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Abstract The cultivation of cocoa is a commodity of

great importance worldwide. In Mexico, cocoa is

grown in Tabasco and Chiapas states in agroforestry

systems since pre-Hispanic times, where cocoa is

grown under the canopy of shade trees. Crops such as

sugarcane and extensive livestock production have

gradually reduced the area devoted to cocoa cultiva-

tion in the region. Yet, farmers keep small portions of

the cocoa agroforestry systems to maintain the local

floristic diversity. This practice seems to be a

successful contribution to plant conservation. To

determine the management practices used by farmers

in the agroforestry cocoa systems and the diversity of

products they harvest, a non-probabilistic sampling

was carried out in 38 shade cocoa plots of 20 9 50 m

each (19 in Tabasco and 19 in Chiapas). We counted

and identified all trees with DBH C 5 cm, recording

their height. We estimated canopy cover at 20 points

within each plot. Our results show no tree species

richness differences between states, but there were

differences at the municipality level; Pichucalco

(Chiapas) had the highest tree species richness.

Considering all tree species, there was a higher tree

density in Tabasco than in Chiapas. Regarding only

cocoa trees, there was also a higher abundance in

Tabasco than in Chiapas. In both cases, farmers obtain

a wide variety of products for self-consumption and

local market sale from their cocoa agroforestry

systems (e.g., timber, fruit, and grains). The wide

floristic diversity in these agroecosystems aids native

plant species conservation and could favor the

increase of agroforestry plantations associated with

cocoa cultivation.
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D. Santiago-Alarcon (&)

Department of Integrative Biology, University of South

Florida, Tampa, FL 33620, USA

e-mail: onca77@gmail.com

D. Santiago-Alarcon

Biologı́a y Conservación de Vertebrados, Instituto de

Ecologı́a, A.C. - CONACYT, Xalapa, México
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Introduction

Cocoa cultivation in Mexico has its origins before the

arrival of Europeans, where the Mayan inherited its

use from the Olmec culture. Residues of theobromine

(formerly known as xantheose; an alkaloid of cacao)

found in archeological pots from San Lorenzo

Tenochtitlán (Veracruz, Mexico), dated between

1800 and 1000 B.C.E., provided evidence that the

Olmecs were the first known culture to use cocoa

(Powis et al. 2011). Furthermore, ceramic pots found

in San Andrés (Tabasco, Mexico) suggest that the

Olmecs also used cocoa as drinking during their main

festivities (Seinfeld 2007). Subsequently, during the

Late Classic period of Mesoamerica, between 800 and

1100 C.E., the Mayas from the Chontalpa region in

Tabasco domesticated the cocoa and the region

became an active area of commerce where cacao

beans were used as currency (Attolini 2011; Millon

1955; Thompson 1997; West et al. 1985). Addition-

ally, there is evidence that the Chontalpa region

(Tabasco) and the Soconusco region (Chiapas) were

the most important cocoa producers in Mesoamerica

before the arrival of the conquistadors (Bergman

1969; Millon 1955; Thompson 1997; West et al. 1985;

Young 2007).

The traditional management of the cocoa agro-

forestry systems (cocoa-AFS) in Mexico has been

characterized by a diverse array of plant species other

than cocoa since pre-Hispanic times (Bergman 1968;

Gómez-Pompa et al. 1990; Millón 1955; Ogata 2018;

Toledo et al. 2007; Young 2007). In words of Gómez-

Pompa et al. (1990), ‘‘Cacao, therefore, is a shade-

tolerant species that is traditionally grown under the

shade of other trees, mainly of the nitrogen-fixing

Leguminosae family. The prevalent genera and

species of Leguminosae used for shade in the cacao

orchards of today (Erythrina, Gliricidia, Inga) may in

fact be the same ones used in pre-contact times.’’

According with Millón (1955), the most common

shade tree used in cocoa plantations in Mexico and

Central America was Gliricidia sepium and in Central

America and the West Indies was the Erythrina sp.

tree called ‘‘Bois inmortal’’ in Trinidad and ‘‘Madre

del cacao’’ in Nicaragua. Young (2007, p. 24) stated

that ‘‘the discovery of cacao gardens planted by the

Mayas in the cenotes of the northern Yucatan Penin-

sula helps in understanding the domestication of the

cocoa tree in the Mesoamerican region. Trees were

selected in the rain forest for transplanting into small

garden plots, including those of the cenotes. Other

economically useful trees grown in the cenotes by the

Mayas included Citrus, Cocos, Annona, and Musa,

along with nitrogen-fixing tree species.’’ The man-

agement strategies of the cocoa-AFS used by

Mesoamerican ancestors are currently believed to

prevail in the states of Tabasco and Chiapas, where

cocoa is grown in similar ecological conditions that

the Mayan indigenous people used to do before the

conquest.

The diversified management under the shade of

cocoa-AFS provides multiple benefits such as food

and non-food resources, shade trees promote nutrient

cycling or prevent soil erosion, promote carbon

sequestration and reduce greenhouse gas emissions,

contribute to mitigating the effects of climate change,

and support much higher biodiversity than unshaded

systems (Dawoe et al. 2016; Jezeer et al. 2017;

Middendorp et al. 2018; Tscharntke et al. 2011). Such

agroforestry systems are management units that might

include a rich assemblage of tree and plant species

(Gliessman 2002), of animal species and yearly and/or

perennial crops (Tscharntke et al. 2011). Such systems

provide important conservation areas for different

native organisms (da Silva et al. 2008). For instance,

areas where shade coffee or cocoa with a species-rich

canopy is promoted are more effective at protecting

both migratory and resident birds (Greenberg et al.

2000; Ibarra et al. 2001; Sunshine et al. 2007), in

comparison with sun coffee plantations or grazing

fields where diversity generally declines (Greenberg

et al. 1997; Philpott et al. 2008; MacGregor-Fors et al.

2018). Regarding economic value for farmers, in

Africa, Indonesia, and Latin America, cocoa-AFS

have been used as alternatives to improve local people

well-being by adding commercial value and elements

associated with other plant species, such as fruit trees

(e.g., oranges, avocados, dragon fruit, black pepper)

and others for timber purposes (e.g., cedar, mahogany)

(Yamada and Gholz 2002; Rani et al. 2008; Sonwa

et al. 2014; Notaro et al. 2020). Thus, agroecosystems

such as those managed in traditional ways often

represent integral productive systems due the inclu-

sion of high species richness (Young 2018), repre-

senting one of the best productive options for

biodiversity conservation (Anglaaere et al. 2011;

Bhagwat et al. 2008) while still being economically

profitable (Notaro et al. 2020; Useche and Blare 2013).
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Among cocoa-AFS, a wide array of management

practices exist across the globe, some of which are

biodiversity friendly and others that exclude any

conservation value in exchange for a higher yield,

usually of lower quality produce. Technified sun

cocoa-AFS are becoming more economically impor-

tant in some countries because of their high produc-

tivity by using sun-resistant and high yielding

varieties, allowing densities of cocoa trees above

1000 trees per hectare (Beer et al. 1998; Bentley et al.

2004; Rueda et al. 2018). This type of management has

shown severe long-term ecological damage causing

soil degradation, low quality and productivity, and

biodiversity loss (Gyau et al. 2014; Andres et al.

2016). Recent studies in Tabasco (southeast Mexico)

showed a decreasing trend in the area used for cacao

production, with the loss of almost half of the territory

(46.4%) in a period of 13 years (Oporto-Peregrino

et al. 2019). Some of the most critical components

behind this pattern are urban development, the

expansion of the monoculture frontier (e.g., bananas,

oil), drops in market prices of cocoa beans, and lack of

interest of the new generations in cultivating cocoa

(Tudela 1992; Zequeira-Larios 2014). However, there

are still some farmers in southeastern Mexico that

have preserved and still continue to work cocoa-AFS.

At present, small cocoa farmers in Mexico suffer from

heavy economic pressures to increase their production

due to high domestic demand (Sandoval 2012;

Zequeira-Larios et al. 2012), leading to management

intensification, and thus reducing the number of tree

species used as shade in order to include more cocoa

plants (Somarriba and López-Sampson 2018).

Somarriba and López-Sampson (2018) established

that measures to avoid declining cocoa areas to the

benefit of other crops and land uses are (a) increasing

on-farm profitability through higher international

prices, (b) increasing crop yield, (c) intercropping

and shade tree products for household consumption

and sale, and (d) payments for ecosystem services. To

establish government initiatives that favor these

actions, the conservation of the existing cocoa plan-

tations and the increase of the harvested area were

done in countries such as Ecuador, Colombia, Brazil,

Bolivia, and Peru; studies focused on knowing the

different existing agricultural typologies are necessary

from cocoa-AFS (Somarriba and López-Sampson

2018). In this sense, studies in Mexico were carried

out in the State of Chiapas in the municipalities with

the highest cocoa production (Soconusco region),

where a high plant species richness is found within

those cocoa agroforestry systems (Salgado-Mora et al.

2007). The most recent studies in the state of Tabasco

focused on the study of the diversity, structure, and

carbon content of the arboreal vegetation of the cacao

agroforestry systems where Salvador-Morales et al.

(2019) highlighted that regardless of the little contri-

bution that cocoa trees have in the storage of carbon,

they are important in environmental services such as

the conservation of biodiversity. However, similar

studies are necessary for other municipalities in the

state of Tabasco to determine the tree diversity and to

contribute more information on the tree structure and

local uses of these agroecosystems. The present study

contributes new information that can favor the estab-

lishment of public policies in favor of the conservation

of cocoa-AFS in Mexico and to identify which tree

species can be utilized in different agroforestry

designs. Hence, in this study our objectives were to

determine tree species diversity, composition, and

abundance in traditional (i.e., rustic) cocoa-AFS from

the states of Tabasco and Chiapas within four munic-

ipalities, two in Tabasco (Cárdenas and Huimanguillo)

and two in Chiapas (Pichucalco and Ixtacomitán).

Materials and methods

Study sites

In Mexico, the area dedicated to cocoa cultivation is

of ? 60,000 ha with an average yield between 250

and 560 kg ha-1 (SIAP 2019). It is estimated that

about 40,000 families grow cocoa in Tabasco and

11,000 in Chiapas (PRCC 2012). Approximately 70%

of theMexican cocoa production is concentrated in the

state of Tabasco and 20% in the state of Chiapas, with

the remaining production spread in other parts of the

Mexican southeast (Ortega et al. 2015; SIAP 2019).

Two of our study sites are located in the state of

Tabasco (Fig. 1): Huimanguillo (17� 490 and 17� 830
N, 93� 230 and 93� 390 W; * 20 m asl) and Cárdenas

(17� 550 and 18� 250 N, 93� 160, and 94� 080 W;

elevation ranges from 0 to 10 m asl). Both munici-

palities have a warm humid climate with abundant

summer rains (2000–3000 mm/year), with tempera-

ture ranging between 22 and 28 �C. The main

agricultural activity in these municipalities is
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sugarcane, followed by cocoa-AFS and extensive

cattle ranching (INEGI 2013a,2013b).

The other two study sites are located in the

northwestern side of the state of Chiapas (Fig. 1):

Pichucalco (17� 190 and 17� 420 N; 93� 000 and 93� 250
W; altitude ranges from 0 to 1300 m asl) and

Ixtacomitán (17� 210 and 17� 300 N; 92� 020 and 93�
110 W; elevation ranges from 0 to 1200 m asl). The

climate in these municipalities is warm humid with

rains all year (2500–4500 mm/year), and temperatures

range between 20 and 28 �C. Agricultural activities
are mainly cocoa-AFS, followed by the cultivation of

fruit trees, e.g., mamey (Pouteria sapota), citrus

(Citrus spp.), and by extensive cattle ranching (INGEI,

2013a,2013b). These municipalities belong to the

Zoquean area of Chiapas (INPI 2020).

Data collection

We collected information from 57 households in a

non-probabilistic sample, recording data on vegetation

composition and diversity of 38 plots of 20 9 50 m (5

in Cárdenas, 14 in Huimanguillo, 4 in Ixtacomitán,

and 15 in Pichucalco) from January to August 2012.

Given the region’s insecurity, the criteria for choosing

the households included only those plantations to

which we had explicit permission to access and

conduct research where the farmers guaranteed

researchers’ safety and support. We applied a struc-

tured questionnaire with four sections (data of farm,

experience and problems, experience in farmer school,

and general data about the family) that included close

and open questions. Within each plot, we recorded and

identified all trees with a diameter at breast height

(DBH) C 5 cm and measured the height and percent-

age of canopy cover with an Haga Altimeter and

Fig. 1 Location of study sites in Tabasco and Chiapas states, southeastern Mexico. These two states produce[ 90% of the cacao from

Mexico
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densiometer single crosshair by visual estimation,

respectively (as suggested by Somarriba 2002).

Owner farmers provided common names of most of

the recorded trees. We subsequently cross-referenced

each specimen’s common name with its scientific

name consulting Maldonado et al. (2000), Magaña

(2006), and Pennington and Sarukhán (2005). Other

crops cultivated outside of the cocoa-AFS but within

the owner’s property were mentioned by the farmers

during the interview (e.g., corn, beans), in which case

we consulted their common name in Maldonado et al.

(2000). All species’ identifications were validated by a

botanic expert. We deposited all collected specimens

in the Herbarium of the Academic Division of

Biological Sciences at the Autonomous Juárez Univer-

sity of Tabasco (UJAT, for its acronym in Spanish).

Data analysis

We determined the species richness statistical expec-

tation (Sest) for each municipality and state using

individual-based data calculation with EstimateS 9

(Colwell 2015, EstimateS: Statistical estimation of

species richness and shared species from samples,

version 9, http://viceroy.eeb.uconn.edu/estimates).

Given that our sample sizes differed among munici-

palities, we contrasted both municipalities with few

samples (i.e., Ixtacomitán, 4, Cárdenas, 5) and those

with more samples (i.e., Pichucalco, 15 and Huiman-

guillo, 14). To statistically compare expected species

richness among municipalities and between states, we

contrasted the 84% confidence intervals of the species

richness statistical expectations, following two studies

that demonstrate that overlapping 84% confidence

intervals mimic a = 0.05 tests; thus, we considered

significant differences whenever confidence intervals

did not overlap (MacGregor-Fors and Payton 2013;

Payton et al. 2003). We also performed an abundance-

based Bray–Curtis multivariate cluster analysis (group

average-linkage) to analyze tree species composition

similarity at the municipality level, using vegan

(Community ecology package ‘‘vegan’’; https://cran.r-

project.org, https://github.com/vegandevs/vegan). To

complement these analyses, we constructed rank–

abundance curves to assess the distribution of the

abundances of the tree species comprising the studied

assemblages, as well as to identify dominant species

(Magurran 2003).

For all tree species recorded at each sampled plot,

we calculated their importance value (IV, sum of

relative values of frequency, density, and basal area;

Newton 2007). We calculated descriptive statistics for

the questions of the interviews (i.e., median, standard

deviation, minimum, maximum) and conducted t tests

to compare variables between states. Interval classes

of the variables were calculated with the Sturges rule

(Scott 2009; Sturges 1926).

According to the answers of farmers, the species

used were classified in two categories: Option

I-species use: (a) shade, the tree is used as permanent

shade for the cocoa tree; (b) wood, species of trees the

farmers preserves them for domestic use or sell;

(c) food, parts of the tree are consumed; (d) medicine,

some parts of the tree, such the bark or leave, are used

for medicinal purposes in homes; (e) others, trees

whose parts are used to make other objects or some

parts are used in local gastronomy. Option II-species

commercialization: (a) not commercial, (b) few com-

mercial, the products are sold in small quantities in the

local market, (c) wide commercial, the products are

sold in the formal market in large quantities.

We used general linear mixed models (GLMM) to

analyze tree species abundance in cocoa plots, having

state (Tabasco, Chiapas) and municipality (Huiman-

guillo, Cárdenas, Pichucalco, Ixtacomitán) as cate-

gorical explanatory factors, and tree species as a

random factor. Given the nature of our data, we used a

Poisson distribution with a ‘‘log’’ link to run models

(function glmer() from the package lme4 v1.1–15;

Linear mixed-effects models using ‘‘Eigen’’ and S1;

https://github.com/lme4/lme4/, http://lme4.r-forge.r-

project.org/). We conducted a similar analysis for the

response variables DBH, tree height, and tree canopy

cover. Because DBH, height, and cover showed to be

correlated (r[ 0.75, P\ 0.05), we provide only the

results for DBH, as it is the variable that explained

more variance in the model. We used the function

rsquared from the R-package piecewiseSEM to cal-

culate marginal (random factor) and conditional (full

model) variances explained by the model (Lefcheck

2016).

Given that cocoa trees are the most abundant in all

studied cocoa-AFS, we conducted a separate statistical

analysis in order to assess differences in the number of

cocoa trees at our study sites, at the municipality level.

Given that our design is unbalanced and that we found

no homogeneity of variance of cocoa trees across
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municipalities (Fligner-Killeen test: med v2 = 3.32,

df = 3, P = 0.34), we performed a nonparametric

Kruskal–Wallis test, followed by a post hoc Dunn test

to assess the cocoa density. We performed all analyses

in R (v 3.3.3, http://www.R-project.org).

Results

Tree species composition

A total of 3268 individual trees of 66 species and 29

families were recorded within a surveyed area of

3.8 hectares. Tree families with the highest represen-

tation in our surveys were: Malvaceae, Fabaceae,

Meliaceae, Musaceae, Rutaceae, Rhamnaceae, Bor-

aginaceae, and Anacardiaceae. In the state of Tabasco,

we recorded 1972 trees (1038/ha) of 42 species. The

most abundant species were Theobroma cacao and

Erythrina americana. In the state of Chiapas, we

recorded a total of 1296 trees (682/ha) of 52 species,

including tree species that belong to primary forest

vegetation such as Guarea glabra, Ficus sp., and

Bursera sp., and species of secondary vegetation (i.e.,

acahual) such as Pithecellobiun sp. The most abundant

species were T. cacao and Gliricidia sepium

(Table S1).

Tree species uses

According to the uses that farmers give to the cocoa-

AFS and their land, the assessed agroforestry systems

can be considered a diversified food-and-cash-crop

livelihood strategy (Tscharntke et al. 2011). Results

for categories: Option I-species use; showed for

Tabasco that 55% of tree species are used for food,

31% of tree species are for wood, 24% of tree species

are for other uses, the 14% of tree species some parts

are used as a medicine, and 12% of the tree species are

used as shade for cocoa tree. In Chiapas, the 48% of

tree species are used for food, 25% of tree species are

for wood, 15% of tree species are for other uses, the

10% of the tree species are used as shade for cocoa

tree, and 8% some parts of tree species are used as a

medicine (Table S1). Option II-species commercial-

ization; in Tabasco 90% of the trees are not commer-

cial; 31% of the tree species are few commercial and

the 2% of tree species are wide commercial. In

Chiapas, the 50% of the trees are not commercial; 48%

of the tree species are few commercial, and the 2% of

tree species are wide commercial (Table S1).

Tree diversity and structure

We recorded 27 tree species that were shared in cocoa-

AFS between Tabasco and Chiapas, 24 species were

recorded only in Chiapas, and 15 were unique to

Tabasco (Table S1). We did not find significant

differences in the number of tree species recorded in

both states (Tabasco: 42.9 ± 5.1 species, Chiapas:

52.0 ± 5.7 species), neither we did between both

municipalities for which we had fewer samples

(Ixtacomitán: 22.5 ± 2.9 species, Cárdenas:

25.0 ± 5.6 species; Fig. 2a). Yet, we found significant

differences between both municipalities with more

samples (Pichucalco: 47.0 ± 4.3 species, Huiman-

guillo: 36.0 ± 5.5 species), with Pichucalco showing

the highest tree species richness of the four studied

municipalities (Fig. 2a).

When analyzing cocoa tree abundance, we found

their numbers to differ among municipalities

(v2 = 20.68, df = 3, P\ 0.001; Fig. 2b). Cárdenas

and Huimanguillo (Tabasco) showed higher cocoa tree

abundance per plot and nonsignificant differences

between them (Dunn test = 0.66, P = 0.25), and

Ixtacomitán and Pichucalco (Chiapas) had lower

cocoa tree abundance per plot and nonsignificant

differences between them (Dunn test = 0.37,

P = 0.35). We found significant differences in cocoa

tree abundance between states, with Tabasco having

more cocoa trees per plot when compared with

Chiapas (Dunn tests[ 2.11, P\ 0.01) (Table S2,

Fig. 2b).

Our analyses showed significantly higher tree

abundances in Tabasco compared to Chiapas, and

significantly lower tree abundances in Huimanguillo

compared to Cárdenas and Pichucalco (Table S3).

Tree species explained 70% of the variance in

abundance, whereas state and municipality explained

3% and 4%, respectively, in the model. The most

abundant species across study sites were T. cacao, E.

americana, and G. sepium (Fig. 2c; Tables S4, S5).

E. americana was particularly more abundant in

Cárdenas and Huimanguillo (i.e., Tabasco) compared

to the municipalities in Chiapas. In contrast,G. sepium

was more abundant in Ixtacomitán and Pichucalco

than in Cárdenas and Huimanguillo (Fig. 2c;

Tables S4, S5). In Tabasco, the tree with the highest
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importance value as a shade tree was E. americana,

but there are also other important tree species such as

Cedrela odorata, Colubrina arborecens, Guazuma

ulmifolia, Diphysa robinioides, Citrus sinensis, Ery-

thrina fusca, and Mangifera indica, with more than

4% of individuals (Table S4). In Chiapas, the tree

species with the highest importance value as a shade

tree wasG. sepium, whereas other relevant tree species

with frequency C 4% were: Hevea brasiliensis, An-

nona muricata, E. americana, G. ulmifolia, Enterolo-

bium cyclocarpum, C. Sinensis, Pouteria sapota,

Cordia alliodora, and C. odorata (Table S5).

The abundance-based multivariate cluster analysis

showed two clear groupings: Huimanguillo–Cárdenas

and Pichucalco–Ixtacomitán (Fig. 2d); yet, differ-

ences measured with the Bray–Curtis index showed

less dissimilarity in the former group (Bray–

Curtis = 0.31), and higher dissimilarity values for

the latter group (Bray–Curtis = 0.54). The Bray–

Curtis dissimilarity value between both groups was

high (average = 0.75 ± SD 0.08), indicating very

different tree species composition between Tabasco

and Chiapas traditional cocoa-AFS (Fig. 2d).

Cocoa trees DBH in Tabasco was on average of

11.83 cm (± SD 3.38) and of 14.07 cm (± SD 4.61)

in Chiapas (Table S6, Fig. S1). When comparing the

DBH of all tree species between states, we also found

that trees from plantations in Chiapas had significantly

larger DBH than those in plantations from Tabasco

(Table S6). The variable state explained 6.5% of the

variance and tree species explained 57.7% of the DBH

variance in the model. In general, the higher tree

species ([ 20 m) found in cocoa-AFS were: Artocar-

pus altilis, C. odorata, Ceiba pentandra,

Fig. 2 a Species richness expectation between states and

municipalities of Tabasco and Chiapas; n indicates the number

of plots sampled per site. b Cocoa tree abundances among

municipalities. c Rank–abundance curves for tree species found

in the municipalities of Tabasco and Chiapas. d Multivariate

cluster showing tree species composition similarities of cocoa-

AFS plantations among municipalities of Tabasco and Chiapas
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Chrysophyllum cainito, C. arborecens, E. fusca, Ficus

tecolutensis, H. brasiliensis, P. sapota, Pterocarpus

hayesii, Samanea saman, Spondias mombin, and

Swietenia macrophylla. At the plot level, we detected

a higher density of cocoa trees and less abundance of

other trees in Tabasco than our surveys from Chiapas

(Fig. 2). Mean plantation age in Tabasco was lower

than in Chiapas, and lower mean species richness in

Tabasco than in Chiapas (Table S2, Fig. S2). Seventy-

five percent of Tabasco cocoa-AFS had less than

30 years, whereas in Chiapas, only 25% of the

plantations had less than 30 years (Fig. S2).

Household characteristics

In reference to how farmers use their land, in Tabasco

each farmer owns an average of 8 ha (± SD 8.6;

range: 0.5–37.5 ha per interviewed farmer), whereas

in Chiapas they possess an average of 9.3 ha (± SD

6.9 ha; range = 1–27 ha per farmer; Table S2,

Fig. S3). From the interviewed farmers, each farmer

in Tabasco uses an average of 2 ha (± SD 1.1) for

cocoa-AFS (range: 0.5–5.8 ha) and in Chiapas each

farmer uses 5 ha (± SD 3.3) for cocoa-AFS (range:

1–12 ha) (Table S2, Fig. S4).

Regarding land tenure, in Tabasco 8% (n = 3) of

the farmers have private property and 92% (n = 34)

have ejido property;1 in Chiapas 16% (n = 3) of the

farmers have private property and 84% (n = 16) have

ejido property. Regarding the main source of income,

89% (n = 34) of the farmers interviewed in Tabasco

live from agriculture; 11% (n = 4) have other off-farm

income (e.g., construction, driving). In Chiapas,

proportions were surprisingly the same, with 89%

(n = 17) living from agriculture and the rest 11%

(n = 2) living from other additional activities. Accord-

ing to land use, we identified two types of farming: (1)

where land was entirely dedicated to cocoa-AFS

production and (2) where besides cocoa land is used

for sugarcane cultivation and/or for cattle ranching. In

the first case, farmer income is mostly dependent on

selling cocoa, selling other crops and other forms of

work (e.g., builder, laborer, and employee). In

Tabasco 25% (n = 9) and in Chiapas 42% (n = 8) of

farmers correspond to this category. In the second

case, farmer income mainly derives from selling

sugarcane, renting grasslands as pastureland, and

selling cattle and cocoa. Additionally, they receive

income derived from selling products obtained from

shade cocoa-AFS. In Tabasco 75% (n = 27) and in

Chiapas 58% (n = 11) of the farmers correspond to

this category. Although we did ask about their crop

incomes, none of them could tell, as they do not keep

records.

Regarding knowledge on how farmers learned to

grow cocoa showed that in Tabasco 55% (n = 21)

learned from their parents, 5% (n = 2) from their

grandparents, 3% (n = 1) from a relative, and 37%

(n = 14) learned from friends. In Chiapas, 58%

(n = 11) learned from their parents, 5% (n = 1) from

their grandparents, 5% (n = 1) from a relative, and

32% (n = 6) from friends (v2 = 0.366, df = 3,

P\ 0.05).

In relation to the ways in which the interviewed

farmers sell cocoa, in Tabasco 87% (n = 33) sell their

product in fresh (the seeds of the freshly cut cob), 8%

(n = 3) sell dry cocoa, and 5% (n = 2) in other forms

(e.g., roasted). In Chiapas, 17% (n = 3) sell fresh

cocoa, 72% (n = 13) sell dry cocoa, and 11% (n = 2)

in other forms (e.g., roasted) (v2 = 27.632, df = 2,

P\ 0.05). In Tabasco 100% (n = 37) of the cocoa

production was sold to a cooperative society, and in

Chiapas 86% (n = 12) was sold to a cooperative

society and 14% (n = 2) to an intermediary (locally

known as ‘‘coyote’’).

Discussion

The traditional management of cocoa-AFS in Mexico

is very similar in the four studied municipalities of the

two most important producing states (i.e., Tabasco and

Chiapas), where farmers still use the same tree species

known to be used by the Mayas since pre-Hispanic

times (Gómez-Pompa et al. 1990; Millón 1955),

sheltering a large array of tree species that can be

used not only as shade, but also as timber, food for

self-consumption or crops to sell. According to

Somarriba et al. (2011), cocoa-AFS from our study

areas are considered as varied cocoa-AFS with shade.

The diversity and composition of cocoa-AFS may

benefit cocoa growth and help to fulfill, in some cases,

1 The ejido is a type of land in Mexican legislation, product of

the revolutionary agrarian reform. The ejidos and agrarian

communities are a type of social property or agrarian nuclei;

constitute forms of exclusive ownership of land in the country

(Morett-Sánchez and Cosı́o-Ruı́z 2017).
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households’ food requirements, providing additional

income and material for house construction (e.g.,

Anim-Kwapong and Osei-Bonsu 2009; Bisseleua et al.

2009; Jagoret et al. 2014). Despite some similarities

between Tabasco and Chiapas cocoa-AFS, we also

found that there are differences in management and

tree species diversity and composition. Different

shade tree species are used in Tabasco and Chiapas,

the species composition was 75% different between

the states, and there is a tendency for higher tree

species richness in Chiapas than in Tabasco cocoa-

AFS. The interviewed farmers only recognize Ery-

thrina sp. in Tabasco andGliricidia sp. in Chiapas as a

permanent shade necessary for the profitable growth of

cocoa. The rest of the tree species are later incorpo-

rated to satisfy the tastes or nutritional needs of the

home, as well as to make optimal use of the territory at

their disposal; it is more of a diversification strategy

(Anderzén et al. 2020). In the composition of cocoa-

AFS, it is considered that there are no other species

associated with plantations with large-scale commer-

cial purposes such as cocoa.

We recorded 52 tree species in cocoa-AFS of

northern Chiapas, which is 10% higher than the 47

species reported by Salgado-Mora et al. (2007) in the

Soconusco region (southeastern Chiapas). The tree

species used for cocoa shade in the surveyed plots was

different between our study area and the Soconusco.

The main species for Pichucalco and Ixtacomitán were

G. sepium, E. americana, D. robinioides and C.

arborescens, whereas Inga micheliana and G. sepium

dominated cocoa-AFS in the Soconusco (Salgado-

Mora et al. 2007). Regarding tree species used for

timber, C. odorata and C. alliodora were the most

common in our study sites in Chiapas, whereas C.

alliodora and Tabebuia donnell-smithii were the most

abundant in the Soconusco region studied by Salgado-

Mora et al. (2007). Finally, the percentage of tree

cover we recorded (60% ± SD 28) is lower in relation

to that reported by Salgado-Mora et al. (2007;

89% ± SD 0.56). This mainly derives from the

recently established practices implemented in 2011

(Zequeira-Larios et al. 2012) by the Nestle Cocoa Plan

in these communities, where they promote a reduction

of up to 30% of shade to increase cocoa production

(compare Figs. S5 and S6). At this point, these

practices are unsustainable and have been documented

not to be the best option for neither families nor the

environment (Andres et al. 2016; Córdova et al. 2018;

Notaro et al. 2020; Middendorp et al. 2018; Santhyami

et al. 2018).

In Tabasco, we recorded higher species richness of

tree species (n = 42) in cocoa-AFS compared to the

study by Salvador-Morales et al. (2019) carried out in

Comalcalco, Cárdenas, and Jalpa de Méndez, all

municipalities from Tabasco, where a total of 39

species were reported. The dominating tree species

reported by Salvador-Morales et al. (2019) were D.

robinioides, E. americana, C. arborescens, C. odor-

ata, and Tabebuia rosea. We recorded the same

species with the exception of T. rosea. Other studies in

Latin America have shown ecological differences

between regions and greater plant diversity in more

advanced successional stages of cocoa-AFS (Braga

et al. 2018; see also Marconi and Armengot 2020). In

these case studies, we found greater diversity in

Chiapas, which were older.

Differences in the abundance and floristic compo-

sition of tree species within the assessed cocoa-AFS

between Tabasco and Chiapas indicated that farmers

favor different species at the local level. Interestingly,

we found higher species composition dissimilarities

between municipalities in Chiapas than Tabasco; this

could be due to social aspects and management

decisions (Anderzén et al. 2020; Córdova et al.

2018). In the study cases, we found the plantations

in Chiapas are more traditional while in Tabasco

plantations are more commercial. Yet, in both cases,

the cocoa-AFS included other tree species to satisfy

specific household needs.

In Tabasco, there is a higher density of cocoa trees

and less abundance of other tree species than in

Chiapas; this shows that the process of intensification

of cocoa production occurs mainly in Tabasco.

Possibly this happens because in Tabasco farmers

are more focused on the sale of cocoa; in this way, they

keep cocoa trees in constant renewal and maintain the

shade trees. In contrast, Chiapas’s farmers obtain

income from cocoa and fruit trees. Furthermore, in

Chiapas we found older plantations and cocoa trees

with a larger DBH indicating less renewal, corrobo-

rating data from the interviews with local owners. The

two most abundant tree species, E. americana in

Tabasco and G. sepium in Chiapas, have important

benefits where cocoa trees grow. On the one hand, E.

americana during winter sheds its leaves and becomes

covered with red flowers, but during the rest of the

year, when the shade is required, E. americana is
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heavily covered with leaves (Millon 1955). Farmers

from Tabasco said that it is advantageous to use it as

mother/shade tree; in addition, it is a tree that saves

moisture and has edible flowers. On the other hand, G.

sepium sheds its leaves in spring and it is full with

leaves during winter. Thus, its foliage increases the

humus and reduces the high temperatures that destroy

litter, provides protection to the soil, decreases the

erosion, and with the fall of its leaves helps to conserve

groundwater (CONABIO 2019). Regarding its uses,

G. sepium produces firewood of excellent quality,

makes good fire, and burns with little smoke (local

farmers pers. comm.). Also, its seeds, leaves, bark, and

roots contain toxic substances that are used locally to

poison rodents in the fields. The leaves and bark are

used in the form of plasters and general bath as remedy

for measles and fever; the trunk is a support for

climber species like vanilla and other epiphytes

(CONABIO 2019). For this species, farmers from

Chiapas confirmed its use as good firewood that they

routinely use on household or to sell. Additionally, this

tree genus has been suggested to play an important role

in the nutrition of cocoa trees and support cocoa root

development and distribution by provision of nitrogen

(Niether et al. 2019).

Importance values for tree species in Tabasco were

lower in this study than those recorded for species

found by Salvador-Morales et al. (2019); yet, recorded

tree species were the same between the two studies.

The species with higher importance value are those

with commercial relevance for farmers (e.g., C.

sinensis, M. indica, C. odorata, C. arborecens). In

the case of E. fusca, it was an introduced species

during the 1970s as shade for cocoa-AFS via govern-

ment programs. We found individuals with DBH[
250 cm, many of which were found with a ringed

mark (Fig. S7). According to farmers, E. fusca is a

very damaging tree for cocoa trees given that it has

easily breakable branches, but it is commonly used for

construction (pers. obs.). Also, C. arborecens is used

for construction, which showed a 6% frequency in

cocoa-AFS and farmers commonly sell it.

Two tree shade species had highest importance

values in Chiapas, G. sepium and H. brasiliensis. The

latter is an introduced species in Mexico and it was

established in Chiapas for rubber exploitation and

commercialization (Aguirre-Rı́os and Santoyo 2013).

The rest of the species with considerable importance

value (i.e., [ 8) are of commercial interest for local

farmers, which include C. sinensis, P. sapota, A.

muricata, C. alliodora, and C. odorata. In this study,

farmers use these tree species because that is the way

they were thought by their relatives and friends

according to our surveys. For instance, in a new

plantation farmers would cultivate the shade trees

(E. american or G. sepium) at a distance of 12 m from

each other (i.e., in a 12 9 12 m. grid) before they

plant the cocoa trees, along with fast growing trees

such as D. robinioides and C. arborescens and fast

producing plants such as Musa spp. and Manihot

esculenta that are used as temporary shade. When

cocoa trees are mature, farmers remove temporary

shade species and subsequently plant in those empty

spaces fruit and/or wood trees, which many times are

dispersed by birds and bats (pers. obs.). The reported

shade trees transition between successional manage-

ment phase of cocoa-AFS is similar to the process

described by others authors in the Brazilian Amazon

(Braga et al. 2018). We also recorded farmers growing

Hylocereus spp. (the dragon fruit) on shade trees from

the species G. sepium, E. americana, and E. fusca,

which Calix et al. (2005) have reported as excellent

support for this highly valued fruit worldwide (Per-

ween et al. 2018). We identified that farmers in both

Tabasco and Chiapas are convinced that cocoa needs

permanent shade, and most of them resist to dismiss or

break down trees without a reason. In Tabasco,

farmers mentioned that the specie E. fusca causes a

lot of damage to cocoa trees because its large branches

are very brittle, so most of them decided to cut them

down. In both entities, the density of cacao trees

depends on territory availability or their strategies for

managing the territory. At the time of the investiga-

tion, 100% of interviewed farmers stated that the

cultivation of cocoa is no longer profitable for them

and represents more expenses than profit due to low

prices in the market.

The cocoa trees DBH was significantly higher in

Chiapas than in Tabasco, indicating older trees in

cocoa-AFS from Chiapas. Some studies suggest that in

Tabasco the low productivity of cocoa trees is due to

its age, arguing that they are too old (Avendaño-

Arrazate et al. 2011; Córdova-Ávalos et al. 2001).

However, in this investigation we showed that it is

rather in the state of Chiapas where there are older

cocoa trees, while in Tabasco there is evidence of

renovation work in the plantations. Thus, actively
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managing cocoa-AFS based on regional commercial

needs is in the economic benefit of local people.

Regarding the conservation value of cocoa-AFS,

we recorded the same tree species (i.e., G. sepium, E.

americana, D. robinioides, C. sinensis, C. odorata, G.

ulmifolia, M. indica, and Cecropia obtusifolia) when

contrasted with those reported by Ibarra et al. (2001)

that were used by birds. Interestingly, these plant

assemblages have been associated with a wide variety

of avian species. Other studies, such as Muñoz et al.

(2006), showed that diversity of trees presented in the

studied cocoa-AFS provide suitable habitat for differ-

ent species of animals, including howler monkeys

(Alouatta palliata). Evidence demonstrates adverse

impacts of intensively managed or sun cocoa-AFS for

biodiversity (e.g., Santos-Heredia et al. 2018; Bisse-

leua et al. 2009). In this regard, federal and state

government programs tilt the balance regarding the

type of crops and species that are favored by local

farmers, which are not necessarily those with long-

term benefits for both local farmers and biodiversity.

For instance, currently and in detriment to biodiver-

sity, both Tabasco and Chiapas states have higher

economic incentives for sugarcane and oil palm

production (Xantomilla 2019; FIRA 2020a;

SAGARPA, 2020). Such financial incentives, along

with urbanization, have promoted the loss of large

extensions of cocoa-AFS in the region (Oporto-

Peregrino et al. 2019). Furthermore, the type of land

tenure affects the access to government resources,

where credits are available for private owners and not

for those within ejidos (FIRA 2020b). Yet, as shown in

this study, most of the cocoa-AFS owners in the region

belong to ejidos tenure land, suggesting that very few

people benefit from government programs.

This study provides valuable information in terms

of description and characterization of the vegetation

structure, diversity, composition, and management

practices in cocoa agroforestry systems of Tabasco

and Chiapas, Mexico. However, we recognize that the

study’s limitations focus on the sampling design since

the plots studied were not randomized. In general, the

results provide a description of cocoa production

systems in new territories and show some of the

management practices carried out by cocoa producers

in Mexico. Therefore, further studies of floristic

inventories and livelihood practices of cocoa agro-

forestry systems established in other municipalities in

both states are necessary. In other scientific areas, we

suggest conducting market studies of fruit and timber

species found in this study. It is recommended to carry

out experimental plots with cocoa/fruit, cocoa/wood

association in abandoned pastures that previously

were cocoa agroforestry systems (Somarriba et al.

2018), in order to recover degraded areas and increase

the cacao cultivation area, improving the living

conditions of farmers and at the same time contribut-

ing to the mitigation of climate change and biodiver-

sity conservation (Blaser et al. 2018;Middendorp et al.

2018).

Conclusions

The management practices employed by cocoa small-

holders have allowed them to conserve these agro-

forestry systems and to obtain income from the local

market by selling a great variety of products grown in

this system, as well as satisfying their own food needs.

The importance value recorded in this study confirms

the interest of producers to keep commercially rele-

vant timber and fruit species. This suggests individual

interest in diversifying their income and family

support.

In the cocoa-AFS of the two states evaluated, we

recorded 29 families and 66 tree species. Tree families

with the highest representation were: Malvaceae,

Fabaceae, Meliaceae, Musaceae, Rutaceae, Rham-

naceae, Boraginaceae, and Anacardiaceae. The most

important species were: E. americana, C. odorata, C.

arborecens, G. ulmifolia, D. robinioides, C. sinensis,

E. fusca, andM. indica,H. brasiliensis,A. muricata,E.

cyclocarpum, P. sapota, and C. alliodora.

Differences in the abundance and floristic compo-

sition of tree species indicated that farmers favor

different species at the local level and included other

tree species to satisfy specific household needs. A

greater tree diversity was found in Chiapas, but a

greater abundance of cacao trees in Tabasco. For

cocoa shade, farmers used mainly E. americana in

Tabasco and G. sepium in Chiapas. The indigenous

people used these tree species before the arrival of the

Spanish in Mexico. The E. fusca species was intro-

duced in Mexico and it was rather damaging to cacao

trees.

The structure, diversity, and composition of the

cocoa-ASF in Mexico are traditional and respond
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more to local needs than to a large-scale commercial

strategy.
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SNICS, SINAREFI, Universidad Autónoma de Chapingo,

INIFAP, México DF
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southern Pará, Brazilian Amazon. Agroforest Syst

93:1409–1421. https://doi.org/10.1007/s10457-018-0250-

6

CONABIO (2019 Comisión Nacional para el Conocimiento y

uso de la Biodiversidad, Gliricidia sepium. CONABIO.

http://www.conabio.gob.mx/conocimiento/info_especies/

arboles/doctos/29-legum19m.pdf. Accessed 12 Sept 2019
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