on cocoa yields has been
clearly demonstrated (Zuidema et al. 2005), and it is
suggested that spatial distribution of plants and trees in
the shade canopy affects productivity more than does
botanical composition (Deheuvels 2011; Deheuvels
et al. 2012; Ngo Bieng et al. 2013). Therefore, trade-
offs could be reduced with sustainable agroforestry
management that involves establishment and mainte-
nance of multipurpose trees through optimal pruning
to regulate shade, instead of eliminating trees
(Tscharntke et al. 2011). For instance, in CAFS in
Indonesia, a reduction of shade cover from 80 to
35-50 % doubled income with limited losses to
biodiversity and functioning of the ecosystem (Stef-
fan-Dewenter et al. 2007); in Africa, good cocoa
yields are obtained with 28-48 % of shade cover
(Bisseleua et al. 2009).
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All of these findings confirm that trade-offs between
income and biodiversity in CAFS are less severe than
expected (Steffan-Dewenter et al. 2007; Bisseleua et al.
2009; Clough et al. 201 1) and that shade management is
key for increasing yields using highly diversified
agroforestry systems (Bos et al. 2007). We hypothesize
that through adequate silvicultural management and
arrangement of plants in the shade canopy, based only
on family labor and low cash costs, trade-offs in
extensive or traditional CAFS could be turned into
neutral or synergetic relationships for increasing cash
income, domestic consumption, and ecosystem ser-
vices, conserving biodiversity at the same time.

Cocoa farming intensification for land sparing
and wildlife-friendly strategies

Considering resource investments and a gradient of
shade-canopy complexity, we identify four types of
cocoa-farming intensification around the world:

(1) The most common type of intensification is a
monoculture of high cocoa-tree density with high
inputs (fertilizers and pesticides) and high cash
costs (Steffan-Dewenter et al. 2007; Gockowski
and Sonwa 2011)

(2) High cocoa-tree density with specialized-simple-
productive shade with high inputs and interme-
diate cash costs, involving only one productive
species in the shade canopy, either cocoa-fruit
species or cocoa-timber species (Alvim and Nair
1986; Egbe and Adenikinju 1990; Osei-Bonsu
et al. 2002; Sanchez et al. 2002; FHIA (Funda-
cion Hondurena de Investigacion Agricola)
2007; Somarriba and Beer 2011)

(3) High cocoa-tree density with mixed productive
shade with intermediate cash and in-kind costs,
involving generally two species with intermedi-
ate densities in the shade canopy—the most
common being cocoa-fruit-timber (Ramirez
et al. 2001; Yamada and Gholz 2002; Villareal
et al. 2006; Dahlquist et al. 2007; Gockowski and
Sonwa 2011)

(4) Low cocoa-trees density but with complex mixed
productive shade (cocoa-banana-fruits-timber)
with high species richness and high densities in
the shade canopy, low cash costs and high in-
kind costs, capable of producing high total
production represented by yields of cocoa and
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agroforestry products. Intensified highly diverse-
dense CAFS (C3) of this study represent this type
of intensification as do similar systems reported
by other authors (Gockowski and Dury 1999;
Yamada and Gholz 2002; Gockowski et al. 2010)

Farmers can choose the type of intensification best
in line with their objectives and resources, but they
should also consider the attainable benefits and
financial risks. We suggest that types (1) and (4) can
provide the maximum FB per year: type (1) because of
its high cash income that compensates for the lack of
products for domestic consumption and type (4) for its
combination of cash income and domestic consump-
tion. Type (3) would rank third because its contribu-
tion to domestic consumption is not as high as type (4).
Type (2) would be in the last place due to its low-
medium contribution to domestic consumption and a
cash income lower than in type (1). Financially, types
(1) and (2) depend on a high cocoa price, thus they are
economically risky (Duguma et al. 2001; Bisseleua
et al. 2009). On the other hand, multipurpose shade
trees namely types (3) and (4), play an important role
in lessening farm income variability throughout the
year and provide economic resilience when cocoa
prices fall (Leakey et al. 2005; Somarriba 2007,
Jagoret et al. 2009; Tscharntke et al. 2011). Therefore,
with a decrease in cocoa prices, the expected impact
from reduced cash flow and family benefit would be
proportionally more severe in types (1) and (2) than in
types (3) and (4).

Based on the preceding analysis, (3) and (4) would
be the most suitable types of intensification for
medium and small cocoa farmers, especially for those
with low cash resources, who depend on family labor.
At the beginning of implementation, these types of
intensification would involve increasing complexity
(shade) and family labor; possibly resulting in a
reduction of benefits. But lower benefits in shaded
systems could be a trade-off only in the short-term, in
the future the system will produce continuously
(Franzen and Borgerhoff 2007) and would be capable
to achieve high FB. Regarding the conservation of
biodiversity and provision of ecosystem services, none
of cocoa-farming types could equal primary forests;
but diverse-dense CAFS can perform much better than
extensive CAFS or unshaded cocoa intensifications
(Perfecto et al. 1996; Schulze et al. 2004; Steffan-
Dewenter et al. 2007; Wade et al. 2010; Somarriba
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et al. 2013; Deheuvels et al. 2014). Therefore, we also
suggest that types (3) and (4) would be suitable
alternatives for land sparing and wildlife-friendly
strategies in cocoa-growing landscapes, as detailed
bellow.

At the landscape level, it has been suggested that
intensification is a better option in a land-sparing
strategy than extensive farming with a context of
wildlife-friendly strategy. In extensive shaded cocoa
farming, the cocoa yields are so low that forests would
be continuously cleared in order to increase produc-
tion; on the contrary, in intensified unshaded or low-
shaded systems, cocoa yields are very much higher,
requiring less land for production and therefore
reducing deforestation. So larger areas of original
forests can be maintained, with higher biodiversity and
ecosystem services than similar areas under extensive
wildlife-friendly cocoa farming (Wade et al. 2010;
Kuwornu et al. 2011; Kessler et al. 2012), while
degradation of lands and emissions of CO, can be
avoided (Gockowski and Sonwa 2011). However,
there is an important disadvantage of intensified
unshaded or low-shaded systems: they offer poor
landscape connectivity, which implies a risk of local
species extinction (Perfecto and Vandermeer 2008).
This opens the possibility of proposing intensified
highly diverse-dense CAFS as an alternative to those
systems for a land-sparing strategy since they would
offer more environmental benefits to the landscape.

Shade trees in intensified CAFS are capable of
producing synergetic relationships between biodiver-
sity and ecosystem services. CAFS with a structurally
complex shade canopy have high fauna and plant
diversity (Deheuvels et al. 2014), improve habitat
availability and landscape connectivity, and enhance
overall ecosystem resilience (Schroth and Harvey
2007; Steffan-Dewenter et al. 2007). The beneficial
impacts of agroforestry on soil health-quality and land
recovery have been well-documented (Place and
Dewees 1999; Palm et al. 2005; Nair et al. 2010;
Chitakira and Torquebiau 2010; Guillerme et al. 2011;
Somarriba et al. 2012; Jagoret et al. 2012; Rousseau
et al. 2012). Trees also increase the functional
biodiversity, improve tolerance to drought stress, and
contribute to the control of pests and diseases
(Tscharntke et al. 2011). For climate change mitiga-
tion, trees offer great potential for carbon sequestra-
tion (Gockowski and Sonwa 2011; Somarriba et al.
2013). Since FB is high in intensified highly dense-

diverse CAFS, this type of intensification can be a
form of wildlife-friendly farming in a land-sparing
strategy.

The potential of intensified highly dense-diverse
CAFS could be even stronger in increasing yields of
agroforestry products, thus promoting higher land
sparing, but further research is needed. Low cocoa-
tree density in these systems would not be a constraint
since cocoa yields are more influenced by shade trees
and management (Bisseleua et al. 2009), but the use of
better cocoa varieties could significantly increase
yields (Rosenberg and Marcotte 2005; Obiri et al.
2007). For instance, clonal cocoa trees are being
planted in large areas around the world; nonetheless,
research on the response of these cocoa trees under
intensified shade canopies is still critically needed.
The response of fertilizers and pesticides under shade
is not yet well-known, and there is a need for
alternative sources of inputs (Rosenberg and Marcotte
2005; Gockowski and Sonwa 2011). The effect of
spatial distribution of trees in the shade canopy on the
impact of pest and diseases could give us insight into
better control (Deheuvels et al. 2012; Ngo Bieng et al.
2013). Therefore, a new paradigm for research and
action should integrate productivity and income
generation, ecosystem services, food security, and
climate regulation, involving a “win—win—win—-win”
approach (Scherr et al. 2010). For that, we need a
multidimensional quantitative analysis of synergies or
trade-offs among socioeconomic indicators, yields of
agroforestry products, biodiversity (plants and ani-
mals), and ecosystem services that could shed further
light on the mechanisms that could regulate them.

Farmers’ education, incentives, markets and better
prices not only for cocoa, but also for other agrofor-
estry products are necessary to promote intensified
highly dense-diverse CAFS. Farmers must be trained
on the silvicultural management of timber trees and
techniques to optimize the production of fruit trees,
and the importance of ecosystem services to the farm
and the environment, highlighting the potential eco-
nomic benefits of the sale of services (Leakey et al.
2005; Rosenberg and Marcotte 2005; Degrande et al.
2006; Jagoret et al. 2008; Gockowski and Sonwa
2011; Jamnadass et al. 2011). The best suggested
incentives are in the form of certifications (e.g. organic
production, fair trade, wildlife friendliness, carbon
credits), aiming to improve the prices and generate
additional incomes (Steffan-Dewenter et al. 2007,
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Bisseleua et al. 2009; Clough et al. 2009; Tscharntke
et al. 2011). Buyers and industries now play an
important role since they no longer look only for
quantity and quality, but request an acceptable social
production that generates ecosystem services (Millard
2011). Therefore, farmers’ organizations should look
for either national or international markets for agro-
forestry products and ecosystem services; there are
already several voluntary market-compatible stan-
dards for tandem certifications that they can choose
from (Somarriba et al. 2013).

Main methodological difficulty and ways to cope
with it

The main methodological difficulty was the estima-
tion of the production of fruits and other products
different from cocoa and timber. It was evident that
it is hard for the families to remember all the
products obtained from CAFS and quantify their
annual production, the men remembers the quanti-
ties of products sold better than the quantities of
products consumed, and rarely in terms of units and
quantity per area.

In this study both the full inventories of CAFS
and the way to do the interviews helped to have
reliable data estimations. A full inventory avoids
forgetting important species and their abundances
since it is common to find several species clustered
in different places of the system; and helps the
family to remember the presence of certain plants
and trees, which can be providing benefits. When
estimating the production, the participation of both
man of woman head of the house was essential; man
remembers better the quantities sold, while woman
the quantities consumed by the family. For fruits
such as bananas, which are harvested once or twice
a month, depending on the season and management;
in the interview the production in months with more
or with less harvests first was differentiated and
finally summed. When farmers reported uncommon
units of production, for instance “bags” or “boxes”,
it was necessary to ask them to show how many
fruits can be accommodated in those materials, in
order to estimate the quantities and/or weight. When
the production is very low, as happened in this study
with medicinal and construction materials, we
suggest that is not adequate to include them in the
analysis in order to avoid overestimations.
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Conclusion

Plants and trees in the shade canopy of CAFS produce
diverse types of fruits and timber that can generate
modest cash incomes and provide high value for
domestic consumption at low cash costs, contributing
to family savings and food security. The contribution
of the set of agroforestry products to family benefit is
similar or higher than cocoa beans, depending on the
typology of CAFS, becoming as important as the main
crop for the livelihoods of small farmers’ families.

The relationships between socioeconomic indica-
tors and yields of agroforestry products, plant species
richness, and stand densities, and the relationship
between plant species richness and cocoa yields are
determined by the typology of CAFS. Intensified
highly diverse-dense CAFS are the most efficient in
terms of production and providing benefits for the
family, and have more synergetic relationships,
whereas extensive CAFS and traditional highly
diverse-dense CAFS tend to have more trade-offs.

Our findings support our proposal of intensified
highly diverse-dense CAFS for medium and small
cocoa farmers as a feasible wildlife-friendly farming
within a land-sparing strategy in order to conserve
biodiversity and ecosystem services in cocoa-growing
landscapes. A multidimensional quantitative analysis
of relationships among socioeconomic indicators,
yields, biodiversity (plants and animals), and ecosys-
tem services is needed for a better understanding of the
mechanisms that could regulate synergies or trade-offs
to improve this type of intensification.

Acknowledgments We would like to thank field assistants
from several cocoa cooperatives and associations of Central
America for the support they provided: COCABO (Panama),
APPTA and ACOMUITA (Costa Rica), CACAONICA
(Nicaragua), APROCACAHO (Honduras), and Instituto
agroecoldgico bilingiie Fray Domingo de Vico (Guatemala).
Juan Carlos Moran Morillo, from the University of Narifio,
Colombia, helped prepare tables and bibliography. Financial
support was provided by MAP Noruega-CATIE project.

References

Alvim R, Nair PKR (1986) Combination of cacao with other
plantation crops: an agroforestry system in Southeast Ba-
hia, Brazil. Agrofor Syst 4:3-15

Aulong S, Duray S, Temple L (2000) Dynamique et structure
floristique des agroforéts a agrumes au centre du Came-
roun. Fruits 55:103-114



Agroforest Syst (2014) 88:957-981

979

Bates D, Maechler M, Matrix LT (2011) “Package ‘lme4’”/
packages/Ime4/lme4.  http://mirrors.dotsrc.org/pub/pub/
cran/web/packages/lme4/lme4.pdf. Accessed 26 Feb 2012

Beer J, Muschler R, Somarriba E, Kass D (1998) Shade man-
agement in coffee and cacao plantations. Agrofor Syst
38:139-164

Bisseleua D, Missoup AD, Vidal S (2009) Biodiversity con-
servation, ecosystem functioning, and economic incentives
under cocoa agroforestry intensification. Conserv Biol
23:1176-1184

Bos MM, Steffan-Dewenter I, Tscharntke T (2007) Shade tree
management affects fruit abortion, insect pests and
pathogens of cacao. Agric Ecosyst Environ 120:201-205

Chitakira M, Torquebiau E (2010) Barriers and coping mecha-
nisms relating to agroforestry adoption by smallholder
farmers in Zimbabwe. J Agric Educ Ext 16:147-160

Clarke KR (1993) Non-parametric multivariate analyses of
changes in community structure. Aust J Ecol 18:117-143

Clough Y, Faust H, Tscharntke T (2009) Cacao boom and bust:
sustainability of agroforests and opportunities for biodi-
versity conservation. Conserv Lett 2:197-205

Clough Y, Barkmann J, Juhrbandt J, Kessler M, Wanger TC,
Anshary A, Buchori D, Cicuzza D, Darras K, Putra D,
Erasmi S, Pitopang R, Schmidt C, Schulze CH, Seidel D,
Steffan-Dewenter I, Stenchly K, Vidal S, Weist M, Wiel-
goss AC, Tscharntke T (2011) Combining high biodiver-
sity with high yields in tropical agroforests. Proc Natl Acad
Sci USA 108:8311-8316

Dahlquist RM, Whelan MP, Winowiecki L, Polidoro B, Candela
S, Harvey CA, Wulfhorst JD, McDaniel PA, Bosque-Pérez
NA (2007) Incorporating livelihoods in biodiversity con-
servation: a case study of cacao agroforestry systems in
Talamanca, Costa Rica. Biodivers Conserv 16:2311-2333

Degrande A, Schreckenberg K, Mbosso Ch, Anegbeh P, Okafor
V, Kanmegne J (2006) Farmers’ fruit tree-growing strate-
gies in the humid forest zone of Cameroon and Nigeria.
Agrofor Syst 67:159-175

Deheuvels O (2011) Compromis entre productivité et biodiv-
ersité sur un gradient d’intensité de gestion de systemes
agroforestiers a base de cacaoyers de Talamanca, Costa
Rica. SupAgro, Montpellier, p 184

Deheuvels O, Avelino J, Somarriba E, Malezieux E (2012)
Vegetation structure and productivity in cocoa-based
agroforestry systems in Talamanca, Costa Rica. Agric
Ecosyst Environ 149:181-188

Deheuvels O, Rousseau GX, Soto Quiroga G, Decker Franco M,
Cerda R, Somarriba E (2014) How biodiversity is affected
by changes in management intensity of cocoa-based ag-
roforests?. Agrofor Syst (in press)

Di Rienzo JA, Casanoves F, Pla L, Vilchez S, Di Rienzo DM
(2010) QEco-Quantitative ecology software: a collabora-
tive approach. Latin Am J Conserv 1:73-75

Di Rienzo JA, Casanoves F, Balzarini MG, Gonzalez L, Tablada
M, Robledo CW (2013) InfoStat version 2009. Grupo In-
foStat, Universidad Nacional de Cérdoba, Argentina

Duguma B, Gockowski J, Bakala J (2001) Smallholder Cacao
(Theobroma cacao Linn.) cultivation in agroforestry sys-
tems of West and Central Africa: challenges and opportu-
nities. Agrofor Syst 51:177-188

Egbe NE, Adenikinju SA (1990) Effect of intercropping on
potential yield of cocoa in south western Nigeria. Café,
Cacao, Thé 34:281-284

Fundacion Hondurefia de Investigacion Agricola (FHIA) (2007)
Uso de especies maderables tropicales latifoliadas como
sombra del cacao. Programa de Cacao y Agroforesteria.
Hoja técnica 1:1-5

Franzen M, Borgerhoff M (2007) Ecological, economic and
social perspectives on cocoa production worldwide. Bio-
divers Conserv 16:3835-3849

Gockowski J, Dury S (1999) The economics of cocoa-fruit ag-
roforests in southern Cameroon. In: Proceedings in inter-
national symposium multi-strata agroforetry systems with
perennial crops. Costa Rica, p 239-241

Gockowski J, Sonwa D (2011) Cocoa intensification scenarios
and their predicted impact on co2 emissions, biodiversity
conservation, and rural livelihoods in the guinea rain forest
of west africa. Environ Manage 48:307-321

Gockowski J, Tchatat M, Dondjang JP, Hietet G, Fouda T
(2010) An empirical analysis of the biodiversity and eco-
nomic returns to cocoa agroforests in southern Cameroon.
J Sustainable For 29:638-670

Green RE, Cornell SJ, Scharlemann JPW, Bamford A (2005)
Farming and the fate of wild nature. Science 307:550-555

Guillerme S, Kumar BM, Menon A, Hinnewinkel C, Maire E,
Santhoshkumar A (2011) Impacts of public policies and
farmer preferences on agroforestry practices in kerala,
India. Environ Manag 48:351-364

Herzog F, Gotsch N (1998) Assessing the sustainability of
smallholder tree crop production in the tropics: a method-
ological outline. J Sustain Agric 11:13-37

Jagoret P, Bouambi E, Menimo T, Domkam I, Batomen F
(2008) Analyse de la diversité des systemes de pratiques en
cacaoculture. Cas du Centre Cameroun. Biotechnol Agron
Soc Environ 12(4):367-377

Jagoret P, Todem Ngogue H, Bouambi E, Battini JL, Nyassé S
(2009) Diversification des exploitations agricoles a base de
cacaoyer au Centre Cameroun: mythe ou réalité ? Bio-
technol Agron Soc Environ 13(2):271-280

Jagoret P, Michel-Dounias I, Malézieux E (2011) Long-term
dynamics of cocoa agroforests: a case study in central
Cameroon. Agrofor Syst 81:267-278

Jagoret P, Michel-Dounias I, Snoeck D, Todem Ngnogue H,
Malézieux E (2012) Afforestation of savannah with cocoa
agroforestry systems: a small-farmer innovation in central
Cameroon. Agrofor Syst 86:493-504

Jamnadass RH, Dawson IK, Franzel S, Leakey RRB, Mithofer D,
Akinnifesi FK, Tchoundjeu Z (2011) Improving livelihoods
and nutrition in sub-Saharan Africa through the promotion of
indigenous and exotic fruit production in smallholders’ agro-
forestry systems: a review. International For Rev 13:338-354

Kessler M, Hertel D, Jungkunst HF, Kluge J, Abrahamczyk S
et al (2012) Can joint carbon and biodiversity management
in tropical agroforestry landscapes be optimized? PLoS
ONE 7(10):e47192. doi:10.1371/journal.pone.0047192

Kuwornu JKM, Agyei-Holmes A, Osei-Asare YB (2011)
Econometric analysis of cocoa production and deforesta-
tion in Ghana: the role of technological innovations. World
J Agric Sci 7:722-732

@ Springer


http://mirrors.dotsrc.org/pub/pub/cran/web/packages/lme4/lme4.pdf
http://mirrors.dotsrc.org/pub/pub/cran/web/packages/lme4/lme4.pdf
http://dx.doi.org/10.1371/journal.pone.0047192

980

Agroforest Syst (2014) 88:957-981

Laird SA, Leke Awung G, Lysinge RJ (2007) Cocoa farms in the
Mount Cameroon region: biological and cultural diversity
in local livelihoods. Biodivers Conserv 16:2401-2427

Leach AW, Mumford JD, Krauss U (2002) Modelling Monili-
ophthora roreri in Costa Rica. Crop Protection 21:317-326

Leakey RRB, Tchoundjeu Z (2001) Diversification of tree
crops: domestication of companion crops for poverty
reduction and environmental services. Expl Agric
37:279-296

Leakey RRB, Tchoundjeu Z, Schreckenberg K, Shackleton SE,
Shackleton ChM (2005) Agroforestry tree products (AF-
TPs): targeting poverty reduction and enhanced liveli-
hoods. Int J Agric Sustain 3:1-23

Lopez A, Somarriba E (2005) Arboles frutales en fincas de cacao
organico del Alto Beni, Bolivia. Agrofor en las Américas
43-44:38-45

Millard E (2011) Incorporating agroforestry approaches into
commodity value chains. Environ Manag 48:365-377

Mussak MF, Laarman JG (1989) Farmers’ production of timber
trees in cacao-coffee region of coastal Ecuador. Agrofor
Syst 9:155-170

Nair PKR, Nair VD, Kumar BM, Showalter JM (2010) Carbon
sequestration in agroforestry systems. Adv Agron
108:237-307

Ngo Bieng MA, Gidoin C, Avelino J, Cilas C, Deheuvels O,
Wery J (2013) Diversity and spatial clustering of shade
trees affect cacao yield and pathogen pressure in Costa
Rican agroforests. Basic Appl Ecol 14(4):329-336

Obiri BD, Bright GA, McDonald MA, Anglaeere LCN, Cobbina
J (2007) Financial analysis of shaded cacao in Ghana.
Agrofor Syst 71:139-149

Oladokun MAO (1990) Tree crop based agroforestry in Nigeria:
a checklist of crops intercropped with cacao. Agrofor Syst
11:227-241

Orozco L, Somarriba E (2005) Arboles maderables en fincas de
cacao organico del Alto Beni, Bolivia. Agroforesteria en
las Américas 43-44:46-53

Orozco L, Lopez A, Somarriba E (2008) Enriquecimiento de
fincas cacaoteras con frutales y maderables en Alto Beni,
Bolivia. Agroforesteria en las Américas 46:65-72

Osei-Bonsu K, Opoku-Ameyaw K, Amoah FM, Oppong FK
(2002) Cacao-coconut intercropping in Ghana: agronomic
and economic perspectives. Agrofor Syst 55:1-8

Palm CA, van Noordwijk M, Woomer PL, Alegre JC, Arévalo L,
Castilla CE, Cordeiro DG, Hairiah K, Kotto-Same J, Mou-
kam A, Parton WJ, Riese A, Rodrigues V, Sitompul SM
(2005) Carbon losses and sequestration after land use change
in the humid tropics. In: Palm CA, Vosti SA, Sanchez PA,
Ericksen PJ (eds) Slash and burn: the search for alternatives.
Columbia University Press, New York, p 463

Perfecto I, Vandermeer J (2008) Biodiversity conservation in
tropical agroecosystems—a new conservation paradigm.
Ann N Y Acad Sci 1134:173-200

Perfecto I, Rice RA, Greenberg R (1996) Shade Coffee: a dis-
appearing refuge for biodiversity. Bioscience 46:598-608

Pinheiro JC, Bates DM (2000) Mixed-effect models in S and
S-PLUS. Springer, New York

Place F, Dewees P (1999) Policies and incentives for the
adoption of improved fallows. Agrofor Syst 47:323-343

Ramirez OA, Somarriba E, Ludewigs T, Ferreira P (2001)
Financial returns, stability and risk of cacao-plantain-

@ Springer

timber agroforestry systems in Central America. Agrofor
Syst 51:141-154

Rice R (2008) Agricultural intensification within agroforestry:
the case of coffee and wood products. Agric Ecosyst
Environ 128:212-218

Rice RA, Greenberg R (2000) Cacao cultivation and the con-
servation of biological diversity. Ambio 29:81-87

Rosenberg DE, Marcotte TP (2005) Land-use system modeling
and analysis of shaded cacao production in Belize. Agrofor
Syst 64:117-129

Rousseau GX, Deheuvels O, Rodriguez Arias I, Somarriba E
(2012) Indicating soil quality in cacao-based agroforestry
systems and old-growth forests: the potential of soil mac-
rofauna assemblage. Ecol Ind 23:535-543

Ryan D, Bright GA, Somarriba E (2009) Damage and yield
change in cocoa crops due to harvesting of timber shade
trees in Talamanca, Costa Rica. Agrofor Syst 77:97-106

Sambuichi RHR (2006) Estrutura e dinamica do componente
arbdreo em area de cabruca na regido cacaueira do sul da
Bahia. Acta Botanica Brasilera 20:943-954

Sanchez J, Dub6n A, Krigsvold D (2002) Uso de rambutan
(Nephelium lappaceum) con cedro (Cedrela odorata) y Laurel
negro (Cordia megalantha) como sombra permanente en el
cultivo de cacao. Proc Interamer Soc Trop Hort 46:57-60

Scherr SJ, Wallace C, Buck L (2010) Rural innovation for food
security and poverty reduction in the 21st century: issues for
Africa and the World. Issues Paper for State of the World
2011: Innovations that nourish the planet. http://www.
worldwatch.org/files/pdf/SOW 11%20Issues%20Paper_%
20Annex_Final.pdf. Accessed 28 July 2013

Schroth G, Harvey CA (2007) Biodiversity conservation in
cocoa production landscapes: an overview. Biodivers
Conserv 16:2237-2244

Schroth G, Da Fonseca GAB, Harvey CA, Gascon C, Va-
sconcelos HL, Izac AMN (eds) (2004) Agroforestry and
Biodiversity Conservation in Tropical Landscapes. Island
Press, Washington, DC, p 523

Schulze CH, Waltert M, Kessler PJA, Pitopang R, Shahabuddin,
Veddeler D, Miihlenberg M, Gradstein SR, Leuschner C,
Steffan-Dewenter I, Tscharntke T (2004) Biodiversity
indicator groups of tropical land-use systems: comparing
plants, birds and insects. Ecol Appl 14:1321-1333

Sharrock S, Frison E (1999) Musa production around the world-
trends, varieties and regional importance. INIBAP Annual
Report (1998). Montpellier, pp 4247

Smith P, Martino D (2007) Agriculture, in climate change 2007.
Fourth IPCC Assessment Report. IPCC, Geneva, p 56

Snoeck D, Lacote R, Kéli J, Doumbia A, Chapuset T, Jagoret P,
Gohet E (2013) Association of rubber with other tree crops
can be more profitable than hevea monocrop during first
12 years. Ind Crops Prod 43:578-586

Somarriba E (2007) Cacao and Shade Trees: Production,
Diversification and Environmental Services. GRO-Cacao,
No.11.p. 1-4

Somarriba E, Beer J (2011) Productivity of theobroma cacao
agroforestry systems with timber or legume service shade
trees. Agrofor Syst 81:109-121

Somarriba E, Beer J, Alegre-Orihuela J, Andrade H, Cerda R,
DeClerck F, Detlefsen G, Escalante M, Giraldo LA, Ibra-
him M, Krishnamurthy L, Mena VE, Mora-Delgado J,
Orozco L, Scheelje M, Campos JJ (2012) Mainstreaming


http://www.worldwatch.org/files/pdf/SOW11%20Issues%20Paper_%20Annex_Final.pdf
http://www.worldwatch.org/files/pdf/SOW11%20Issues%20Paper_%20Annex_Final.pdf
http://www.worldwatch.org/files/pdf/SOW11%20Issues%20Paper_%20Annex_Final.pdf

Agroforest Syst (2014) 88:957-981

981

agroforestry in Latin America. In: Nair PKR, Garrity DP
(eds) Agroforestry: the way forward. Advances in Agro-
forestry 9. Springer, New York, pp 429453

Somarriba E, Cerda R, Orozco L, Cifuentes M, Davila H, Espin
T, Mavisoy H, Avila G, Alvarado E, Poveda V, Astorga C,
Say E, Deheuvels O (2013) Carbon stocks and cocoa yields
in agroforestry systems of Central America. Agric Ecosyst
Environ 173:46-57

Somarriba E, Sudrez-Islas A, Calero-Borge W, Villota A, Ca-
stillo C, Vilchez S, Deheuvels O, Cerda R (2014) Cocoa-
timber agroforestry systems: Theobroma cacao—Cordia
alliodora in Central America. Agrofor Syst. doi:10.1007/
s10457-014-9692-7

Steffan-Dewenter I, Kessler M, Barkmann J et al (2007) Tradeoffs
between income, biodiversity, and ecosystem functioning
during tropical rainforest conversion and agroforestry
intensification. Proc Natl Acad Sci USA 104:4973-4978

Tejada C, Andujar F (2004) Caracterizacion del sistema de
produccion cacao (Theobroma cacao) en la provincia de
Duarte. Proceedings Agroforesteria: resultados de investi-
gacién. Santo Domingo, Reptiblica Dominicana, pp 81-96

Texeira A (1999) Economic study of four agroforestry models
with cocoa crops in Brazilian Amazonia. Proceedings in
International symposium Multistrata agroforestry systems
with perennial crops. Costa Rica, pp 272-276

Tscharntke T, Clough Y, Bhagwat SA, Buchori D, Faust H,
Hertel D, Lscher DH, Juhrbandt J, Kessler M, Perfecto I,
Scherber Ch, Schroth G, Veldkamp E, Wanger TC (2011)
Multifunctional shade-tree management in tropical agro-
forestry landscapes—a review. J Appl Ecol 48:619-629

Villareal A, Carrero O, Arrends E, Sanchez D, Escalante E
(2006) Evaluacion de rendimientos y rentabilidad de los
componentes asociados de Swietenia macrophyla (Caoba),
Cedrela odorata (Cedro) y Carica papaya (Lechosa), es-
tablecidos en ensayos agroforestales en la finca ULA, es-
tacion experimental Caparo, EDO. Barinas. Venezuela Rev
For Lat 39:85-104

Wade ASI, Asas A, Hadley P, Mason J, Ofori-Frimpong K,
Preece D, Spring N, Norris K (2010) Management strate-
gies for maximizing carbon storage and tree species
diversity in cocoa-growing landscapes. Agric Ecosyst
Environ 138:324-334

Yamada M, Gholz HL (2002) An evaluation of agroforestry
systems as a rural development option for the Brazilian
Amazon. Agrofor Syst 55:81-87

Zuidema PA, Leffelaar PA, Gerritsma W, Mommer L, Anten
NPR (2005) A physiological production model for cocoa
(Theobroma cacao): model presentation, validation and
application. Agric Syst 84:195-225

@ Springer


http://dx.doi.org/10.1007/s10457-014-9692-7
http://dx.doi.org/10.1007/s10457-014-9692-7

	Contribution of cocoa agroforestry systems to family income and domestic consumption: looking toward intensification
	Abstract
	Introduction
	Materials and methods
	Location and general characteristics of the sampled cocoa agroforestry systems
	Studied variables
	Plant species richness, diversity, and density
	Agroforestry production and socioeconomic indicators

	Data analysis
	Analysis of variance among growing areas (countries)
	Overview of the relationships
	Typology and analysis of variance
	Relationships

	Results
	Botanical composition
	Yield of agroforestry products
	Socioeconomic indicators
	Overview of the relationships among growing areas and the studied variables
	Typology of cocoa agroforestry systems
	Contribution of agroforestry products to socioeconomic indicators
	Relationships between socioeconomic indicators and all studied variables

	Discussion
	Agroforestry structure and yields
	Contribution of agroforestry farming to family livelihoods
	Typology of cocoa farming in Central America
	Relationships according to CAFS typology
	Cocoa farming intensification for land sparing and wildlife-friendly strategies
	Main methodological difficulty and ways to cope with it

	Conclusion
	Acknowledgments
	References


