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The intraspecific diversity of cacao has traditionally been preserved in 

genebanks. However, these establishments face various challenges, notably 

insufficient funding, accession redundancy, misidentification and lack of 

wild cacao population samples. In natural environments, it is expected that 

unknown varieties of cacao may still be found, but wild populations of cacao 

are increasingly threatened by climate change, deforestation, habitat loss, 

land use changes and poor knowledge. Farmers also retain diversity, but on-

farm conservation is affected by geopolitical, economic, management and 

cultural issues, that are influenced at multiple scales, from the household 

to the international market. Taking separately, ex situ, in situ and on-farm 

conservation have not achieved adequate conservation fostering the inclusion 

of all stakeholders and the broad use of cacao diversity. We analyze the use 

of the traditional conservation strategies (ex situ, in situ and on-farm) and 

propose an integrated approach based on local working collections to secure 

cacao diversity in the long term. We argue that national conservation networks 

should be implemented in countries of origin to simultaneously maximize alpha 

(diversity held in any given working collection), beta (the change in diversity 

between working collections in different regions) and gamma diversity (overall 

diversity in a country).
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Introduction

Cacao originated in Amazonia, more than 9 million years ago (Bergmann, 1969; 
Young, 2007; Richardson et al., 2015). It possesses multiple centers of diversification 
which are the result of natural processes of isolation, local adaptation and domestication 
(Clement et  al., 2010; Thomas et  al., 2012). While cacao plantations were more 
predominant in Mesoamerica than in South America at the time of the European 
conquest (Stone, 1984; Young, 2007), it has a long-standing history of human 
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management in Amazonia (Motamayor et  al., 2008; Loor 
Solorzano et al., 2012; Thomas et al., 2012). Since the human 
occupation of Amazonia, people started protecting, dispersing 
and cultivating species that were useful to them and removed 
those that were not (Levis et al., 2018). The earliest evidence of 
cacao domestication in South America is from the northern 
Peruvian and southern Ecuadorian Amazon, dating back some 
5,300 years (Olivera Núñez, 2018; Zarrillo et  al., 2018; 
Valdez, 2019).

Communities that first selected cacao focused on the sensory 
traits that appealed them, particularly those of the pulp 
surrounding the cacao beans (Henderson and Joyce, 2006; Loor 
Solorzano et al., 2012). They ate the fruits of their favorite trees 
and took care of them on site. The seeds of these fruits ended up 
in dump heaps at camp sites (Anderson, 1969), which provided 
favorable conditions for the development of mature trees that 
could produce fruits for consumption on future visits (Miller and 
Nair, 2006). This practice gradually evolved into active planting in 
homegardens (Valdez, 2019), as well as exchanges with 
neighboring and more distant communities (Stone, 1984) which 
resulted in the dispersal of the preferred phenotypes (Bartley, 
2005; Clement et al., 2010).

Ways to describe cacao diversity have evolved over time. 
Moving away from the traditional classification of Forastero, Criollo 
and their hybrid form, Trinitario (Cheesman, 1944), a system of 
genetic clusters proposed by Motamayor et  al. (2008) is more 
commonly used nowadays. Although this classification system 
provides a more accurate representation of cacao diversity, it is still 
incomplete, as evidenced by the discovery of new genetic groups 
(Zhang et al., 2012; Osorio-Guarín et al., 2017; Gopaulchan et al., 
2020). Far less does the current classification system account for the 
native varieties and landraces distinguished within genetic groups 
that are increasingly attractive to craft bean-to-bar chocolatiers who 
have experienced a boom in the past 20 years (Giller, 2017; 
Santander Muñoz et al., 2020; Cadby et al., 2021; Figure 1 presents 
part of the diversity of cacao Chuncho, a cultivar from La 
Convención province in the Cusco department, Peru). In this paper, 
we will therefore refer more generally to the diversity of cacao using 
the terms population, germplasm, accession, variety, landrace, and 
cultivar (please refer to Box 1 for use of terms).

Cacao diversity has the potential to further enhance the quantity 
and quality of production (Vaast and Somarriba, 2014), build in 
resistance to biotic and abiotic stress factors (Zhang and Motilal, 
2016) and bolster the resilience of cropping systems and people who 
depend on them (Jarvis, 2000), especially in times of accelerated 
climate change (Medina and Laliberté, 2017; Ceccarelli et al., 2021). 
However, cacao genetic resources are increasingly threatened. On 
the one hand, local cacao diversity found in farmers’ fields is under 
increasing pressure to be  replaced by non-native commercial 
varieties (Bartley, 2005; Bidot Martínez et al., 2015). On the other 
hand, wild cacao populations are threatened by the conversion of 
forest to other land uses, along with other threats (Vieira et al., 2008; 
Santos et al., 2011). At the same time many areas in the current 
distribution of Theobroma cacao L. have not yet been explored. 

Therefore, genetic material holding traits of interest related to 
productivity, fruit quality, resistance to pests and diseases and 
resilience to changing growth conditions might be  lost before 
we even have a chance to explore their potential.

Nevertheless, a new interest for local elite materials (van der 
Kooij, 2013), which in Latin America are often fine flavor cacao 
(FFC; ICCO, 2015; please refer to Box 2 for definition), could 
encourage the diversification of plantations (Maas et al., 2020). 
This provides opportunities to enhance the conservation of cacao 
genetic resources through their use (Berthaud, 1997), but requires 
that farmers have access to the cultivars and varieties that best 
meet their needs in a context of changing environmental 
conditions (Ceccarelli et al., 2022).

The conservation of cacao genetic resources is conventionally 
conducted through three main strategies: ex situ, in situ, and 

FIGURE 1

Cacao pods. Credit: Lavoie, A. 2017 Echarate, Peru.

BOX 1: Cacao diversity vocabulary.

Accession: “Usually a sample (e.g., seed lot) but may be a set of 
genetically related samples.” (Linington and Pritchard, 2001).
Cultivar: typically considered as “synonymous with variety; the 
international equivalent of variety.” (Miglani, 2017) However, in 
the case of cacao, cultivar is typically used for referring to those 
varieties or groups of varieties that clearly bear the marks of 
human domestication (Motamayor et al., 2008).
Germplasm: “refers to a set of genotypes (genetic constitution of 
an organism) that may be conserved or used; synonymous with 
genetic resources.” (Sthapit, 2014).
Landrace: “farmer developed varieties of crop plants that are 
heterogeneous, adapted to local environmental conditions and 
have their own local names and distinguishing traits.” (Sthapit, 
2014).
Population: “a group of organisms, all of the same species, which 
occupies a particular area. The term may describe the number of 
individuals of a particular species in an ecosystem, or any group 
of like individuals.” (Allaby, 2019).
Variety: “a subdivision of a species. An agricultural variety is a group 
of similar plants that by structural features and performance can 
be identified from other varieties within the same species.” 
(Miglani, 2017).
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on-farm conservation. Ex situ cacao conservation is achieved 
through living collections, due to the species´ recalcitrant seeds. 
Ex situ collections can take different forms, from the classical 
germplasm collection whose principal aim is the long-term 
conservation of cacao genetic resources, to working collection 
(clonal gardens or seed orchards) whose main aim is the 
production of propagation material for the establishment of new 
or the renovation of existing cacao plantations. Due to the 
elevated costs of establishing, and especially maintaining ex situ 
collections, only small subsets of the existing cacao diversity can 
be  conserved under this modality. Therefore, to achieve an 
effective conservation of cacao diversity, ex situ conservation 
needs to be complemented by conservation in natural settings (in 
situ) and in farmers’ fields (on-farm; Brush, 1991; Berthaud, 
1997; Dulloo et al., 2010; Schroth et al., 2011; Rao and Sthapit, 
2013; Bellon et  al., 2017; Westengen et  al., 2018). In situ 
conservation is often considered to include on-farm conservation 
in agrobiodiversity conservation, but for the purpose of this 
paper, we will distinguish both concepts.

On-farm conservation recognizes the predominant roles of 
farmers in creating crop diversity, as well as maintaining 
characteristics that are relevant to them (Jarvis, 2000). It is an 
essential part of traditional agricultural systems (Clawson, 1985; 
Altieri and Merrick, 1987; Brush, 1991). Among the farmers who 
conserve agrobiodiversity, some are particularly recognized for 
their commitment to this task. The concept of custodian farmers 
was first proposed by Subedi et al. (2003) who suggested that 
nodal farmers play a central role in the exchange of germplasm in 
and outside their communities. Custodian farmers maintain, 
adapt and/or promote crop varieties—and their associated 
knowledge—(Sthapit et al., 2013), including those that are best-
adapted to their environment, most interesting for the market, and 
most appealing to them. Custodian farmers are typically driven by 
conservation ideology, are highly motivated and self-directed and 
demonstrate a consistent commitment to the diversity they 
preserve (Sthapit et al., 2013). They are recognized as stewards of 
agrobiodiversity in their community, while this acknowledgement 
is almost always absent at the national or international levels 
(Sthapit et al., 2015).

Until recently, cacao conservation, like that of the vast 
majority of other crops, has mainly focused on ex situ strategies 

(Engels and Ebert, 2021). To some extent in situ preservation of 
wild cacao populations has also been supported, mostly indirectly 
through the establishment and management of protected areas. 
In contrast, formal on-farm conservation strategies are rare to 
non-existent, as are synergistic approaches that interlink the three 
conservation strategies.

We review the current state of cacao conservation in ex situ 
facilities, in in situ areas and on farms in Latin America. From an 
analysis of their strengths and challenges, we suggest an integrated 
strategy for the conservation of intraspecific cacao diversity, based 
on the complementarity of the three conventional strategies. 
We propose the establishment and strengthening of local working 
collections in the regions of origin of cacao genetic groups and 
landraces as a pragmatic way to consolidate the better integration 
of ex situ, in situ and on-farm conservation.

Materials and methods

We used a combination of keywords (landrace, cultivar, 
variet*, germplasm, diversity, resource, population), (cocoa, 
cacao, Theobroma), (ex situ, on farm, in situ) found in the title 
or the abstract of papers, to search CabAbstract (conducted on 
June 15, 2021), Web of Science (conducted on June 2, 2021) 
and Google Scholar (conducted on June 22, 2021). We found 
72 articles in CabAbstract, 99 in Web of Science and 163 in 
Google Scholar. The keyword conservation was considered 
redundant with the keywords ex situ, in situ and on farm, 
which imply conservation. After eliminating duplicates and 
irrelevant papers, as well as those specific to Africa and Asia, 
we selected 70 articles for further review and coded them in 
NVivo software (Release 1.4.1, QSR International Pty Ltd, 
2021) for a qualitative analysis of their content. References to 
the 70 articles analyzed are provided in Supplementary material.

Results and discussion

Cacao conservation strategies

Ex situ conservation was mentioned in 48 of the selected 
papers, while on-farm conservation was mentioned in 29 and in 
situ conservation in 16, which is consistent with the understudied 
nature of in situ and on-farm conservation compared to ex situ 
conservation (Laliberté et al., 2018). Publication dates range from 
1994 to 2021, with half of them published between 2009 and 2013. 
2011 and 2013 were the years with the most papers published 
(n = 7). Twenty six papers focused on South America, 16 on 
Mesoamerica and 10 on the Caribbean; the remaining ones did 
not have a specific region of interest. Table 1 presents a compilation 
of the strengths, weaknesses and challenges found in the 42 
articles reviewed regarding ex situ, on-farm, and in situ 
conservation. The remaining 28 articles were not deemed relevant 
for our analysis and were not considered further.

BOX 2: Fine flavor cacao (FFC).

According to the International Cocoa Organization (ICCO) fine 
flavor cacao is defined as “cacao characterized by a complex 
sensory profile that integrates well-balanced basic attributes and 
aromatic and flavor notes; the complementary attributes can 
be clearly perceived and identified in the expression of its aromas 
and flavors, resulting from the interaction between (i) a particular 
genetic composition, (ii) the favorable conditions of the growing 
environment/terroir, (iii) specific plantation management, (iv) the 
characteristics of harvesting and post-harvest practices, and (v) 
the stable chemical and physical composition and integrity of the 
grain” (UNCTAD, 2022).
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Ex situ conservation

Formal cacao sample collection expeditions began in the 
1930s (Iwaro et al., 2003; Zhang et al., 2009). The first official cacao 
germplasm bank was built in 1930 in Trinidad and Tobago (ICGT, 

n.d.): the International Cocoa Germplasm at the University of the 
West Indies. The other main international cacao genebank was 
founded in 1948 at the Centro Agronómico Tropical de Investigación 
y Enseñanza (CATIE), Costa Rica (Morera, 1991). Since then, 
most Latin America countries that produce cacao on a commercial 

TABLE 1 Strengths, weaknesses, and challenges of ex situ, on-farm and in situ conservation in the 70 articles analyzed.

Strengths Weaknesses Challenges

Ex situ
 • Core representation of diversity (Van Treuren et al., 2009; 

Motilal et al., 2013);

 • Safeguard against vulnerability to diseases, pests, and 

abiotic stresses (Bekele and Bekele, 1996)

 • A lot of diversity is preserved on a small area (Lindo 

et al., 2018);

 • Conservation effective for breeding programs and 

continued genetic improvement (Bekele and Bekele, 1996; 

Adu-Gyamfi and Wetten, 2012; Osorio-Guarín et al., 2017; 

Arevalo-Gardini et al., 2019);

 • Documenting genetic diversity will secure its use (Osorio-

Guarín et al., 2017).

 • Mislabeling / Misidentification (Faleiro et al., 2002; 

Motilal and Butler, 2003; Schnell et al., 2005; Zhang 

et al., 2006, 2008, 2009; Motamayor et al., 2008; Irish 

et al., 2010; Motilal et al., 2012, 2013; Boza et al., 2013; 

Ji et  al., 2013; Bidot Martínez et  al., 2015; Lindo 

et al., 2018);

 • Redundancy (Faleiro et al., 2002; Van Treuren et al., 

2009; Zhang et al., 2009; Motilal et al., 2013; Lindo 

et al., 2018);

 • Unbalanced composition (Van Treuren et al., 2009; 

González-Orozco et al., 2020);

 • Difficult to manage (Zhang et al., 2008; Irish et al., 

2010) and expensive in terms of space and labour 

(Ronning and Schnell, 1994);

 • Vulnerability to natural disasters (Adu-Gyamfi and 

Wetten, 2012; Gopaulchan et al., 2020);

 • Number of accessions is limited (Van Treuren 

et al., 2009).

 • Conserve a broad spectrum of diversity, while trying 

to do so with a minimum number of accessions 

(Ronning and Schnell, 1994; Irish et al., 2010; Motilal 

et al., 2013; Santos et al., 2015; Avendaño-Arrazate 

et al., 2018);

 • Identify a specific goal to limit size, duplication, and 

unbalanced collection (Van Treuren et al., 2009);

 • Get a full understanding of what is currently 

conserved in existing ex situ collections (Thomas 

et al., 2012);

 • Distribute core collections in various places to 

ensure their long-term safety (Gopaulchan 

et al., 2020);

 • Limited financial resources for conservation (Samuel 

et al., 2013).

On-farm

 • Diversified agroecosystem (Bidot Martínez et al., 2015);

 • Support the evolution process under the ecological and 

agricultural system ((Zhang et al., 2011; Ji et al., 2013);

 • Better living conditions for the farmer from compensation 

through FFC market (Arevalo-Gardini et al., 2019);

 • Variability available for participatory selection in low 

inputs small-scale context (Zhang et  al., 2011) and 

exchange between farmers (Ruiz et al., 2011);

 • Inclusion of farmer-selected agronomic traits (Leal et al., 

2008; Ji et al., 2013; Santos et al., 2015), which can secure 

conservation (Zhang et al., 2011; Bidot Martínez et al., 2015).

 • Subject to geopolitical, economic, management and 

cultural issues (Motilal and Butler, 2003; Aragon 

et al., 2012; Périchon and Quique, 2013; Samuel et al., 

2013; López et al., 2021);

 • Actual diversity influenced by previous diversity (less 

new material because of reproductive propagation, 

inbreeding or Wahlund effect) (Aragon et al., 2012; 

Lindo et al., 2018).

 • Limited financial resources for conservation (Samuel 

et al., 2013);

 • High phenotypic diversity (Quevedo Guerrero et al., 

2020) and large variation in desired characteristics 

due to sexual reproduction (Trognitz et al., 2013)

 • Selection of high-performance local material 

(Trognitz et al., 2013)

 • Gene flow from wild populations can impact 

on-farm diversity (Zhang et al., 2011).

In situ

 • Conservation of the entire environment in which the 

diversity has been created (Motilal and Butler, 2003);

 • Support the evolution process under the ecological system 

(Zhang et al., 2011; Périchon and Quique, 2013);

 • Reservoir of adaptations (adaptability, resistance, etc.) 

(Thomas et al., 2012; Zhang et al., 2012; De Schawe et al., 

2013) and unique alleles (Whitkus et al., 1998; Thomas 

et al., 2012);

 • Wild germplasm can be  directly used in breeding or 

commercial production (Zhang and Motilal, 2016)

 • Susceptible to climate change, deforestation, habitat 

loss or changes in land uses (Iwaro et al., 2003; Bekele 

et al., 2006; Silva et al., 2011; Thomas et al., 2012; 

Samuel et al., 2013; González-Orozco et al., 2020);

 • Subject to geopolitical, economic and cultural issues 

(Motilal and Butler, 2003; Samuel et al., 2013);

 • Less diversity found per area, in comparison with ex 

situ facilities and some on-farm collections (De 

Schawe et al., 2013);

 • Too limited information on in situ populations 

characteristics to establish clear conservation strategy 

(Silva et al., 2011).

 • Discovery of new material is pending and ongoing 

(Zhang et al., 2009, 2012; Cosme et al., 2016);

 • Priority areas for germplasm collection missions 

would be areas where high levels of genetic diversity 

and locally common alleles are observed (Thomas 

et al., 2012), but should also be planned over a wide 

geographic range (Bekele and Bekele, 1996; 

González-Orozco et al., 2020);

 • Gene flow from on-farm diversity can impact in situ 

populations (De Schawe et al., 2013);

 • Limited financial resources for conservation (Samuel 

et al., 2013).
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basis started setting up national collections (Laliberté, 2015). 
About 10 years ago, CacaoNet (2012) reported the existence of 42 
germplasm collections around the world, 23 of which were located 
in Latin America containing nearly 24,000 accessions. Considering 
all the initiatives at the local level which have multiplied in recent 
years, it is expected that these numbers are much higher today. In 
Peru alone, only 4 collections were mentioned in the CacaoNet 
report, while recent work has shown that the country has more 
than 45 collections (Ceccarelli et al., 2022).

Ex situ collections depend on the supply of genetic material 
from in situ and on-farm environments. Thus, the genetic material 
stored in ex situ collections represents only a fraction of the 
material existing in the wild and in farmers’ fields (Louafi et al., 
2013). Certain cacao populations may therefore be under or over-
represented in ex situ collections. Furthermore, cacao relatives in 
the Theobroma and Herrania genera are not sufficiently conserved 
in these facilities either (Santos et al., 2011; Castañeda-Álvarez 
et al., 2016; Laliberté et al., 2018).

When maintained in a well-managed facility, ex situ 
conservation of a core collection—i.e., a subset comprised of the 
smallest number of accessions that maximizes the diversity 
conserved (van Hintum et al., 2000)—, represents a cost-effective 
option (Iwaro et al., 2003; Van Treuren et al., 2009; Zhang et al., 
2009; Bidot Martínez et  al., 2017; Osorio-Guarín et  al., 2017; 
Laliberté et al., 2018). Yet, few institutions have established a core 
collection based on clear objectives and such efforts remain 
expensive and difficult to fund in the long term (Marcano et al., 
2007). In addition, many facilities face challenges such as a high 
number of duplicates and misidentification of almost 25% of their 
accessions (Motilal and Butler, 2003; Van Treuren et al., 2009; 
Motilal et al., 2012, 2013). Therefore, although ex situ is a powerful 
tool for conservation, the curating work needed may not 
be sustainable in the long term for many institutions.

Access to ex situ germplasm is also increasingly difficult: 
logistic and regulatory constraints to transfers are tedious 
(Westengen et al., 2017). For example, while Costa Rican farmers 
can easily obtain access to germplasm from CATIE (small-scale 
farmers count for 15% of the users), small-scale farmers outside 
Costa Rica must pay for a phytosanitary certificate, an export 
permit, and shipping costs, making the process prohibitive and 
therefore infrequent (Ebert, 2008). Although one of the main 
objectives of international ex situ conservation facilities was to 
make genetic material available to any organization or individual 
requesting access (López Noriega et  al., 2013), in practice, 
achieving this goal remains a challenge (Westengen et al., 2017).

On-farm conservation

On-farm conservation enables the protection of diverse 
agroecosystems (Bidot Martínez et  al., 2015), which support 
evolutionary processes within ecological and agricultural systems 
(Zhang et  al., 2011; Ji et  al., 2013). All the farms in the world 
combined have a greater potential to store genetic resources than 
genebanks. (Brown 1999; Veteto and Skarbø 2009). The availability 

and accessibility of genetic material in small-scale context also 
promotes participatory selection and experimentation (Zhang 
et al., 2011), which in return can enhance on-farm conservation. 
The inclusion of farmers’ preferences, such as particular agronomic 
traits (Ji et al., 2013), can increase the conservation of the genotypes 
or varieties that possess them (Zhang et al., 2011; Bidot Martínez 
et al., 2015).

Conservation of native cacao cultivars, landraces and the alike 
can also provide higher farm incomes through specialty markets, 
such as premiums offered in the FFC (Arevalo-Gardini et al., 2019), 
organic or fair trade markets (Nelson et al., 2002; Schneider et al., 
2017; Bidwell et al., 2018), payment for ecosystem services (PES; 
Obeng et al., 2020) or payment for agrobiodiversity conservation 
services (PACS; Drucker and Ramirez, 2020). On-farm conservation 
also echoes the risk mitigation function of diversity in changing 
climatic, socioeconomic, and pest-pressure conditions (Vaast and 
Somarriba, 2014; Bidot Martínez et al., 2015).

However, the diversity maintained in farms is also influenced by 
farmer preferences and behavior. Farmers cannot be expected to 
maintain diversity that does not meet their criteria, whether these 
are related to productivity, resistance, or taste (Lindo et al., 2018). 
Farmers can face multiple pressures to abandon or change the 
diversity used on their farms, from geopolitical, economic and 
cultural issues (Motilal and Butler, 2003; Samuel et al., 2013). This 
puts into perspective one of the challenges of on-farm conservation, 
which is also its competitive advantage, i.e., the individuality of all 
farmers who contribute to preservation of a collective heritage. 
Farmers are the creators, curators, and beneficiaries of this 
agrobiodiversity, but also the first ones affected by its loss. Since 
we are collectively indebted to them for their work, it is important 
that farmers who protect diversity be supported and encouraged, not 
made vulnerable by their commitment.

Finally, none of the papers analyzed the diversity maintained on 
specific farms. At best, the papers presented aggregated information 
at a regional scale (e.g., Sereno et al., 2006; Ji et al., 2013; Arevalo-
Gardini et al., 2019), without providing any details on the dynamics 
of on-farm conservation or the role played by custodian farmers, 
who are known to play a central role in agrobiodiversity conservation 
(Ruiz Muller and Vernooy, 2012). The main issue raised by these 
articles is that we need to correctly identify and characterize the 
material being conserved, in the spirit that you cannot protect what 
you do not know. Additionally, such a characterization is key to 
understand and document farmers’ decision-making process 
surrounding on-farm conservation. Integrating the individuality of 
farmers into analyses is essential to understanding the mechanisms 
of on-farm conservation.

In situ conservation

In situ conservation aims to protect part of the ecosystems 
where the wild populations or relatives of a target crop have 
evolved, and viable natural populations occur. In situ populations 
are often considered as reservoirs of local adaptations (adaptability, 
resistance, etc.; De Schawe et  al., 2013) and unique alleles 
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(Whitkus et al., 1998). One of the main concerns for the in situ 
conservation of cacao is the loss of wild populations. Wild 
populations are primarily threatened by deforestation—and 
conversion of land to other uses—(Chirif, 2019), forest 
degradation, anthropogenic forest fires and climate change, 
among others. It has been estimated that the wild populations of 
cacao could decline by 50% by 2050 (ter Steege et  al., 2015). 
Further, expanding cacao cultivation into areas holding wild cacao 
populations results in increasing possibilities of genetic pollution 
of wild cacao by cultivated ones (Zhang et al., 2011; De Schawe 
et al., 2013). Protection of wild cacao populations in their natural 
environment not only conserves their genetic diversity, but also 
that of other members of the genus Theobroma.

However, the cost of effective in situ conservation is 
prohibitive. The number of accessions of different varieties that 
can sustainably be conserved per unit area (compared to an ex situ 
facility with a core collection) is often low (De Schawe et al., 2013). 
Securing vast areas of land in the long term can be difficult for 
geopolitical, economic and cultural reasons (Motilal and Butler, 
2003). Furthermore, it is often difficult to obtain information on 
in situ populations characteristics, making it harder to create 
consistent conservation strategies (Silva et al., 2011).

In sum, cacao conservation is still largely focused on ex situ 
conservation; we  do not have a comprehensive plan to support 
on-farm cacao conservation; and we still do not know the scope of 
on-farm and in situ conservation. We argue that achieving a more 
efficient and cost-effective conservation of the intraspecific diversity 
of cacao calls for a holistic system approach that integrates all types 
of conservation. In this respect, lessons can be  drawn from 
conservation strategies developed for other perennial crops such as 
the particular focus on including a diversity of stakeholders in the 
global apple conservation strategy (Bramel and Volk, 2019); the need 
for increasing in situ collections in the case of coffee (Bramel et al., 
2017); the importance of the role of regional collections for the 
circulation of banana germplasm (MusaNet, 2016); and 
consolidating on-farm and in situ coconut conservation activities 
(COGENT, 2017). However, these strategies also show that it is 
challenging to develop functional linkages between all conservation 
components and its stakeholders, which we believe in the case of 
cacao could be  achieved through the establishment of working 
collections at the local level as explained next.

Toward an integrated cacao conservation 
system

The underlying principles of an integrated cacao conservation 
system that will optimize cacao diversity conservation are:

- being firmly anchored in a conservation-through-use 
approach, whereby cacao diversity is optimally employed to 
overcome key cultivation challenges and responds to farmers’ 
prerogatives (e.g., pest and disease resistance, high productivity, 
site and climate adaptation, etc.), in addition to meeting consumer 
interests (e.g., flavor profiles, bean vs. pulp uses, etc.), which is 
pivotal for a cash crop;

- being inclusive by involving different stakeholders interacting 
with cacao genetic resources, where appropriate, from indigenous 
and local communities and protected area managers over (custodian) 
farmers and managers of local working collections to ex situ facility 
managers and cacao market and value chain actors;

- fostering the dynamic nature of cacao genetic resources, 
through the maintenance of selective processes exerted by farmers 
and changing environmental conditions under on-farm and in 
situ conditions.

We believe that a system integrating the three conventional 
strategies would represent a major improvement to the current 
conservation, without completely changing the present working 
mechanisms. To be  effective, however, its implementation must 
be based on a strengthened collaboration between farmers, cacao 
cooperatives and associations, non-governmental organizations 
(NGOs), academia, cacao buyers, public, parapublic and private 
organizations, and the local to national governments. All these actors 
depend on cacao diversity, thus they must all be  involved in its 
conservation. Figure  2 describes the links that need to be  built 
between all local partners to ensure that all parts of the integrated 
system work together to promote the conservation of cacao genetic 
diversity through its use.

We propose working collections to become centerpiece of this 
system for facilitating the interconnectedness of ex situ collections, 
cacao farmers and custodian farmers, and in situ conservation areas. 
Working collections should be  locally anchored and serve direct 
farmer needs and preferences in terms of agronomic and sensorial 
traits. They should contain a limited set of cacao genotypes of which 
farmers can obtain propagative material for direct use in their farms 
and which can have originated either from ex situ genebanks, 
(custodian) farmers’ fields, or directly from in situ settings. As such, 
working collections need to have sufficient production capacity of 
grafting materials (clonal gardens with enough copies per genotype) 
and seeds to produce rootstock material (seed orchards) to meet the 
demand of local farmers. Working collections are different from the 
classical ex situ collections. While the main purpose of ex situ 
collections is to conserve as much diversity as possible of both 
potential and actual use in the long term (each genotype represented 
by only few copies), working collections contain only a restricted set 
of genotypes of direct use by farmers and these genotypes may change 
over time, in response to emerging agronomic needs and market 
preferences. This implies that planting materials included in working 
collections need to count with reliable characterization data, so 
farmers have a reasonable level of certainty of what to expect from the 
different types of planting material in terms of agronomic and 
sensorial traits. In regions where cacao is part of native vegetation, 
working collections should prioritize local genotypes for fruit 
production to allow the conservation of cacao genetic material in its 
territory of origin. As such they would also constitute knowledge 
hubs for local varieties (CacaoNet, 2012). At the same time this will 
ensure the genetic integrity of local cacao populations and allow the 
development of denomination of origin schemes and market 
differentiation. This is particularly the case for FFC and the specialty 
market at large. Genotypes to be used as rootstock by contrast can 
be sourced nationally or even internationally as they are not allowed 
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to enter the reproductive phase and hence are not expected to 
influence local genepools.

Working collections should be established in all regions where 
cacao is cultivated but also occurs in natural vegetation and where 
specific genetic groups of cacao are found, often following the 
Amazonian river networks (Motamayor et al., 2008; Thomas et al., 
2012). Ultimately, the creation of multiple working collections 
across the different regions in a country where unique cacao 
landraces, varieties or cultivars occur should form the basis of a 
true nationwide conservation network. National conservation 
networks should thus be  implemented to simultaneously 
maximize alpha (diversity held in one working collection), beta 
(the change in diversity between working collections) and gamma 
diversity (overall diversity in a country).

The institutions responsible for the establishment, use and 
maintenance of working collections typically serve the interests of 
farmer collectives such as farmer cooperatives or associations, 
NGOs, buyer companies, etc. They therefore have a critical role to 
fulfil in providing advice, training, and tools to participating 
farmers and communities.

To ensure that they count with the most appropriate planting 
material, depending on the growth conditions, local threat 
exposure and sensorial interests among others, working 
collections need to develop strong linkages with each other, as well 
as with other key actors in the conservation chain (Figure 2). Most 
importantly, working collections need to build trustworthy 
relations with local cacao farmers and particularly custodian 
farmers who serve not only as receptors of planting materials but 
also suppliers of promising genotypes. While most farmers will 
only have a limited diversity of cacao genotypes on their farms, 
custodian farmers typically conserve many more (Sthapit et al., 
2013). Box 3 briefly presents a custodian cacao farmer in La 
Convencion province in the Cusco department, Peru.

In recognition of their contribution to the preservation of 
cacao genetic diversity, in essence a public good, compensation 
schemes can be developed for (custodian) farmers willing to share 
part of the diversity under their custody with other farmers 
through working collections. Aside from local compensation 
schemes, formal recognition of custodian farmers by local, 
regional, or national governments can be a powerful mechanism 
to promote on-farm agrobiodiversity conservation, as 
demonstrated by examples in India, Indonesia, and Nepal (Clancy 
and Vernooy, 2016). Formal recognition by public authorities can 
give farmers even more acknowledgement in their local 
community, but especially at other scales, where they almost 
always lack formal recognition. It can also grant custodian farmers 
certain privileges such as getting specific training to strengthen 
the conservation and characterization of the materials under their 
custody, forming part of a dedicated network of custodian farmers 
to facilitate exchange of knowledge and genotypes. There is also a 
recurring and important concern among custodian farmers who 
have developed collections on their farm: they often have difficulty 
passing on the plant genetic heritage they have accumulated owing 
to the lack of family members or successors willing to continue 
their mission (Sthapit et al., 2015). Being part of a network might 

help farmers to connect with peers interested in maintaining their 
genetic resources.

Another key source of cacao genotypes for working collections 
are cacao populations in natural forest vegetation. Many 
watersheds and forests in the Amazon basin have yet to 
be  explored to collect genetic material and it is expected that 
undocumented populations and genetic groups can still be found. 
Contrary to common belief, cacao populations in natural forest 
are not necessarily wild, but may be remnants of domestication 
efforts by native societies (Motamayor et al., 2002; Sereno et al., 
2006). For example, genetic evidence showed that putatively wild 
cacaos from the Lacandona rainforest from Mexico were actually 
remnants of Criollo trees cultivated by the Mayas whose 
populations persisted as the rainforest grew back (Motamayor 
et al., 2002). Also in South America, evidence is mounting that 
humans may have shaped the diversity of cacao populations across 
the Amazon Basin (Thomas, 2017; Levis et al., 2018).

Hence, aside from traits related to plant vigor and pest and 
disease resistance, cacao populations in natural vegetation can 
be an important source of planting material that combine high 
productivity with interesting flavor profiles.

To preserve wild cacao populations, it is vital to protect the 
landscapes and environments in which they are found. Protected 
areas and territories under community forest management are 
among the best strategies to counter these threats. 44.3% of the 
Amazon basin is currently under the sustainable management of 
indigenous communities (and 9% are in strict conservation 
reserves; ter Steege et  al., 2015). However, the contribution of 
protected areas and territories to the in situ conservation of cacao 
populations could be greatly enhanced through their mapping, 
characterization (e.g., in terms of quality, productivity, pest and 
disease resistance and adaptation to specific site conditions) and 
management (e.g., by removing competing plants, pruning, 

BOX 3: Cacao Chuncho: from Matsigenka communities to 
today’s custodian farmers.

The Peruvian chocolate industry was founded more than 
100 years ago in the cultural overlap region in the lowlands of the 
Cusco department where the Incas maintained trade relations 
with the Amazonian Matsigenka who played a key role in the 
domestication of chuncho cacao cultivar, one of the most 
sought-after cacaos today. What makes chuncho cacao 
particularly unique is that multiple varieties are distinguished in 
the cultivar., each with their own local names and flavor profiles 
(Rojas et al., 2017; Eskes et al., 2018). The word chuncho means 
“the savages” in Quechua, the language of the Incas, and was 
used by them to refer to the Amazonian peoples (Rénique, 2009).
After the European conquest numerous haciendas were 
established in the Cusco lowlands in which a high diversity of 
chuncho cacao varieties were concentrated. After the Peruvian 
agrarian reform, some of the people who used to work on the 
haciendas established their own plantations from seeds 
collected from the diverse chuncho varieties they used to care 
for. The father of Francisco Torres was one of these workers 
and today he has taken up the conservation of possibly one of 
the most diverse remaining chuncho cacao collections. As 
such, Francisco represents one of the main custodian farmers 
of chuncho cacao today.
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facilitating regeneration, etc.). This would require the active 
involvement of protected area managers and indigenous and local 
communities (Tauli-Corpuz et al., 2020). Similar compensation 
schemes and forms of formal recognition as described above for 
custodian farmers can be  developed for protected areas and 
community forest management, such as formal recognition of 
communities as guardians of cacao diversity. It is also clear that a 
better recognition of the rights and full powers of indigenous 
communities over their territories is likely to lead to better 
protection of local cacao diversity through better protection against 
deforestation (Nepstad et al., 2006; Soares-Filho et al., 2010; Nolte 
et al., 2013; Blackman et al., 2017; Blackman and Veit, 2018; Jusys, 
2018; Baragwanath and Bayi, 2020; Walker et al., 2020).

Important to mention here is that any new collections 
should be  carried out with the free, prior, and informed 
consent (FPIC) of indigenous and local communities or 
farmers and where relevant the benefits for people through 
participation in the integrated system should be agreed upon 
in line with the Nagoya protocol (CBD, 2011) and existing 
national laws and procedures.

While interesting cacao genotypes can be incorporated directly 
in working collections from in situ sources, ex situ collections can 
often serve as a first filter. As mentioned above, the main function of 
ex situ collections is to safeguard an as wide as possible diversity of 
cacao genotypes of both current and potential value. Sufficient ex situ 

collections should be established as to cover the whole distribution 
range of cacao in a country each containing representative samples 
of predefined sections of the distribution range. Deciding on what to 
include in a collection is always a tradeoff between what is useful or 
desirable and what is possible in terms of budget. Cacao populations 
occurring in unprotected natural settings with a high risk of being 
destroyed should be the priority for new collections missions that 
target the conservation of as wide as possible genetic diversity. In 
protected areas, community forest areas and custodian farmer 
collections and the alike, only a selection of materials of interest may 
be sufficient given their in situ or on-farm conservation state. The 
latter illustrates how an integrated system can help sharing the risks 
and challenges linked to the conservation of cacao diversity among 
all partners involved. However, this requires that all partners be held 
mutually accountable, according to their available resources 
and capacities.

The role of external stakeholders 
in strengthening the integrated 
conservation strategy

The integrated system we proposed here will only work if all 
stakeholders agree to commit to it, support it and take ownership 
of it. To ensure its implementation, the approach must be locally 

FIGURE 2

Detail of an integrated system of cacao conservation. The map on the left-hand side shows an imaginary cacao region in which several 
integrated conservation systems and one centralized ex situ collection have been set up across the cacao distribution range to preserve the 
diversity of local cacao varieties. The schematic representation on the right-hand side shows how working collections form the centerpiece of 
each of the regionally implemented integrated conservation system and link all the actors in the integrated system (blue for the on-farm actors, 
red for the ex situ, green for the in situ and yellow for the working collection). The different stakeholders exchange germplasm or vegetative 
material (arrows), thus strengthening their links and ensuring that local diversity is protected, but also widely used.
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anchored and reflective of local community priorities and market 
interests, involve all relevant stakeholders and encourage them to 
strengthen their links, as well as acknowledge the essential role of 
all conservation components (ex situ, on-farm, in situ and 
working collections) for achieving the effective preservation and 
use of cacao diversity (Enjalbert et al., 2011). Box 4 presents an 

example of a working collection implemented in Peru by the 
Cooperativa Agraria Norandino.

Achieving this is likely to require facilitation, the development of 
incentive mechanisms and clear rules of engagement. Public 
authorities have a clear role to play in this, but also multiple external 
stakeholders (private companies, NGOs, academia, etc.) can and 
should contribute substantially. Figure 3 illustrates potential roles of 
external partners to strengthen the integrated conservation system.

The mutual benefits that can be reaped through participating in 
an integrated conservation system can serve as a strong incentive for 
internal and external stakeholders to get involved. For example, 
custodian farmers could gain new material and better incomes for 
their varieties, farmers could receive training on desired topics, such 
as plant breeding, pest control, fermentation of cacao beans, etc., 
research partners could help with the characterization and 
identification of promising genotypes, breeders would have access to 
preselected cacao genotypes, and buyers and chocolate companies 
could on the one hand guide the selection of genotypes with high 
market potential and on the other hand benefit from a source of 
distinct cacao genetic material.

Conclusion

The current cacao diversity conservation system with three 
conventional strategies working independently needs to be 
improved. Conservation of cacao genetic resources has until now (1) 

FIGURE 3

Potential roles of conservation actors outside of local community.

BOX 4: Working collection in the department of Piura, Peru.

Some cooperatives in Peru have begun the establishment of 
working collections to provide propagative material of superior 
native FFC to their members to renovate or rehabilitate their 
plantations. An example of this is the Cooperativa Agraria Norandino, 
which implemented working collections of their six best genotypes 
of Piura white cacao which is part of the Nacional genetic cluster 
shared with Ecuador. The selection process started in 2007 with the 
identification of 1,160 cacao plants producing white, pink, or violet 
seeds all across the Piura department. This number was gradually 
reduced by selecting the trees with superior sensorial quality and 
productive potential and culminated in the establishment of a small 
genebank holding 25 of the most promising genotypes. The 
different genotypes in the genebank were further evaluated in terms 
of yield, stability of producing white beans (characteristic for high 
sensorial quality) and resistance to pests and diseases and the six 
best ones were next established in a clonal garden containing 
dozens of copies of each genotype to form the working collection. 
Initial experiments have confirmed the higher yields obtained from 
these genotypes at plantation level and the working collection is 
now actively being used to support farmers with the renewal and 
rehabilitation of their plantations.
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mainly focused on ex situ facilities; (2) relied mainly on protected 
areas for the conservation of wild cacao populations; and 3) largely 
neglected the importance of on-farm conservation strategies, 
including the role of cacao custodian farmers.

We call for the integration of the three conservation strategies 
to potentialize their complementary strengths and argue that 
working collections established in a representative manner across 
the distribution range of cacao can be  an efficient way to 
practically implement such integration. To our knowledge, the 
recently adopted Peruvian plan on the development of the value 
chain of cacao and chocolate (MIDAGRI et al., 2022) presents the 
first nation-wide formal attempt to operationalize an integrated 
conservation system for cacao. We  hope this initiative will 
be  followed by other countries in cacao’s region of origin and 
domestication in the years to come.

A fundamental role of working collections is operationalizing 
a conservation through use approach while maintaining the 
dynamic nature of cacao diversity. However, the realization of 
such an integrated system depends on the involvement and 
commitment of multiple stakeholders. This may require multiple 
incentives such as formal recognition of indigenous communities 
and farmers as custodians of wild and cultivated cacao, or buyers 
of cacao beans guiding the selection of cacao genotypes in working 
collections with the greatest market potential in return for access 
to cacao beans with unique flavors.

An integrated conservation system centered around working 
collections could also serve as a model for other tree crops, as well 
as for cacao in regions outside of Latin America, in spite of the 
absence of wild populations there. Farmers in Africa or Asia have 
developed cacao landraces that also merit preservation and 
we believe our proposed conservation approach can be adapted 
to such contexts as well.

Data availability statement

The original contributions presented in the study are included 
in the article/Supplementary material, further inquiries can 
be directed to the corresponding author.

Ethics statement

Ethics approval has been obtained for the AL’s PhD research 
from the Comité plurifacultaire d’éthique de la recherche of Université 
Laval under approbation number 2018–055 R-4/17-03-2022.

Author contributions

AL initiated the work, after which AL and ET both contributed 
equally to the manuscript. AL conducted the literature review. ET 
provided guidance and supervision and AO provided supervision 

and feedback on the manuscript. All authors contributed to the 
article and approved the submitted version.

Funding

Funding for this research was provided by scholarships to AL 
from the Social Sciences and Humanities Research Council of 
Canada (SSHRC) and the Natural Sciences and Engineering 
Research Council of Canada (NSERC) CREATE in Biodiversity, 
Ecosystem Services, and Sustainability. ET received financial support 
from the German Federal Ministry for Economic Cooperation and 
Development (BMZ) commissioned and administered through the 
Deutsche Gesellschaft für Internationale Zusammenarbeit (GIZ) 
Fund for International Agricultural Research (FIA), grant number 
81219430, and of the CGIAR Fund Donors.

Acknowledgments

AL would like to thank all the farmers she met during her 
PhD field visits. It was through their meetings and discussions that 
the ideas for this research took shape. She also wishes to 
acknowledge the tremendous support received from all the team 
members of the Peruvian office of the Alliance of CIAT and 
Bioversity International. We are grateful to Veronica Carrasco for 
help with the development of Figure 2 and Barbara Vinceti for 
providing useful literature. Finally, we thank the two reviewers for 
their kind and constructive comments on our manuscript.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of 
the authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the  editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fevo.2022.1063266/
full#supplementary-material

https://doi.org/10.3389/fevo.2022.1063266
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fevo.2022.1063266/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fevo.2022.1063266/full#supplementary-material


Lavoie et al. 10.3389/fevo.2022.1063266

Frontiers in Ecology and Evolution 11 frontiersin.org

References
Adu-Gyamfi, R., and Wetten, A. (2012). Cryopreservation of cocoa (Theobroma 

cacao L.) somatic embryos by vitrification. CryoLetters 33, 494–505. doi: 10.1016/j.
plantsci.2003.11.002

Allaby, M. (ed.) (2019). Dict. Plant Sci. Available at: http://www.oxfordreference.
com/view/10.1093/acref/9780198833338.001.0001/acref-9780198833338 (Accessed 
October 21, 2020).

Altieri, M. A., and Merrick, L. (1987). In situ conservation of crop genetic 
resources through maintenance of traditional farming systems. Econ. Bot. 41, 86–96. 
doi: 10.1007/BF02859354

Anderson, E. 1897–1969. (1969). Plants, Man, and Life. Berkeley, CA: University 
of California Press.

Aragon, E., Rivera, C., Korpelainen, H., Rojas, A., Elomaa, P., and Valkonen, J. P. 
T. (2012). Genetic diversity of native cultivated cacao accessions (Theobroma cacao 
L.) in Nicaragua. Plant Genet. Resour. 10, 254–257. doi: 10.1017/S1479262112000238

Arevalo-Gardini, E., Meinhardt, L. W., Zuñiga, L. C., Arévalo-Gardni, J., 
Motilal, L. A., and Zhang, D. (2019). Genetic identity and origin of “Piura 
Porcelana”—a fine-flavored traditional variety of cacao (Theoborma cacao) from the 
Peruvian Amazon. Tree Genet. Genomes 15, 1–11. doi: 10.1007/s11295-019-1316-y

Avendaño-Arrazate, C. H., López-Gómez, P., Iracheta-Donjuan, L., 
Vázquez-Ovando, A., and Bouchan, R. (2018). Diversidad genética y selección de 
una colección núcleo para la conservación a largo plazo de cacao (Theobroma cacao 
l). Interciencia 43, 770–777. Available at: https://www.interciencia.net/wp-content/
uploads/2018/11/770-AVENDANO-43_11.pdf (Accessed December 6, 2022).

Baragwanath, K., and Bayi, E. (2020). Collective property rights reduce 
deforestation in the Brazilian Amazon. Proc. Natl. Acad. Sci. U. S. A. 117, 
20495–20502. doi: 10.1073/pnas.1917874117

Bartley, B. G. D. (2005). The genetic diversity of cacao and its utilization. 
Wallingford, CT: CABI Publishing Available at: http://www.cabi.org/cabebooks/
FullTextPDF/2005/20053073504.pdf (Accessed March 3, 2021).

Bekele, F., and Bekele, I. (1996). A sampling of the phenetic diversity of cacao in 
the international cocoa Gene Bank of Trinidad. Crop Sci. 36, 57–64. doi: 10.2135/cr
opsci1996.0011183X003600010010x

Bekele, F. L., Bekele, I., Butler, D. R., and Bidaisee, G. G. (2006). Patterns of 
morphological variation in a sample of cacao (Theobroma Cacao L.) germplasm 
from the international cocoa Genebank, Trinidad. Genet. Resour. Crop. Evol. 53, 
933–948. doi: 10.1007/s10722-004-6692-x

Bellon, M. R., Dulloo, E., Sardos, J., Thormann, I., and Burdon, J. J. (2017). In situ 
conservation—harnessing natural and human derived evolutionary forces to ensure 
future crop adaptation. Evol. Appl. 10, 965–977. doi: 10.1111/eva.12521

Bergmann, J. F. (1969). The distribution of cacao cultivation in pre-Columbian 
America 1. Ann. Assoc. Am. Geogr. 59, 85–96. doi: 10.1111/j.1467-8306.1969.
tb00659.x

Berthaud, J. (1997). Strategies for conservation of genetic resources in relation 
with their utilization. Euphytica 96, 1–12. doi: 10.1023/A:1002922220521

Bidot Martínez, I., Riera Nelson, M., Flamand, M.-C., and Bertin, P. (2015). 
Genetic diversity and population structure of anciently introduced Cuban cacao 
Theobroma cacao plants. Genet. Resour. Crop. Evol. 62, 67–84. doi: 10.1007/
s10722-014-0136-z

Bidot Martínez, I., Valdés de la Cruz, M., Riera Nelson, M., and Bertin, P. (2017). 
Establishment of a core collection of traditional Cuban Theobroma cacao plants for 
conservation and utilization purposes. Plant Mol. Biol. Report. 35, 47–60. doi: 
10.1007/s11105-016-0999-6

Bidwell, S., Murray, W. E., and Overton, J. (2018). Ethical agro-food networks in 
global peripheries, part I: the rise and recommodification of fair trade and organics. 
Geogr. Compass 12:e12366. doi: 10.1111/gec3.12366

Blackman, A., Corral, L., Lima, E. S., and Asner, G. P. (2017). Titling indigenous 
communities protects forests in the Peruvian Amazon. Proc. Natl. Acad. Sci. U. S. A. 
114, 4123–4128. doi: 10.1073/pnas.1603290114

Blackman, A., and Veit, P. (2018). Titled Amazon indigenous communities cut 
forest carbon emissions. Ecol. Econ. 153, 56–67. doi: 10.1016/j.ecolecon.2018.06.016

Boza, E. J., Irish, B. M., Meerow, A. W., Tondo, C. L., Rodríguez, O. A., 
Ventura-López, M., et al. (2013). Genetic diversity, conservation, and utilization of 
Theobroma cacao L.: genetic resources in the Dominican Republic. Genet. Resour. 
Crop. Evol. 60, 605–619. doi: 10.1007/s10722-012-9860-4

Bramel, P., Krishnan, S., Horna, D., Lainoff, B., and Montagnon, C. (2017). Global 
conservation strategy for coffee genetic resources. Bonn, Germany: Global Crop 
Diversity Trust.

Bramel, P., and Volk, G. M. (2019). A global strategy for the conservation and use 
of apple genetic resources. Bonn, Germany: Global Crop Diversity Trust.

Brown, A. H. D. (1999). “The genetic structure of crop landraces and the 
challenge to conserve them in situ on farms” in Genes in the Field: On-Farm 

Conservation of Crop Diversity. ed. S. B. Brush (Rome, Italy: International Plant 
Genetic Resources Institute).

Brush, S. B. (1991). A farmer-based approach to conserving crop germplasm. 
Econ. Bot. 45, 153–165. doi: 10.1007/BF02862044

CacaoNet (2012). A global strategy for the conservation and use of cacao genetic 
resources, as the foundation for a sustainable cocoa economy (B. Laliberté, compil.) 
Available at: http://www.bioversityinternational.org/uploads/tx_news/A_global_
strategy_for_the_conservation_and_use_of_cacao_genetic_resources__as_the_
foundation__Abbreviated_version__1989.pdf (Accessed June 1, 2017).

Cadby, J., Araki, T., and Villacis, A. H. (2021). Breaking the mold: craft chocolate 
makers prioritize quality, ethical and direct sourcing, and environmental welfare. J. 
Agric. Food Res. 4:100122. doi: 10.1016/j.jafr.2021.100122

Castañeda-Álvarez, N. P., Khoury, C. K., Achicanoy, H. A., Bernau, V., 
Dempewolf, H., Eastwood, R. J., et al. (2016). Global conservation priorities for crop 
wild relatives. Nat. Plants 2:16022. doi: 10.1038/nplants.2016.22

CBD (2011). The Nagoya protocol on access and benefit-sharing. Available at: 
https://www.cbd.int/abs/ (Accessed November 11, 2022).

Ceccarelli, V., Fremout, T., Zavaleta, D., Lastra, S., Correa, S. I., Arévalo-Gardini, E., 
et al. (2021). Climate change impact on cultivated and wild cacao in Peru and the 
search of climate change-tolerant genotypes. Divers. Distrib. 27, 1462–1476. doi: 
10.1111/ddi.13294

Ceccarelli, V., Lastra, S., Loor Solórzano, R. G., Chacón, W. W., Nolasco, M., 
Sotomayor Cantos, I. A., et al. (2022). Conservation and use of genetic resources of cacao 
(Theobroma cacao L.) by gene banks and nurseries in six Latin American countries. 
Genet. Resour. Crop. Evol. 69, 1283–1302. doi: 10.1007/s10722-021-01304-3

Cheesman, E. E. (1944). Notes on the nomenclature, classification and possible 
relationships of cocoa populations. Trop. Agric. 21, 144–159.

Chirif, A. ed. (2019). Peru: Deforestation in Times of Climate Change. Lima, Peru: 
IWGIA.

Clancy, E., and Vernooy, R. (2016). Realizing farmers’ rights through 
community-based agricultural biodiversity management. Available at: https://
www.bioversityinternational.org/e-library/publications/detail/realizing-
farmers-rights-through-community-based-agricultural-biodiversity-
management/.

Clawson, D. L. (1985). Harvest security and intraspecific diversity in traditional 
tropical agriculture. Econ. Bot. 39, 56–67. doi: 10.1007/BF02861175

Clement, C. R., de Cristo-Araújo, M., d’Eeckenbrugge, G. C., Alves Pereira, A., 
and Picanço-Rodrigues, D. (2010). Origin and domestication of native Amazonian 
crops. Diversity 2, 72–106. doi: 10.3390/d2010072

COGENT (2017). A global strategy for the conservation and use of coconut genetic 
resources, 2018–2028. (R. Bourdeix and A. Prades, compilers). Montpellier, France: 
Bioversity International.

Cosme, S., Cuevas, H. E., Zhang, D., Oleksyk, T. K., and Irish, B. M. (2016). 
Genetic diversity of naturalized cacao (Theobroma cacao L.) in Puerto Rico. Tree 
Genet. Genomes 12:88. doi: 10.1007/s11295-016-1045-4

Drucker, A. G., and Ramirez, M. (2020). Payments for agrobiodiversity 
conservation services: an overview of Latin American experiences, lessons learned 
and upscaling challenges. Land Use Policy 99:104810. doi: 10.1016/j.
landusepol.2020.104810

Dulloo, M. E., Hunter, D., and Borelli, T. (2010). Ex situ and in situ conservation 
of agricultural biodiversity: major advances and research needs. Not. Bot. Horti 
Agrobot. Cluj-Napoca 38:123. Available at: https://www.notulaebotanicae.ro/index.
php/nbha/article/download/4878/4522/0 (Accessed December 6, 2022).

Ebert, A. W. (2008). Flujos de germoplasma facilitado por el Centro Agronómico 
Tropical de Investigación y Enseñanza dentro y fuera de Latinoamérica. Recur. Nat. 
Ambiente 53, 62–71. Available at: https://repositorio.catie.ac.cr/bitstream/
handle/11554/9176/Flujos_de_germoplasma.pdf?sequence=4&isAllowed=y 
(Accessed December 6, 2022).

Engels, J. M. M., and Ebert, A. W. (2021). A critical review of the current global ex 
situ conservation system for plant agrobiodiversity. I. History of the development of 
the global system in the context of the political/legal framework and its major 
conservation components. Plan. Theory 10:1557. doi: 10.3390/plants10081557

Enjalbert, J., Dawson, J. C., Paillard, S., Rhoné, B., Rousselle, Y., Thomas, M., et al. 
(2011). Dynamic management of crop diversity: from an experimental approach to 
on-farm conservation. C. R. Biol. 334, 458–468. doi: 10.1016/j.crvi.2011.03.005

Eskes, A. B., Rodriguez, C. A. C., Condori, D. C., Seguine, E., Garcia Carrion, L. F., 
and Lachenaud, P. (2018). Large genetic diversity for fine-flavor traits unveiled in 
cacao (Theobroma cacao l.) with special attention to the native chuncho variety in 
Cusco. Peru. Agrotrópica 30, 157–174. doi: 10.21757/0103-3816.2018v30np157-174

Faleiro, F. G., Yamada, M. M., Lopes, U. V., Faleiro, A. S. G., Bahia, R. C. S., 
Gomes, L. M. C., et al. (2002). Genetic similarity of Theobroma cacao L. accessions 

https://doi.org/10.3389/fevo.2022.1063266
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://doi.org/10.1016/j.plantsci.2003.11.002
https://doi.org/10.1016/j.plantsci.2003.11.002
http://www.oxfordreference.com/view/10.1093/acref/9780198833338.001.0001/acref-9780198833338
http://www.oxfordreference.com/view/10.1093/acref/9780198833338.001.0001/acref-9780198833338
https://doi.org/10.1007/BF02859354
https://doi.org/10.1017/S1479262112000238
https://doi.org/10.1007/s11295-019-1316-y
https://www.interciencia.net/wp-content/uploads/2018/11/770-AVENDANO-43_11.pdf
https://www.interciencia.net/wp-content/uploads/2018/11/770-AVENDANO-43_11.pdf
https://doi.org/10.1073/pnas.1917874117
http://www.cabi.org/cabebooks/FullTextPDF/2005/20053073504.pdf
http://www.cabi.org/cabebooks/FullTextPDF/2005/20053073504.pdf
https://doi.org/10.2135/cropsci1996.0011183X003600010010x
https://doi.org/10.2135/cropsci1996.0011183X003600010010x
https://doi.org/10.1007/s10722-004-6692-x
https://doi.org/10.1111/eva.12521
https://doi.org/10.1111/j.1467-8306.1969.tb00659.x
https://doi.org/10.1111/j.1467-8306.1969.tb00659.x
https://doi.org/10.1023/A:1002922220521
https://doi.org/10.1007/s10722-014-0136-z
https://doi.org/10.1007/s10722-014-0136-z
https://doi.org/10.1007/s11105-016-0999-6
https://doi.org/10.1111/gec3.12366
https://doi.org/10.1073/pnas.1603290114
https://doi.org/10.1016/j.ecolecon.2018.06.016
https://doi.org/10.1007/s10722-012-9860-4
https://doi.org/10.1007/BF02862044
http://www.bioversityinternational.org/uploads/tx_news/A_global_strategy_for_the_conservation_and_use_of_cacao_genetic_resources__as_the_foundation__Abbreviated_version__1989.pdf
http://www.bioversityinternational.org/uploads/tx_news/A_global_strategy_for_the_conservation_and_use_of_cacao_genetic_resources__as_the_foundation__Abbreviated_version__1989.pdf
http://www.bioversityinternational.org/uploads/tx_news/A_global_strategy_for_the_conservation_and_use_of_cacao_genetic_resources__as_the_foundation__Abbreviated_version__1989.pdf
https://doi.org/10.1016/j.jafr.2021.100122
https://doi.org/10.1038/nplants.2016.22
https://www.cbd.int/abs/
https://doi.org/10.1111/ddi.13294
https://doi.org/10.1007/s10722-021-01304-3
https://www.bioversityinternational.org/e-library/publications/detail/realizing-farmers-rights-through-community-based-agricultural-biodiversity-management/
https://www.bioversityinternational.org/e-library/publications/detail/realizing-farmers-rights-through-community-based-agricultural-biodiversity-management/
https://www.bioversityinternational.org/e-library/publications/detail/realizing-farmers-rights-through-community-based-agricultural-biodiversity-management/
https://www.bioversityinternational.org/e-library/publications/detail/realizing-farmers-rights-through-community-based-agricultural-biodiversity-management/
https://doi.org/10.1007/BF02861175
https://doi.org/10.3390/d2010072
https://doi.org/10.1007/s11295-016-1045-4
https://doi.org/10.1016/j.landusepol.2020.104810
https://doi.org/10.1016/j.landusepol.2020.104810
https://www.notulaebotanicae.ro/index.php/nbha/article/download/4878/4522/0
https://www.notulaebotanicae.ro/index.php/nbha/article/download/4878/4522/0
https://repositorio.catie.ac.cr/bitstream/handle/11554/9176/Flujos_de_germoplasma.pdf?sequence=4&isAllowed=y
https://repositorio.catie.ac.cr/bitstream/handle/11554/9176/Flujos_de_germoplasma.pdf?sequence=4&isAllowed=y
https://doi.org/10.3390/plants10081557
https://doi.org/10.1016/j.crvi.2011.03.005
https://doi.org/10.21757/0103-3816.2018v30np157-174


Lavoie et al. 10.3389/fevo.2022.1063266

Frontiers in Ecology and Evolution 12 frontiersin.org

maintained in duplicate at the cacao research center germplasm collection based on 
RAPD markers. Cropp Breed. Appl. Biotechnol. 2, 439–444. doi: 10.12702/1984-7033.
v02n03a15

Giller, M. (2017). Bean-to-Bar Chocolate: America’s Craft Chocolate Revolution: 
The Origins, the Makers, and the Mind-Blowing Flavors. North Adams, MA: Storey 
Publishing, LLC.

González-Orozco, C. E., Galán, A. A. S., Ramos, P. E., and Yockteng, R. (2020). 
Exploring the diversity and distribution of crop wild relatives of cacao (Theobroma 
cacao L.) in Colombia. Genet. Resour. Crop. Evol. 67, 2071–2085. doi: 10.1007/
s10722-020-00960-1

Gopaulchan, D., Motilal, L. A., Kalloo, R. K., Mahabir, A., Moses, M., Joseph, F., 
et al. (2020). Genetic diversity and ancestry of cacao (Theobroma cacao L.) in 
Dominica revealed by single nucleotide polymorphism markers. Genome 63, 
583–595. doi: 10.1139/gen-2019-0214

Henderson, J. S., and Joyce, R. A. (2006). “Brewing distinction: the development 
of cacao beverages in formative Mesoamerica” in Chocolate in Mesoamerica: A 
cultural history of cacao. ed. C. L. McNeil (Gainesville, FL: University Press of 
Florida), 542.

ICCO (2015). Report by the Chairman on the Meeting of the ICCO Ad Hoc Panel 
on Fine or Flavour Cocoa to Review Annex “c” of the International Cocoa Agreement, 
2010. London, UK: ICCO.

ICGT. (n.d.). ICGT About Us|Cocoa Research Centre. Available at: https://sta.uwi.
edu/cru/about-us (Accessed January 14, 2020).

Irish, B. M., Goenaga, R., Zhang, D., Schnell, R., Brown, J. S., and Motamayor, J. C. 
(2010). Microsatellite fingerprinting of the USDA-ARS tropical agriculture Research 
Station cacao (Theobroma cacao L.) germplasm collection. Crop Sci. 50, 656–667. 
doi: 10.2135/cropsci2009.06.0299

Iwaro, A. D., Bekele, F. L., and Butler, D. R. (2003). Evaluation and utilisation of 
cacao (Theobroma cacao L.) germplasm at the international cocoa Genebank, 
Trinidad. Euphytica 130, 207–221. doi: 10.1023/A:1022855131534

Jarvis, (2000). A Training Guide for In Situ Conservation on Farm. Rome, Italy: 
International Plant Genetic Resources Institute.

Ji, K., Zhang, D., Motilal, L. A., Boccara, M., Lachenaud, P., and Meinhardt, L. W. 
(2013). Genetic diversity and parentage in farmer varieties of cacao (Theobroma cacao 
L.) from Honduras and Nicaragua as revealed by single nucleotide polymorphism (SNP) 
markers. Genet. Resour. Crop. Evol. 60, 441–453. doi: 10.1007/s10722-012-9847-1

Jusys, T. (2018). Changing patterns in deforestation avoidance by different 
protection types in the Brazilian Amazon. PLoS One 13:e0195900. doi: 10.1371/
journal.pone.0195900

Laliberté, B. (2015). The role of genetic diversity and conservation in support to 
developping quality and fine flavours - niche markets. Available at: http://www.
worldcocoafoundation.org/wp-content/uploads/files_mf/1442506111WCFSanSalv
adorLaliberte8Sept2015.pdf (Accessed November 14, 2017).

Laliberté, B., End, M., Cryer, N., Daymond, A., Engels, J., Eskes, A. B., et al (2018). 
“Conserving and exploiting cocoa genetic resources: the key challenges” in Achieving 
Sustainable Cultivation of Cocoa. eds. Cocoa Research Centre–The University of the 
West Indies, Trinidad  and  Tobago and P. Umaharan, Burleigh Dodds Series in 
Agricultural Science (Cambridge: Burleigh Dodds Science Publishing), 19–46.

Leal, J. B., Santos, L. M. D., Santos, C. A. P. D., Pires, J. L., Ahnert, D., and 
Corrêa, R. X. (2008). Diversidade genética entre acessos de cacau de fazendas e de 
banco de germoplasma na Bahia. Pesqui. Agropecuária Bras. 43, 851–858. doi: 
10.1590/S0100-204X2008000700009

Levis, C., Flores, B. M., Moreira, P. A., Luize, B. G., Alves, R. P., Franco-Moraes, J., 
et al. (2018). How people domesticated Amazonian forests. Front. Ecol. Evol. 5:171. 
doi: 10.3389/fevo.2017.00171

Lindo, A. A., Robinson, D. E., Tennant, P. F., Meinhardt, L. W., and Zhang, D. 
(2018). Molecular characterization of cacao (Theobroma cacao) germplasm from 
Jamaica using single nucleotide polymorphism (SNP) markers. Trop. Plant Biol. 11, 
93–106. doi: 10.1007/s12042-018-9203-5

Linington, S. H., and Pritchard, H. W. (2001). Genebanks. Encyclopedia of 
Biodiversity. 3, 165–181. doi: 10.1016/b0-12-226865-2/00135-8

Loor Solorzano, R. G., Fouet, O., Lemainque, A., Pavek, S., Boccara, M., 
Argout, X., et al. (2012). Insight into the wild origin, migration and domestication 
history of the fine flavour nacional Theobroma cacao l. variety from Ecuador. PLoS 
One 7, 7:e48438. doi: 10.1371/journal.pone.0048438

López, M., Gori, M., Bini, L., Ordoñez, E., Durán, E., Gutierrez, O., et al. (2021). 
Genetic purity of cacao criollo from Honduras is revealed by SSR molecular 
markers. Agronomy 11:225. doi: 10.3390/agronomy11020225

López Noriega, I., Halewood, M., Galluzzi, G., Vernooy, R., Bertacchini, E., 
Gauchan, D., et al. (2013). How policies affect the use of plant genetic resources: the 
experience of the CGIAR. Resources 2, 231–269. doi: 10.3390/resources2030231

Louafi, S., Bazile, D., and Noyer, J. L. (2013). “Conserver et cultiver la diversité génétique 
agricole: aller au-delà des clivages établis” in Cultiver la biodiversité pour transformer 
l’agriculture Synthèses. ed. É. Hainzelin (Versailles, France: Quae), 185–222.

Maas, B., Thomas, E., Ocampo-Ariza, C., Vansynghel, J., Steffan-Dewenter, I., and 
Tscharntke, T. (2020). Transforming tropical agroforestry towards high socio-ecological 
standards. Trends Ecol. Evol. 35, 1049–1052. doi: 10.1016/j.tree.2020.09.002

Marcano, M., Pugh, T., Cros, E., Morales, S., Portillo Páez, E. A., Courtois, B., et al. 
(2007). Adding value to cocoa (Theobroma cacao L.) germplasm information with 
domestication history and admixture mapping. Theor. Appl. Genet. 114, 877–884. 
doi: 10.1007/s00122-006-0486-9

Medina, V., and Laliberté, B. (2017). A Review of Research on the Effects of Drought 
and Temperature Stress and Increased CO2 on Theobroma cacao L., and the Role of 
Genetic Diversity to Address Climate Change. Costa Rica, FL: Bioversity International.

MIDAGRI, APPCACAO, APROCHOC, and ADEX (2022). Plan Nacional para 
el Desarrollo de la Cadena de Valor de Cacao - Chocolate al 2030. Available at: 
https://www.gob.pe/institucion/midagri/normas-legales/3685974-017-2022-
midagri (Accessed December 2, 2022).

Miglani, G. S. (2017). Dict. Plant genet. Mol. Biol. doi: 10.1201/9781315141183

Miller, R. P., and Nair, P. K. R. (2006). Indigenous agroforestry systems in Amazonia: 
from prehistory to today. Agrofor. Syst. 66, 151–164. doi: 10.1007/s10457-005-6074-1

Morera, J. A. (1991). Conservation of cacao in field genebanks (CATIE). Available 
at: https://rwpositorio.catie.ac.cr/handle/11554/921 (Accessed December 2, 2022).

Motamayor, J. C., Lachenaud, P., Da Silva Mota, J. W., Loor, R., Kuhn, D. N., 
Brown, J. S., et al. (2008). Geographic and genetic population differentiation of the 
Amazonian chocolate tree (Theobroma cacao l). PLoS One 3:e3311. doi: 10.1371/
journal.pone.0003311

Motamayor, J. C., Risterucci, A. M., Lopez, P. A., Ortiz, C. F., Moreno, A., and 
Lanaud, C. (2002). Cacao domestication I: the origin of the cacao cultivated by the 
Mayas. Heredity 89, 380–386. doi: 10.1038/sj.hdy.6800156

Motilal, L. A., and Butler, D. (2003). Verification of identities in global cacao germplasm 
collections. Genet. Resour. Crop. Evol. 50, 799–807. doi: 10.1023/A:1025950902827

Motilal, L. A., Zhang, D., Mischke, S., Meinhardt, L. W., and Umaharan, P. (2013). 
Microsatellite-aided detection of genetic redundancy improves management of the 
international cocoa Genebank. Trinidad. Tree Genet. Genomes 9, 1395–1411. doi: 
10.1007/s11295-013-0645-5

Motilal, L. A., Zhang, D., Umaharan, P., Boccara, M., Mischke, S., Sankar, A., et al. 
(2012). Elucidation of genetic identity and population structure of cacao germplasm 
within an international cacao genebank. Plant Genet. Resour. 10, 232–241. doi: 
10.1017/S1479262112000305

MusaNet (2016). Global Strategy for the Conservation and Use of Musa Genetic 
Resources. (B. Laliberté, compiler), Montpellier, France: Bioversity International.

Nelson, V., Tallontire, A., and Collinson, C. (2002). Assessing the benefits of 
ethical trade schemes for forest dependent people: comparative experience from 
Peru and Ecuador. Int. For. Rev. 4, 99–109. doi: 10.1505/IFOR.4.2.99.17440

Nepstad, D., Schwartzman, S., Bamberger, B., Santilli, M., Ray, D., Schlesinger, P., 
et al. (2006). Inhibition of Amazon deforestation and fire by parks and indigenous 
lands. Conserv. Biol. 20, 65–73. doi: 10.1111/j.1523-1739.2006.00351.x

Nolte, C., Agrawal, A., Silvius, K. M., and Soares-Filho, B. S. (2013). Governance regime 
and location influence avoided deforestation success of protected areas in the Brazilian 
Amazon. Proc. Natl. Acad. Sci. U. S. A. 110, 4956–4961. doi: 10.1073/pnas.1214786110

Obeng, E. A., Obiri, B. D., Oduro, K. A., Pentsil, S., Anglaaere, L. C., Foli, E. G., et al. 
(2020). Economic value of non-market ecosystem services derived from trees on cocoa 
farms. Curr. Res. Environ. Sustain. 2:100019. doi: 10.1016/j.crsust.2020.100019

Olivera Núñez, Q. (2018). Jaén: Arqueología y Turismo. 1st. Lima, Perú: Yanapay 
Andina Consultores.

Osorio-Guarín, J. A., Berdugo-Cely, J., Coronado, R. A., Zapata, Y. P., Quintero, C., 
Gallego-Sánchez, G., et al. (2017). Colombia a source of cacao genetic diversity as 
revealed by the population structure analysis of germplasm bank of Theobroma 
cacao l. Front. Plant Sci. 8:1994. doi: 10.3389/fpls.2017.01994

Périchon, S., and Quique, R. (2013). L’agroforesterie du cacao est-elle menacée 
dans le Soconusco? Evaluation des savoirs paysans de sélection des semences et 
caractérisation de la diversité arborée (Chiapas, Mexique). Norois Environ. Aménage. 
Société, 79–89. doi: 10.4000/norois.4577

QSR International Pty Ltd (2021) NVivo (released in March 2021), Available at: 
https://www.qsrinternational.com/nvivo-qualitative-data-analysis-software/home

Quevedo Guerrero, J. N., Jácome Vásquez, J. E., Tuz Guncay, I. G., García 
Batista, R. M., and Luna Romero, Á. E. (2020). Analysis of phenotypical diversity of 
37 accessions of national cocoa x Trinitario (Theobroma cacao l.) from the southern 
zone of Ecuador. Univ. Soc. Rev. Científica Univ. Cienfuegos 12, 102–108. Available 
at: http://scielo.sld.cu/scielo.php?script=sci_arttext&pid=S2218-3620202000030010
2&lng=es&tlng=es (Accessed December 6, 2022).

Rao, R., and Sthapit, B. (2013). “Conservation of tropical plant genetic resources: 
in situ approach” in Conservation of Tropical Plant Species. eds. M. N. Normah, H. F. 
Chin and B. M. Reed (New York, NY: Springer New York), 3–26.

Rénique, G. (2009). Law of the jungle in Peru: indigenous amazonian uprising 
against neoliberalism. Social. Democr. 23, 117–135. doi: 10.1080/08854300903290835

https://doi.org/10.3389/fevo.2022.1063266
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://doi.org/10.12702/1984-7033.v02n03a15
https://doi.org/10.12702/1984-7033.v02n03a15
https://doi.org/10.1007/s10722-020-00960-1
https://doi.org/10.1007/s10722-020-00960-1
https://doi.org/10.1139/gen-2019-0214
https://sta.uwi.edu/cru/about-us
https://sta.uwi.edu/cru/about-us
https://doi.org/10.2135/cropsci2009.06.0299
https://doi.org/10.1023/A:1022855131534
https://doi.org/10.1007/s10722-012-9847-1
https://doi.org/10.1371/journal.pone.0195900
https://doi.org/10.1371/journal.pone.0195900
http://www.worldcocoafoundation.org/wp-content/uploads/files_mf/1442506111WCFSanSalvadorLaliberte8Sept2015.pdf
http://www.worldcocoafoundation.org/wp-content/uploads/files_mf/1442506111WCFSanSalvadorLaliberte8Sept2015.pdf
http://www.worldcocoafoundation.org/wp-content/uploads/files_mf/1442506111WCFSanSalvadorLaliberte8Sept2015.pdf
https://doi.org/10.1590/S0100-204X2008000700009
https://doi.org/10.3389/fevo.2017.00171
https://doi.org/10.1007/s12042-018-9203-5
https://doi.org/10.1016/b0-12-226865-2/00135-8
https://doi.org/10.1371/journal.pone.0048438
https://doi.org/10.3390/agronomy11020225
https://doi.org/10.3390/resources2030231
https://doi.org/10.1016/j.tree.2020.09.002
https://doi.org/10.1007/s00122-006-0486-9
https://www.gob.pe/institucion/midagri/normas-legales/3685974-017-2022-midagri
https://www.gob.pe/institucion/midagri/normas-legales/3685974-017-2022-midagri
https://doi.org/10.1201/9781315141183
https://doi.org/10.1007/s10457-005-6074-1
https://rwpositorio.catie.ac.cr/handle/11554/921
https://doi.org/10.1371/journal.pone.0003311
https://doi.org/10.1371/journal.pone.0003311
https://doi.org/10.1038/sj.hdy.6800156
https://doi.org/10.1023/A:1025950902827
https://doi.org/10.1007/s11295-013-0645-5
https://doi.org/10.1017/S1479262112000305
https://doi.org/10.1505/IFOR.4.2.99.17440
https://doi.org/10.1111/j.1523-1739.2006.00351.x
https://doi.org/10.1073/pnas.1214786110
https://doi.org/10.1016/j.crsust.2020.100019
https://doi.org/10.3389/fpls.2017.01994
https://doi.org/10.4000/norois.4577
https://www.qsrinternational.com/nvivo-qualitative-data-analysis-software/home
http://scielo.sld.cu/scielo.php?script=sci_arttext&pid=S2218-36202020000300102&lng=es&tlng=es
http://scielo.sld.cu/scielo.php?script=sci_arttext&pid=S2218-36202020000300102&lng=es&tlng=es
https://doi.org/10.1080/08854300903290835


Lavoie et al. 10.3389/fevo.2022.1063266

Frontiers in Ecology and Evolution 13 frontiersin.org

Richardson, J. E., Whitlock, B. A., Meerow, A. W., and Madriñán, S. (2015). The 
age of chocolate: a diversification history of Theobroma and Malvaceae. Front. Ecol. 
Evol. 3:120. doi: 10.3389/fevo.2015.00120

Rojas, R., Rodríguez, C., Ruiz, C., Portales, R., Neyra, E., Patel, K., et al. (2017). 
Cacao chuncho del Cusco. Lima, Perú: Universidad Peruana Cayetano Heredia.

Ronning, C. M., and Schnell, R. J. (1994). Allozyme diversity in a germplasm 
collection of Theobroma cacao l. J. Hered. 85, 291–295. doi: 10.1093/oxfordjournals.
jhered.a111459

Ruiz, J., Gamboa, O. R., and Arguello, I. M. (2011). Molecular ecology of genetic 
diversity of cacao cultivated in the south-east region of Nicaragua. Int. Res. J. Agric. 
Sci. 1, 3–13. Available at: https://www.worldcocoafoundation.org/wp-content/
uploads/files_mf/ruiz2011.pdf (Accessed December 6, 2022)

Ruiz Muller, M., and Vernooy, R. eds. (2012). The Custodians of Biodiversity: 
Sharing Access and Benefits to Genetic Resources. New York, NY: Earthscan.

Samuel, A. F., Drucker, A. G., Andersen, S. B., Simianer, H., and van Zonneveld, M. 
(2013). Development of a cost-effective diversity-maximising decision-support tool 
for in situ crop genetic resources conservation: the case of cacao. Ecol. Econ. 96, 
155–164. doi: 10.1016/j.ecolecon.2013.10.018

Santander Muñoz, M., Rodríguez Cortina, J., Vaillant, F. E., and Escobar Parra, S. 
(2020). An overview of the physical and biochemical transformation of cocoa seeds 
to beans and to chocolate: flavor formation. Crit. Rev. Food Sci. Nutr. 60, 1593–1613. 
doi: 10.1080/10408398.2019.1581726

Santos, E. S. L., Cerqueira-Silva, C. B. M., Mori, G. M., Ahnert, D., Mello, D. L. N., 
Pires, J. L., et al. (2015). Genetic structure and molecular diversity of cacao plants 
established as local varieties for more than two centuries: the genetic history of cacao 
plantations in Bahia, Brazil. PLoS One 10:e0145276. doi: 10.1371/journal.pone.0145276

Santos, R. C., Lopes, U. V., Corrêa, R. X., and Pires, J. L. (2011). Theobroma: 
conservation status of a threatened genus. Agrotropica 23, 101–106. Available at: 
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/revista-
agrotropica/revista-volumes/2000-a-2010/revista-agrotropica-vol-23-
no-1-e-2-2011.pdf (Accessed December 6, 2022).

 Schawe, C. C.De, Durka, W., Tscharntke, T., Hensen, I., and Kessler, M. (2013). 
Gene flow and genetic diversity in cultivated and wild cacao (Theobroma cacao) in 
Bolivia. Am. J. Bot. 100, 2271–2279. doi: 10.3732/ajb.1300025

Schneider, M., Andres, C., Trujillo, G., Alcon, F., Amurrio, P., Perez, E., et al. 
(2017). Cocoa and total system yields of organic and conventional agroforestry vs. 
monoculture systems in a long-term field trial in Bolivia. Exp. Agric. 53, 351–374. 
doi: 10.1017/S0014479716000417

Schnell, R. J., Olano, C. T., Brown, J. S., Meerow, A. W., Cervantes-Martinez, C., 
Nagai, C., et al. (2005). Retrospective determination of the parental population of 
superior cacao (Theobroma cacao l.) seedlings and association of microsatellite 
alleles with productivity. J. Am. Soc. Hortic. Sci. 130, 181–190. doi: 10.21273/
JASHS.130.2.181

Schroth, G., Faria, D., Araujo, M., Bede, L., Van Bael, S. A., Cassano, C. R., et al. (2011). 
Conservation in tropical landscape mosaics: the case of the cacao landscape of southern 
Bahia. Brazil. Biodivers. Conserv. 20, 1635–1654. doi: 10.1007/s10531-011-0052-x

Sereno, M. L., Albuquerque, P. S. B., Vencovsky, R., and Figueira, A. (2006). 
Genetic diversity and natural population structure of cacao (Theobroma cacao l.) 
from the Brazilian amazon evaluated by microsatellite markers. Conserv. Genet. 7, 
13–24. doi: 10.1007/s10592-005-7568-0

Silva, C. R. S., Albuquerque, P. S. B., Ervedosa, F. R., Mota, J. W. S., Figueira, A., 
and Sebbenn, A. M. (2011). Understanding the genetic diversity, spatial genetic 
structure and mating system at the hierarchical levels of fruits and individuals of a 
continuous Theobroma cacao population from the Brazilian Amazon. Heredity 106, 
973–985. doi: 10.1038/hdy.2010.145

Soares-Filho, B., Moutinho, P., Nepstad, D., Anderson, A., Rodrigues, H., 
Garcia, R., et al. (2010). Role of Brazilian amazon protected areas in climate change 
mitigation. Proc. Natl. Acad. Sci. 107, 10821–10826. doi: 10.1073/pnas.0913048107

Sthapit, B. R. (2014). What are the differences between germplasm, accession, 
genotype, and population and also between heirloom and landrace? Research Gate. 
Available at: https://www.researchgate.net/post/What_are_the_differences_
between_germplasm_accession_genotype_and_population_and_also_between_
heirloom_and_landrace (Accessed October 29, 2020).

Sthapit, B. R., Lamers, H., and Rao, R. (2013). Custodian farmers of agriculture 
biodiversity: selected profiles from south and South East Asia. Proceedings of the 
Workshop on Custodian Farmers of Agricultural Biodiversity, New Delhi, India, 
11–12 February 2013. in Custodian Farmers of Agriculture Biodiversity: Selected 
Profiles from South and South East Asia. (New Delhi, India). Available at: http://
www.cabdirect.org/cabdirect/abstract/20143331328 (Accessed June 24, 2020).

Sthapit, B. R., Vasudeva, R., Rajan, S., Sripinta, P., Reddy, B. M. C., Arsanti, I. W., 
et al. (2015). On-farm conservation of tropical fruit tree diversity: roles and 
motivations of custodian farmers and emerging threats and challenges. Acta Hortic. 
1101, 69–74. doi: 10.17660/ActaHortic.2015.1101.11

Stone, D. (1984). “Pre-Colombian migration of Theobroma cacao Linnaeus and 
Manihot esculenta Crantz from northern South America into Mesoamerica: A 

partially hypothetical view,” in Pre-Colombian plant migration: Papers presented at 
the pre-Colombian plant migration symposium. 44th international congress of 
Americanists, Manchester, England. ed. D. Stone (Cambridge, MA).

Subedi, A., Chaudhary, P., Baniya, B. K., Rana, R. B., Tiwari, R. K., Rijal, D. K., 
et al. (2003). Who maintains crop genetic diversity and how?: implications for on-
farm conservation and utilization. Cult. Agric. 25, 41–50. doi: 10.1525/
cag.2003.25.2.41

Tauli-Corpuz, V., Alcorn, J., Molnar, A., Healy, C., and Barrow, E. (2020). 
Cornered by PAs: adopting rights-based approaches to enable cost-effective 
conservation and climate action. World Dev. 130:104923. doi: 10.1016/j.
worlddev.2020.104923

ter Steege, H., Pitman, N. C. A., Killeen, T. J., Laurance, W. F., Peres, C. A., 
Guevara, J. E., et al. (2015). Estimating the global conservation status of more than 
15, 000 Amazonian tree species. Sci. Adv. 1:e1500936. doi: 10.1126/sciadv.1500936

Thomas, E. (2017). Do multiple origins of domestication matter for Amazon 
Forest? Response to Levis et al. (2017). Persistent effects of pre-Columbian plant 
domestication on Amazonian forest composition. Science 355, 925–931. Available 
at: http://science.sciencemag.org/content/355/6328/ (Accessed December 6, 2022).

Thomas, E., van Zonneveld, M., Loo, J., Hodgkin, T., Galluzzi, G., and van Etten, J. 
(2012). Present spatial diversity patterns of Theobroma cacao l. in the Neotropics 
reflect genetic differentiation in Pleistocene refugia followed by human-influenced 
dispersal. PLoS One 7:e47676. doi: 10.1371/journal.pone.0047676

Trognitz, B., Cros, E., Assemat, S., Davrieux, F., Forestier-Chiron, N., Ayestas, E., 
et al. (2013). Diversity of cacao trees in Waslala, Nicaragua: associations between 
genotype spectra, product quality and yield potential. PLoS One 8:e54079. doi: 
10.1371/journal.pone.0054079

UNCTAD (2022). Convenio Internacional del Cacao, 2010 - Versión modificada, 
2022 (TD/COCOA.10/5/Amend.1*). [Unpublished version].

Vaast, P., and Somarriba, E. (2014). Trade-offs between crop intensification and 
ecosystem services: the role of agroforestry in cocoa cultivation. Agrofor. Syst. 88, 
947–956. doi: 10.1007/s10457-014-9762-x

Valdez, F. (2019). Evidencias arqueológicas del uso social del cacao en la Alta 
Amazonía. Rev. Hist. Patrim. Arqueol. Antropol. Am., 117–134. Available at: https://
www.rehpa.net/ojs/index.php/rehpa/article/view/10/13 (Accessed December 6, 
2022).

van der Kooij, S. (2013). Market study of fine flavour cocoa in 11 selected countries – 
Revised version. (Amsterdam, Netherlands: Royal Tropical Institute). Available at: http://
www.kit-ipp.org/cocoa/sites/default/files/publication/Market%20study%20of%20
fine%20flavour%20cocoa%20-%20revised%20version.pdf (Accessed December 6, 
2022).

van Hintum, T. J. L., Brown, A. H. D., Spillane, C., and Hodgkin, T. (2000). Core 
Collections of Plant Genetic Resources. Rome, Italy: International Plant Genetic 
Resources Institute.

Van Treuren, R., Engels, J. M. M., Hoekstra, R., and Hintum, T. J. L.Van (2009). 
Optimization of the composition of crop collections for ex situ conservation. Plant 
Genet. Resour. 7, 185–193. doi: 10.1017/S1479262108197477

Veteto, J. R., and Skarbø, K. (2009). Sowing the seeds: Anthropological 
contributions to agrobiodiversity studies. Culture & Agriculture 31, 73–87. doi: 
10.1111/j.1556-486X.2009.01022.x

Vieira, I. C. G., Toledo, P. M., Silva, J. M. C., and Higuchi, H. (2008). Deforestation 
and threats to the biodiversity of Amazonia. Braz. J. Biol. 68, 949–956. doi: 10.1590/
S1519-69842008000500004

Walker, W. S., Gorelik, S. R., Baccini, A., Aragon-Osejo, J. L., Josse, C., Meyer, C., 
et al. (2020). The role of forest conversion, degradation, and disturbance in the 
carbon dynamics of Amazon indigenous territories and protected areas. Proc. Natl. 
Acad. Sci. U. S. A. 117, 3015–3025. doi: 10.1073/pnas.1913321117

Westengen, O. T., Hunduma, T., and Skarbø, K. (2017). From Genebanks to 
Farmers. A Study of Approaches to Introduce Genebank Material to Farmers’ Seed 
Systems. Norway: Norwegian University of Life Sciences Faculty of Landscape and 
Society Department of International Environment and Development Studies, 
Noragric.

Westengen, O. T., Skarbø, K., Mulesa, T. H., and Berg, T. (2018). Access to genes: 
linkages between genebanks and farmers’ seed systems. Food Secur. 10, 9–25. doi: 
10.1007/s12571-017-0751-6

Whitkus, R., De la Cruz, M., Mota-Bravo, L., and Gómez-Pompa, A. (1998). 
Genetic diversity and relationships of cacao (Theobroma cacao L.) in southern 
Mexico. Theor. Appl. Genet. 96, 621–627. doi: 10.1007/s001220050780

Young, A. M. (2007). The Chocolate Tree: A Natural History of cacao. Rev. and 
expanded ed. Gainesville, FL: University Press of Florida.

Zarrillo, S., Gaikwad, N., Lanaud, C., Powis, T., Viot, C., Lesur, I., et al. (2018). The 
use and domestication of Theobroma cacao during the mid-Holocene in the upper 
Amazon. Nat. Ecol. Evol. 2, 1879–1888. doi: 10.1038/s41559-018-0697-x

Zhang, D., Arevalo-Gardini, E., Mischke, S., Zuñiga-Cernades, L., 
Barreto-Chavez, A., and Del Aguila, J. A. (2006). Genetic diversity and structure 

https://doi.org/10.3389/fevo.2022.1063266
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://doi.org/10.3389/fevo.2015.00120
https://doi.org/10.1093/oxfordjournals.jhered.a111459
https://doi.org/10.1093/oxfordjournals.jhered.a111459
https://www.worldcocoafoundation.org/wp-content/uploads/files_mf/ruiz2011.pdf
https://www.worldcocoafoundation.org/wp-content/uploads/files_mf/ruiz2011.pdf
https://doi.org/10.1016/j.ecolecon.2013.10.018
https://doi.org/10.1080/10408398.2019.1581726
https://doi.org/10.1371/journal.pone.0145276
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/revista-agrotropica/revista-volumes/2000-a-2010/revista-agrotropica-vol-23-no-1-e-2-2011.pdf
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/revista-agrotropica/revista-volumes/2000-a-2010/revista-agrotropica-vol-23-no-1-e-2-2011.pdf
https://www.gov.br/agricultura/pt-br/assuntos/ceplac/publicacoes/revista-agrotropica/revista-volumes/2000-a-2010/revista-agrotropica-vol-23-no-1-e-2-2011.pdf
https://doi.org/10.3732/ajb.1300025
https://doi.org/10.1017/S0014479716000417
https://doi.org/10.21273/JASHS.130.2.181
https://doi.org/10.21273/JASHS.130.2.181
https://doi.org/10.1007/s10531-011-0052-x
https://doi.org/10.1007/s10592-005-7568-0
https://doi.org/10.1038/hdy.2010.145
https://doi.org/10.1073/pnas.0913048107
https://www.researchgate.net/post/What_are_the_differences_between_germplasm_accession_genotype_and_population_and_also_between_heirloom_and_landrace
https://www.researchgate.net/post/What_are_the_differences_between_germplasm_accession_genotype_and_population_and_also_between_heirloom_and_landrace
https://www.researchgate.net/post/What_are_the_differences_between_germplasm_accession_genotype_and_population_and_also_between_heirloom_and_landrace
http://www.cabdirect.org/cabdirect/abstract/20143331328
http://www.cabdirect.org/cabdirect/abstract/20143331328
https://doi.org/10.17660/ActaHortic.2015.1101.11
https://doi.org/10.1525/cag.2003.25.2.41
https://doi.org/10.1525/cag.2003.25.2.41
https://doi.org/10.1016/j.worlddev.2020.104923
https://doi.org/10.1016/j.worlddev.2020.104923
https://doi.org/10.1126/sciadv.1500936
http://science.sciencemag.org/content/355/6328/
https://doi.org/10.1371/journal.pone.0047676
https://doi.org/10.1371/journal.pone.0054079
https://doi.org/10.1007/s10457-014-9762-x
https://www.rehpa.net/ojs/index.php/rehpa/article/view/10/13
https://www.rehpa.net/ojs/index.php/rehpa/article/view/10/13
http://www.kit-ipp.org/cocoa/sites/default/files/publication/Market%20study%20of%20fine%20flavour%20cocoa%20-%20revised%20version.pdf
http://www.kit-ipp.org/cocoa/sites/default/files/publication/Market%20study%20of%20fine%20flavour%20cocoa%20-%20revised%20version.pdf
http://www.kit-ipp.org/cocoa/sites/default/files/publication/Market%20study%20of%20fine%20flavour%20cocoa%20-%20revised%20version.pdf
https://doi.org/10.1017/S1479262108197477
https://doi.org/10.1111/j.1556-486X.2009.01022.x
https://doi.org/10.1590/S1519-69842008000500004
https://doi.org/10.1590/S1519-69842008000500004
https://doi.org/10.1073/pnas.1913321117
https://doi.org/10.1007/s12571-017-0751-6
https://doi.org/10.1007/s001220050780
https://doi.org/10.1038/s41559-018-0697-x


Lavoie et al. 10.3389/fevo.2022.1063266

Frontiers in Ecology and Evolution 14 frontiersin.org

of managed and semi-natural populations of cocoa (Theobroma cacao) in the 
Huallaga and Ucayali valleys of Peru. Ann. Bot. 98, 647–655. doi: 10.1093/aob/
mcl146

Zhang, D., Boccara, M., Motilal, L., Butler, D. R., Umaharan, P., Mischke, S., 
et al. (2008). Microsatellite variation and population structure in the 
“Refractario” cacao of Ecuador. Conserv. Genet. 9, 327–337. doi: 10.1007/
s10592-007-9345-8

Zhang, D., Boccara, M., Motilal, L. A., Mischke, S., Johnson, E. S., Butler, D. R., 
et al. (2009). Molecular characterization of an earliest cacao (Theobroma cacao L.) 
collection from upper Amazon using microsatellite DNA markers. Tree Genet. 
Genomes 5, 595–607. doi: 10.1007/s11295-009-0212-2

Zhang, D., Gardini, E. A., Motilal, L. A., Baligar, V., Bailey, B., Zuñiga-Cernades, L., 
et al. (2011). Dissecting genetic structure in farmer selections of Theobroma cacao 
in the Peruvian amazon: implications for on farm conservation and rehabilitation. 
Trop. Plant Biol. 4, 106–116. doi: 10.1007/s12042-010-9064-z

Zhang, D., Martínez, W. J., Johnson, E. S., Somarriba, E., Phillips-Mora, W., 
Astorga, C., et al. (2012). Genetic diversity and spatial structure in a new distinct 
Theobroma cacao L. population in Bolivia. Genet. Resour. Crop. Evol. 59, 239–252. 
doi: 10.1007/s10722-011-9680-y

Zhang, D., and Motilal, L. A. (2016). “Origin, dispersal, and current global 
distribution of cacao genetic diversity” in Cacao Diseases. eds. B. A. Bailey and L. 
W. Meinhardt (Cham: Springer International Publishing), 3–31.

https://doi.org/10.3389/fevo.2022.1063266
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://doi.org/10.1093/aob/mcl146
https://doi.org/10.1093/aob/mcl146
https://doi.org/10.1007/s10592-007-9345-8
https://doi.org/10.1007/s10592-007-9345-8
https://doi.org/10.1007/s11295-009-0212-2
https://doi.org/10.1007/s12042-010-9064-z
https://doi.org/10.1007/s10722-011-9680-y

	Local working collections as the foundation for an integrated conservation of Theobroma cacao L. in Latin America
	Introduction
	Materials and methods
	Results and discussion
	Cacao conservation strategies
	Ex situ conservation
	On-farm conservation
	In situ conservation
	Toward an integrated cacao conservation system

	The role of external stakeholders in strengthening the integrated conservation strategy
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

