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Cocoa (Theobroma cacao) is a multi-billion-dollar business. This tropical crop

strongly depends on animal pollination for fruit development and seed

production. The lack or inefficiency of natural pollinators in cocoa plantations

has driven farmers to search for alternatives, such as laborious pollination by

hand. A so far untested alternative, which has received increasing attention

during the past couple of years, is targeted crop pollination through managed

social bees. However, owing to the smallness of the flowers of T. cacao as well as

structural barriers that impede large insects to access the stigma, only tiny bees

may be a viable option for targeted cocoa pollination. In the present study, we

asked whether small stingless bees (Apidae, Meliponini) could come into

consideration as managed cocoa crop-pollinators, especially in shadowy

agroforests. Among the 188 meliponine species native to the Brazilian Amazon

region, which comprises an important portion of the center of origin of T. cacao,

we selected 52 species based on morphological criteria (intertegular distance ≤

1.4 mm; body length: 2.2–6.0 mm). Important for cocoa production, some of

these Meliponini have an ample geographic distribution, occurring both in the

center of origin of T. cacao and beyond (centers of cocoa production in Brazil:

Pará: 35 spp., Bahia: 10 spp.). Presumably all species may be active at illuminance

levels below those found in heavily shaded cocoa plantations, at least at times

when anthers show full dehiscence and during maximum receptivity of the

stigma. The bees’ potential to forage under reduced light regimes is corroborated

by the finding that between 20 and 60% of the naturally exploited food sources

are understory vegetation, including herbs, subshrubs, shrubs, and lianas. Many

of the selected Meliponini build their nests, at least facultatively, in tree cavities,

which facilitates their transfer to rational hives and, hence, the use of managed

colonies in directed crop pollination. Important next steps for validating the

potential of these small stingless bees in targeted cocoa pollination should

comprise detailed studies on their foraging behavior and olfactory

learning capacities.
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1 Introduction

The cocoa tree (Theobroma cacao, Malvaceae) is native to the

Amazon region (Cornejo et al., 2018; Zarrillo et al., 2018), and is a

key global export commodity, providing a source of income for

millions of smallholder farmers in global tropical biodiversity

hotspots (Klein et al., 2008; Beg et al., 2017; Tscharntke et al.,

2023). Despite the existence of self-compatible wild genotypes

(Branco et al., 2018; Morán et al., 2021), the hermaphroditic

flowers of many cocoa varieties, particularly of those of the upper

Amazon region, are self-incompatible (Glendinning, 1972). Thus,

fruit set highly depends on cross-pollination (Branco et al., 2018).

Cocoa trees produce small, whitish flowers directly from the trunk

and branches (Young et al., 1987) that produce only vestigial

amounts of nectar in epidermal trichomes (Young et al., 1984)

and, thus, offer pollen as main attractant for flower visitors. The

anthers (masculine parts) are concealed within shell-shaped petal

hoods, and style, stigma, and ovary (feminine parts) are fenced by

five staminodes (Wolcott et al., 2023). Both flower size (10-15 mm

in diameter) and structural barriers (petal shell, staminode fence)

impede access to the female reproductive parts of the flower by large

insects (Frimpong-Anin et al., 2014; Wolcott et al., 2023). Thus,

being small is an imperative characteristic of a successful cocoa

pollinator. However, flower visitors may likewise be too minute to

interact effectively with the reproductive structures of a flower.

Species with a body size of less than 2 mm usually fail to touch the

style while crawling along the inner surface of the staminodes, thus

rendering pollen deposition improbable (Kaufmann, 1975a;

Frimpong-Anin et al., 2014).

Despite the global economic importance of cocoa, we know only

little regarding the identity of the main cocoa pollinators and their

suitable habitats so far. In cocoa-growing areas of the Americas,

West Africa, and Southeast Asia, small dipterans (hereafter

“midges”) from the families Ceratopogonidae and Cecidomyiidae

account for nearly 50% of cocoa flower visits (Toledo-Hernández

et al., 2017). Several of these species have been considered

pollinators of T. cacao (Bigger, 2012) despite the lack of strong

experimental evidence (e.g.: Winder, 1977; Young, 1985a). In any

case, there are two major caveats to efficient cocoa pollination by

midges. First, these small dipterans have a limited flight capacity,

with foraging ranges of usually less than 10 m (Chumacero de

Schawe et al., 2018). Hence, their movement within plantations is

rather restricted (Klein et al., 2008). Second, midges are biting

insects that only occasionally visit cocoa flowers to feed on pollen

(Kaufmann, 1974, 1975; Claus et al., 2018) or chew on stomate-type

nectaries located on the petals (Young et al., 1984; Young, 1985a).

Only a small portion actually carries pollen grains between flowers

(Kaufmann, 1975a; Winder, 1977; Jaramillo et al., 2024). Not

surprisingly, therefore, pollination success by these small

dipterans is rather low. In studies investigating natural cocoa

pollination, researchers only occasionally found a sufficient

amount of pollen grains on the female flower parts after midge

visits (> 35 pollen grains, considered the threshold for pollination

success, in 14.4% of flowers visited by Ceratopogonidae: Kaufmann,

1975b; > 35 pollen grains in 5.1% of flowers visited by

Ceratopogonidae and Cecidomyiidae: Winder, 1977; at least one
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pollen grain in 29.0% of flowers visited by potential pollinators:

Vansynghel et al., 2022). Even in those rare cases of effective pollen

deposition, fruit set is still far from guaranteed. In their study,

Vansynghel et al. (2022) observed that only about three percent of

the flowers that had received more than 35 pollen grains produced

young fruits. Hence, the estimated contribution of midges to crop

yield may actually be less than one percent (Vansynghel et al.,

2022). This value is astonishingly close to the fruit set of some self-

incompatible cocoa varieties after experimental self-pollination by

hand (0.0-7.4%, average = 2.3%; Branco et al., 2018).

The reduced pollination efficiency of pollinators that naturally

occur in cocoa plantations has been considered the main cause for

low fruit set (Groeneveld et al., 2010; Toledo-Hernández et al., 2017,

2021; Vansynghel et al., 2022). For cocoa farmers, economically more

relevant than fruit set is the number of seeds produced per pod, which

increases with the number of successfully deposited pollen grains

(Falque et al., 1995). At least 150 pollen grains are necessary to

achieve top yields of between 50 and 60 seeds/pod (Falque et al.,

1995). Thus, since common arthropods hardly deposit more than 30

to 40 pollen grains (Vansynghel et al., 2022), cocoa producers invest

in labor-intensive hand pollination to increase their yield (Brazil:

Toledo-Hernández et al., 2023; Ghana: Wongnaa et al., 2021;

Indonesia: Toledo-Hernández et al., 2020). Yet, while hand

pollination appears profitable to farmers, further empirical research

is required to gain a deeper understanding of long-term yield stability,

as well as of the associated socioeconomic and environmental trade-

offs (Wanger et al., 2021).

A possibility to improve the yield of pollinator-dependent crops,

so far untested in cocoa, is targeted crop pollination by social bees.

This technique differs from other forms of managed or directed

pollination, which rely on the introduction of managed bees into

crops (Shivanna, 2015), by pre-training the colonies on a specific

target scent (Farina et al., 2023a). This olfactory priming has been

shown to increase the foragers’ visits to the target flowers, thus,

eventually, enhancing crop yield (sunflower: Farina et al., 2020; pear

and apple: Farina et al., 2022; almond: Farina et al., 2023b). To this

day, only honey bees (Apis mellifera) have been studied concerning

targeted crop pollination (Farina et al., 2023a). Although foragers of

this bee species may occasionally visit flowers of T. cacao (Harland,

1925; Soria, 1975; see however: Erickson et al., 1988), their body size

certainly hampers their access to the female parts of the flowers (body

length = 10.3 mm; intertegular distance = 3.0 mm; Kendall et al.,

2019). A promising group for targeted cocoa pollination, however,

are the stingless bees (Apidae, Meliponini). This pantropic group of

highly eusocial bees comprises more than 600 species that vary in

body size from 2 to 12 mm (Engel et al., 2023; Roubik, 2023). Except

for some obligatory cleptobiotic (specialized on robbing nests of other

bee species) and necrophagous species (collecting flesh from dead

animals), Meliponini are considered opportunistic generalist foragers

that collect nectar and pollen from a wide variety of flowering plants

(Biesmeijer et al., 2005; Biesmeijer and Slaa, 2006; Bueno et al., 2023).

Several small species have been observed visiting cocoa flowers

(Nannotrigona punctata, Nannotrigona sp., Paratrigona subnuda,

Plebeia flavocincta, Plebeia mosquito, Tetragonisca angustula: Soria,

1975; Young, 1981, 1985b; Lemos, 2014; Jaramillo et al., 2024) or were

attracted to Theobroma floral oils (species not identified: Young et al.,
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1987, 1989; Young and Severson, 1994). For pollen collection,

foragers land on the ligule of a cocoa petal and insert their head

into the petal hood, where they extract pollen from the anthers

through head movements. After five to ten flower visits, the bees

brush the pollen grains from the mouth parts to the corbiculae on

their hind tibiae (Hernandez, 1965 apud Soria, 1975; Young, 1981).

Most importantly for cross-pollination, foragers visit more than one

flower per cocoa tree and more than one cocoa tree per foraging trip

(Young, 1981). However, whether the bees may pass through the

staminode fence to reach the stigma for pollen deposition or not has

remained an open controversy (observations in favor: Jaramillo et al.,

2024; observations against: Young, 1981).

A presumed limitation for cocoa crop-pollination by bees is the

reduced light intensity under the dense canopy of shade-trees

(Young, 1985b). Despite a worldwide trend towards full-sun

cocoa monocultures (Franzen and Mulder, 2007; Clough et al.,

2009; Armengot et al., 2016), most of today’s cocoa production

comes from family-managed farms and agroforests (Vaast and

Somarriba, 2014). Shade-trees are key elements to the success of

both these forms of farming because they increase nutrient cycling,

preserve soil moisture, and reduce the vulnerability to climate

change and erosion (Bentley et al., 2004; Tscharntke et al., 2011;

Blaser-Hart et al., 2021). In addition to the shade provided by these

trees, the flowers of modern cocoa cultivars are predominantly on

trunks and lower branches (Young et al., 1987), which drastically

reduces illumination for flower visitors. Since the flight activity of

small meliponine species is limited by light level (Streinzer et al.,

2016), foraging might be restricted to cocoa trees in direct sunlight

(Young, 1985b). However, whether bees prefer sunlit or shaded

patches may be associated with morphological features beyond

body size, such as body coloration (Biesmeijer et al., 1999) or the

density of thoracic and abdominal hairs (Barrett and O’Donnell,

2023). Thus, visits of cocoa flowers by small stingless bees even

under heavily shaded conditions should not be ruled out.

Stingless bee species native to the Amazon region are

particularly interesting candidates for targeted cocoa pollination.

Their common evolutionary history with ancestral T. cacao, which

depended on long-distance movement of pollen among different

patches of trees, presumably with the help of bees (Young and

Severson, 1994), suggests that these Meliponini may have routinely

visited wild-type cocoa flowers. Intriguingly, the flowers of T. cacao

show several phenological features that hint at their ancestral

dependency on diurnal pollinators, including progressive anther

dehiscence between sunrise and noon, maximum receptivity of

stigma and style as well as peak floral odor release around noon

(Erickson et al., 1987; Young et al., 1987; Jaramillo et al., 2024).

The aims of the present study were to determine whether and to

which extent stingless bees may de facto be considered potential

pollinators of T. cacao, and to identify promising candidate species

for targeted pollination of cocoa crop in Brazil. Specifically, we

asked the following questions: (1) How many stingless bee species

can be considered potential cocoa pollinators, based on their natural

geographic distribution (occurrence in the Amazon region) and

body size? (2) What is the extension of the geographic distribution

of these species (species with broad geographic range could be more

suitable for managed cocoa pollination)? (3) What do we know
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about the timing of foraging of these species (potential overlap with

the reproductive period of cocoa flowers; light level necessary for

foraging)? (4) Do these bee species show a preference for a specific

stratum of vegetation (foraging in lower strata like shrubs,

subshrubs, or herbs evidence the possibility to visit coca flowers

under shade cover)? (5) What are their preferred nesting sites

(species nesting in tree cavities may be more suitable for managed

beekeeping than soil-nesting species)?
2 Materials and methods

2.1 Selection of candidate Meliponini for
targeted cocoa pollination

The selection of candidate meliponine species for targeted cocoa

pollination was based on two main species traits, (1) their natural

occurrence in the Brazilian Amazon region and (2) their body size.

2.1.1 Selection criterion 1: natural occurrence in
the Brazilian Amazon

Four hundred and forty-nine species of stingless bees have been

registered in the Neotropics so far (Ascher and Pickering, 2020). We

focused our research on Meliponini native to the Brazilian Amazon

because this region comprises an important portion of the center of

origin of Theobroma cacao (Zarrillo et al., 2018; Tscharntke et al.,

2023) (Figure 1A), and comprehensive datasets on stingless bees are

available for this biome. Moreover, many meliponine species of the

Brazilian Amazon have also been documented in neighboring

countries, some even in other biomes across the Neotropics. Our

first stage of species selection was based on lists ofMeliponini and their

geographic occurrence by Pedro (2014) and Camargo et al. (2023) as

well as on a public bee biodiversity dataset from the Carajás National

Forest (5° 52′ 11″ to 6° 32′ 13″ S; 49° 53′ 28″ to 50° 44′ 29″W) in the

State of Pará (Giannini et al., 2020), which lies within the major cocoa

producer regions in Brazil with an annual production of 128.9

thousand tons (FAOSTAT, 2020; Brainer, 2021).

2.1.2 Selection criterion 2: body size
Body size, presumably, is a key factor for effective cocoa pollination.

Minute midges (Ceratopogonidae, Cecidomyiidae) with a body length

of approximately 3 mm (Kaufmann, 1975b) have been proposed as the

main cocoa pollinators worldwide (Glendinning, 1972; Kaufmann,

1975b; Young, 1982; Claus et al., 2018; Wolcott et al., 2023). Based on

the midge scale and a recent study that points to small stingless bees,

particularly Tetragonisca angustula (body length ≈ 4–5 mm; Grüter,

2020), as promising cocoa pollinators in Colombia (Jaramillo et al.,

2024), we selected meliponine species of genera classified as minute or

small in terms of body length according to Grüter (2020). Among the

Meliponini that naturally occur in the Brazilian Amazon (see 2.1.1

Selection criterion 1), we chose bee species with an intertegular distance

(ITD) of up to 1.4 mm (approximate distance between staminodes

halfway to the top, estimated from images published in Wolcott et al.,

2023) and a body length (BL) ranging from 2 mm to 6.5 mm. If

available, ITD and BL data were taken from the datasets byMayes et al.

(2019) and Giannini et al. (2020). ITDs and BLs for species not
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included in these datasets were taken from relevant scientific

literature (Table 1).
2.2 Distribution of the selected species

To determine the geographic range of occurrence of themeliponine

species selected as candidates for targeted cocoa pollination (see 2.1), we

consulted the online databases SpeciesLink (https://specieslink.net/),

Discover Life (https://www.discoverlife.org/), and GBIF – Global

Biodiversity Information Facility (https://www.gbif.org/), as well as

scientific literature that provided the locations of data collection

(Rasmussen and Gonzalez, 2009; Oliveira, F. F. et al., 2013; Brown

and Oliveira, 2014; Misiewicz et al., 2014; Alvarez, 2015; Rasmussen

and Delgado, 2019; Giannini et al., 2020; Raudales, 2022). In case

georeferenced data were missing, whenever possible, we estimated

the geographic position of the collected specimens from the

verbatim description of the location indicated in the respective

references. Distribution maps were elaborated in QGIS 3.32 (Free

Software Foundation, Boston, USA).
2.3 Behavioral traits of the selected species

To estimate whether and to which extent the stingless bees,

selected based on their geographic occurrence and size (see 2.1),

may de facto be candidates for targeted cocoa pollination, we

analyzed the scientific literature available concerning relevant
Frontiers in Bee Science 04
behavioral traits. Particularly important characteristics in this

context are the timing of the species’ foraging activity and their

stratum preference. The timing of foraging, especially the foraging

onset and peak activity, provide insight into whether the bees may

visit cocoa flowers during the period of maximum anther

dehiscence and stigma/style receptivity. Moreover, the time of

foraging onset and the stratum preference indicate the capacity of

a species to forage under reduced light conditions and, thus, the

potential to visit cocoa flowers under dense shade as is the case in

agroforests. Information on the species’ nesting behavior is relevant

to estimate the possibility and facility of management.

2.3.1 Timing of foraging activity
We searched the scientific literature for data on foraging activity.

We found a total of 13 studies investigating either the flight activity at

nest entrances, observations offlower visits, or bee samplings at flowers

(Supplementary Material 2). From studies on changes in flight activity

at the nest entrance (exit and/or entrance of foragers) over time, we

extracted the times of foraging onset, peak foraging activity (whenever

given), and foraging end. Most commonly, observations in these

studies had been performed hourly. Thus, we could not determine

the exact times of first exit/peak/last entrance. In these cases, we used

the full hour given in the study as reference time. Studies on flower

visits (observations at flowers or bee sampling), sometimes, provided

the exact moment of a given event. Most frequently, however, the time

was given to the nearest hour, 30-minute, or 10-minute interval. In any

case, we used the time reported in the respective study as reference

time. Since “clock time” is not a very accurate information concerning
BA

FIGURE 1

Cocoa distribution and richness of small stingless bee species in the Neotropics. (A) Given is the estimated distribution of Theobroma cacao (grey-
shaded background) and its presumed center of origin (blue shaded area), based on Zarrillo et al. (2018), the range of the Amazon biome (pink line),
country borders (black lines) and state/province borders (grey lines) of Brazil. (B) Number of small stingless bee species native to the Amazon region
documented for each Brazilian state or province of other Latin American countries. Species numbers are color coded (see color scale). Brazilian
states entirely or partially in the Amazon biome: AC, Acre; AM, Amazonas; AP, Amapá; MA, Maranhão; MT, Mato Grosso; PA, Pará; RO, Rondônia; RR,
Roraima; TO, Tocantins. Emphasized are states with highest cocoa production (Pará, PA: 53%; Bahia, BA: 40% of Brazilian production).
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TABLE 1 Small Amazonian Meliponini with potential to visit cocoa flowers.

Species ITD (mm) BL (mm) FOR
FLORAL

RESOURCES
PAL NEST

Leurotrigona gracilis 0.50 63 2.32 63

Leurotrigona
muelleri

0.66 63 2.63 63 FA 11, FV 11 16 11,38,47 multi 63

Trigonisca vitrifrons 0.67 5 2.32 5 FA 46, FV 17 4 17,46,60,73 cavity 43

Trigonisca
variegatifrons

0.68 26 2.46 5 cavity 43

Trigonisca
pediculana

0.74 26 6 11,48,62 cavity 43

Trigonisca graeffei 0.75 26 2.7 61 cavity 43

Trigonisca extrema 0.80 26 2.24 5 1 62 cavity 43

Leurotrigona pusilla 0.80 26 2.30 63 FA 72 6 28,32,60,72 multi 63

Trigonisca fraissei 0.80 26 cavity 43

Dolichotrigona
rondoni

0.84 15 2.76 15

Trigonisca
dobzhanskyi

0.85 26 FV 17 3 17,60 cavity 43

Trigonisca
unidentata

0.87 5 2.36 5 FV 17 1 17 cavity 43

Dolichotrigona
clavicornis

0.88 15 2.67 15

Plebeia minima 0.90 26 2.6 61 FV 17,46 49 9,17,24,25,32,33,40,46,68 + multi 61

Frieseomelitta portoi 0.90 26 FA 46, FV 17 28 17,46,60,64 + cavity 30

Trigonisca bidentata 0.91 5 2.38 5 cavity 43

Trigonisca hirticornis 0.91 5 2.85 5 FV 17 1 17 cavity 43

Dolichotrigona
tavaresi

0.92 15 3.03 15

Dolichotrigona
mendersoni

0.93 15 2.88 15

Nogueirapis minor 0.94 52 3.57 52 4 32,60,72 soil 43

Dolichotrigona
moratoi

0.96 15 3.24 15

Scaura tenuis 0.98 41 5.2 61 FV 17 17 17,32,69 + multi 53

Plebeia margaritae 0.98 41 multi 43

Dolichotrigona
browni

1.00 15 3.21 15

Celetrigona
euclydiana

1.00 16 3.6 16

Dolichotrigona
longitarsis

1.00 26 3.6 15 FV 17 1 9,17

Scaura latitarsis 1.00 26 6.0 51 FV 17 10 17,38,60,69 + multi 53

Tetragonisca
angustula

1.00 26 4.0-5.0 29 FA 11,22,82,83, FV 11
367 7,8,11,12,23,31,33,36-

38,40,42,45,47,54-

60,65,68,71,74,76,77,80,84,85
+ multi 43

Schwarzula timida 1.02 26 3.55 14 cavity 14

Plebeia alvarengai 1.03 26 FV 17 1 9,17 multi 43

(Continued)
F
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TABLE 1 Continued

Species ITD (mm) BL (mm) FOR
FLORAL

RESOURCES
PAL NEST

Celetrigona
manauara

1.04 16 3.4 16

Celetrigona
hirsuticornis

1.04 16 3.83 16

Frieseomelitta
silvestrii

1.05 26 22 1,2,24,34,42 + cavity 43

Schwarzula
coccidophila

1.08 14 3,52 14 7 68 + cavity 14

Celetrigona
longicornis

1.08 16 4.07 16 FV 17 1 9,17 cavity 16

Nogueirapis butteli 1.10 52 4.5 52 7 68 + soil 43

Paratrigona haeckeli 1.11 41 3.5 13

Tetragonisca
weyrauchi

1.12 41 multi 43

Paratrigona pacifica 1.17 41 3.8 13 multi 13

Paratrigona incerta 1.20 26 3.7 13

Paratrigona peltata 1.20 26 4.0 13

Frieseomelitta
longipes

1.20 26 FV 17 98 17,79 + cavity 43

Nannotrigona
minuta

1.20 26 7 1 + multi 43

Scaura longula 1.24 41 5.87 50 2 60 multi 53

Plebeia varicolor 1.25 41 multi 43

Nannotrigona
schultzei

1.26 26 3.4 67 FV 17 1 17 cavity 66

Nannotrigona
melanocera

1.26 41 4.5 61 10 60 multi 61

Nannotrigona
punctata

1.27 26 4.2 67 FV 17 4 17,39,62,76 multi 43

Frieseomelitta
flavicornis

1.30 26 50 24,33,42,60,64 + cavity 30

Frieseomelitta varia 1.34 26 FA 49,81 197 6,8,11,19,25,35 + cavity 43

Frieseomelitta
trichocerata

1.35 44 5.8 44 23 60,64,73 + cavity 61

Frieseomelitta
doederleini

1.40 26 FA 20,27,70,78, FV 11 41 3,4,10,11,18,21,75 cavity 43
F
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Species are ranked by intertegular distances (ITD). Also given are body length (BL), the type of studies found in literature on their foraging behavior (FOR: FA, studies on foraging activity; FV,
flower visits), the FLORAL RESOURCES documented, whether palynological studies are available (PAL), and type nesting substrate (NEST). Superscript numbers indicate the references used.
1Absy et al. (1984); 2Aguiar (2003); 3Aguiar et al. (1995), Carvalho and Bego (1997), Castro (1994), Castro (2001); Neves (2001) apud Teixeira et al. (2007); 4Aguiar et al. (2013); 5Albuquerque
and Camargo (2007);6Aleixo et al. (2013); 7Barbosa et al. (in prep) apud Boscolo et al. (2023); 8Barth (2006); 9Bezerra et al. (2020); 10Borges et al. (2009) apud Boscolo et al. (2023); 11Boscolo et al.
(2023); 12Braga et al. (2012); 13Camargo and Moure (1994); 14Camargo and Pedro (2002); 15Camargo and Pedro (2005); 16Camargo and Pedro (2009); 17Campbell et al. (2018); 18Carneiro and
Martins (2012) apud Boscolo et al. (2023); 19Carvalho and Bego (1997), Mateus (1998), Pedro (1992) apud Teixeira et al. (2007); 20Costa et al. (2016); 21Cruz and Martins (2015) apud Boscolo
et al. (2023); 22de Bruijn and Sommeijer (1997); 23Dorneles et al. (2013) apud Boscolo et al. (2023); 24Falcão et al. (2002); 25Ferreira, M. G. et al. (2023); 26Giannini et al. (2020); 27Gouw and
Gimenes (2013); 28Gribel et al. (2008); 29Grüter (2020); 30Imperatriz-Fonseca and Alves (2020); 31Jaramillo et al. (2024); 32Kaminski and Absy (2006); 33Lopes andMaChado (1998) apud Boscolo
et al. (2023); 34Lorenzon et al. (2003); 35Marques-Souza (2010); 36Martıńez-Hernández et al. (1993) apud Ramıŕez-Arriaga et al. (2018); 37Martıńez-Hernández et al. (1994); 38Mateus (1998);
39Maués and Couturier (2002); 40Maués et al. (2000); 41Mayes et al. (2019); 42Mendes (2007); 43Michener (2007); 44Moure (1988); 45Moreno et al. (2023); 46Nascimento and Santos (2021); 47Nery
et al. (2018) apud 48Neto and Maues (2008); Boscolo et al. (2023); 49Nevill et al. (2004); 50Nogueira (2016); 51Nogueira et al. (2017); 52Nogueira et al. (2020); 53Nogueira et al. (2023); 54Novais and
Absy (2013); 55Novais and Absy (2015); 56Novais et al. (2013); 57Novais et al. (2014); 58Novais et al. (2015); 59Obregón et al. (2013); 60Oliveira (2018); 61Oliveira, F. F. et al. (2013); 62Paz et al.
(2021); 63Pedro and Camargo (2009); 64Pimentel (2020); 65Ramalho (2004); 66Rasmussen and Delgado (2019); 67Rasmussen and Gonzalez (2017); 68Rech and Absy (2011a); 69Rech and Absy
(2011b); 70Ribeiro et al. (2012); 71Sabino et al. (2011) apud Boscolo et al. (2023); 72Santos (2016); 73Santos and Absy (2010); 74Saravia-Nava et al. (2018); 75Silveira (2006) apud Boscolo et al.
(2023); 76Soria (1975); 77Souza (2013) apud Boscolo et al. (2023); 78Souza et al. (2017); 79Souza et al. (2023); 80Steiner et al. (2010) apud Boscolo et al. (2023); 81Teixeira and Campos (2005);
82Velez-Ruiz et al. (2013); 83Vieira (2021); 84Young (1981); 85Young (1985b).
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foraging activity, particularly foraging onset and end, we calculated the

time relative to sunrise. To obtain information on sunrise times, we

used the georeferences and dates of data collection provided by the

studies whenever possible. In case georeferences were missing, we

estimated the approximate geographic position from the verbatim

description of the location indicated in the respective study. In case

study periods were provided only to the nearest month, we used the

15th day of a given month as reference date. For longer time periods,

we took the median day as reference date. Sunrise times were obtained

from the online app SunCalc (https://www.suncalc.org).

To understand the relation between foraging activity and light level,

we used data on light intensity threshold available for two of the selected

bee species (Frieseomelitta doederleini: Gouw and Gimenes, 2013;

Tetragonisca angustula: Velez-Ruiz et al., 2013) and complemented

these with data on a Trigonisca species from Costa Rica (Trigonisca

pipioli: Streinzer et al., 2016), which has a body size similar to the

Trigonisca species in our study (Albuquerque and Camargo, 2007).

Nonlinear regression analysis (SigmaPlot for Windows 2013: Systat

Software Inc., Richmond, USA) was used to determine the relationship

between body size (ITD) and light intensity threshold. Data on average

illuminance at canopy level and in the understory of tropical forestswere

approximated using measurements of a weather station at Mossoró in

northeastern Brazil (MH, unpublished data) as well as data provided in

scientific literature (Yoda, 1974; Becek and Salim, 2019; Matuso et al.,

2021). Again, the time was calculated as time relative to sunrise.

To get an insight into the potential temporal overlap between bee

activity and reproductive activity of cocoa flowers, we used

phenological data on T. cacao flowers provided by Young et al.

(1987; for similar data see: Montoya and Cruzatty, 2014; Jaramillo

et al., 2024). For pollen sac dehiscence: 53.3% dehiscent at 06h15, 68.5%

at 08h30, 100% at 09h15 and thereafter. For maximum stigma/style

receptivity, estimated through a score of oxygen production by the

structures (score includes estimates of the number of bubbles, the rate

of bubbling, and the size of bubbles) after application of hydrogen

peroxide: score = 19.5 at 6h15, 20.5 at 08h30, 24.5 at 09h15, 28.0 at

12h15, 26.5 at 15h15, and 23.0 at 20h00, respectively (Young et al.,

1987). Considering an average cocoa-pollen longevity of three to four

hours (Soria, 1975; Talledo et al., 2019; see latter reference for an

exceptional longevity of 24 h for the Trinitarian cocoa-clone CCN–51),

pollen harvested by insects after full dehiscence (09h15) should be

viable at the time of maximum stigma/style receptivity (12h15).

2.3.2 Stratum preferences
The bees’ preferences to forage at a certain vegetational stratum

provides indirect evidence for whether or not they may visit shaded

flower patches. We searched the scientific literature for plant species

visited by the meliponine species selected as candidates for targeted

cocoa pollination. We found a total of 65 studies, providing either

palynological data (analysis of pollen from storage pots, geopropolis

deposited in nests, or corbicula pollen loads), or observations of bees at

flowers (focal plant studies, bee samplings) (Supplementary Material

2). Information on the respective stratum of each plant species was

obtained from the online databases REFLORA (https://

floradobrasil.jbrj.gov.br) and Plants of the World Online (https://

powo.science.kew.org). For each bee species, we calculated the
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proportion of plants (relative to total of plants recorded for a bee

species) in each of the following strata: trees, palms, lianas, shrubs,

subshrubs, and herbs. When more than one stratum type was

indicated for a given plant, we attributed the respective fraction

to each stratum (for instance, if a plant could grow either as

[i] subshrub, [ii] shrub, or [iii] liana, we added a value of 1/3 to

each of the given strata). Cases in which more than four different

strata were provided by the online databases (mostly when plants

had been identified only at the genus or family level in palynological

studies) were excluded from the analysis.

For some bee species, we found records for less than 10 plant

species.Whenever possible, we pooled the data of these species at genus

level (Leurotrigona, Nannotrigona, Nogueirapis, Scaura, Trigonisca) to

achieve at least 10 plant species for the analysis. In the case of

Trigonisca, many studies did not identify the bees to species level.

However, since all species of this genus are very similar in size

(Albuquerque and Camargo, 2007), we assumed similar

foraging preferences.

2.3.3 Nesting behavior
Stingless bees exhibit a wide range of nesting preferences, including

associations with ant and termite nests both above and below the

ground. Mostly, however, they built their nests within hollow spaces in

trees, branches, rock faces, or even human-built structures. Some

meliponine species display multiple nesting habits, building their nests

opportunistically either below ground (soil-nesting) or in available

cavities above ground (cavity-nesting) (Grüter, 2020). Categorizing

bee species based on their nesting habit is important, given that some

species (e.g., cavity nesters) can be easily managed in purpose-built hive

boxes for rearing stingless bees (Cortopassi-Laurino et al., 2006;

Venturieri et al., 2012). We classified nest sites of the selected bee

species following the classification proposed by Giannini et al. (2020):

cavity-nesting (arboreal, natural cavities), soil-nesting (subterranean,

natural cavities), or multiple nesting (when species are reported to build

their nests in more than one of the considered categories).
3 Results

Among the 449 species of currently known neotropical

Meliponini, 188 species are native to the Brazilian Amazon region

(Selection criterion 1: natural occurrence in the Brazilian Amazon).

Out of these, 52 species have an intertegular distance ITD ≤ 1.4 mm

(Selection criterion 2: body size) (Table 1).
3.1 Body size

The intertegular distance (ITD) of the 52 selected species range from

0.5 mm (Leurotrigona gracilis) to 1.4 mm (Frieseomelitta doederleini).

Almost half of the species (23 spp.; 44.2%) have an ITD < 1.0 mm

(Figure 2; Table 1). Concerning body length (BL), species vary from BL =

2.2mm (Trigonisca extrema) to 6.0mm (Scaura latitarsis).Minute species

(ITD < 1.0 mm, BL ≈ 2–4 mm) are mostly represented by the genera

Leurotrigona (3 spp.), Trigonisca (10 spp.), and Dolichotrigona (7 spp.).
frontiersin.org

https://www.suncalc.org
https://floradobrasil.jbrj.gov.br
https://floradobrasil.jbrj.gov.br
https://powo.science.kew.org
https://powo.science.kew.org
https://doi.org/10.3389/frbee.2024.1357811
https://www.frontiersin.org/journals/bee-science
https://www.frontiersin.org


Maia-Silva et al. 10.3389/frbee.2024.1357811
3.2 Geographic distribution of species

To get an insight into the geographic distribution of the 52

Meliponini selected as candidates for targeted cocoa pollination, we

evaluated the number of Latin-American states in which they have been

documented. For the Brazilian territory, the highest numbers the

selected species occur in the states of Amazonas (37 spp.), Pará (35
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spp.), Rondônia (33 spp.), and Acre (22 spp.) (Figure 1B). Elevated

species richness was also found inMato Grosso (28 spp.) andMaranhão

(15 spp.) (Figure 1B), both states with transitions between the Amazon

Rainforest and the Cerrado ecoregion (tropical savanna). In neighboring

countries, high species numbers are associated with Amazon Rainforest

biomes, particularly the Peruvian Amazon jungle plain (Loreto: 21 spp.;

Madre de Dios: 18 spp.; SanMartin: 16 spp.), the Southwestern Amazon

(Beni: 9 spp.) and the adjacent Yungas Forest in Bolivia (La Paz: 10 spp.),

as well as the Amazon region in Colombia (7 spp.) (Figure 1B).

Stingless bees native to the Brazilian Amazon also occur in

regions beyond the center of origin of T. cacao. Importantly, 10 of

the classified species have been documented in the state of Bahia

(Figure 1B), which is currently the second largest cocoa producer of

Brazil (109,748 tons of cocoa beans in 2022, 40% of Brazilian

production) and the largest in terms of area occupied by cocoa

plantations (410,185 ha) (for comparison, Pará: 145,995 tons;

152.837 ha; 53% of Brazilian production) (IBGE, 2023).

Although some of the meliponine species identified in our study

show a wide geographic distribution, with documented occurrence

in more than 10 Brazilian states (7 spp.; 13.5%), most are restricted

to one (7 spp.; 13.5%), two (4 spp.; 7.7%), three (14 spp.; 26.9%), or

four (7 spp.; 13.5%) states (Figure 2; Supplementary Material 1).

The species with the largest distribution is Tetragonisca angustula,

ranging from southern Brazil, northern Paraguay and Argentina to

Belize and southern Mexico (Figure 3).
3.3 Timing of foraging

The light intensity necessary for foraging decreased exponentially

with increasing body size (nonlinear regression, exponential decay:R²adj

= 0.971). The smallest species for which we found information on light

intensity thresholds was Trigonisca pipioli (ITD = 0.8mm), who initiates

foraging, on average, at 72 lux. Bigger species, Tetragonisca angustula

(ITD = 1.0 mm) and Frieseomelitta doederleini (ITD = 1.4 mm) have

documented light intensity thresholds of 30 and 10 lux, respectively

(Figure 4A). In open environments or at canopy level, the illuminance

necessary for foraging by these three Meliponini are reached already 30

minutes before sunrise. In the understory, however, light intensities are

only 1% to 10% of those at canopy level (Figure 4B). In these shady

environments, light levels necessary for foraging byT. pipioli are attained

only at sunrise, whereas F. doederleinimay already be active 30 minutes

earlier (Figure 4B). Importantly, at the time of full anther dehiscence of

coca flowers (3.8 hours after sunrise, hours) or during the period of

maximum receptivity of the stigmata (6.8 hours) (Figure 5B), light levels

in the understory are around 5,000 lux (Figure 4B) and, thus, far above

activity threshold of small bee species (Figure 4A).

Concerning foraging activity, we found information on 21 out of

the 52 classified Meliponini in 21 studies (Table 1). For 10 species we

obtained data on onset and end of colony foraging activity in addition

to the timing of flower visits (Figure 5A; Table 1; Supplementary

Material 2). Flower visits occurred between sunrise and almost 10

hours after sunrise (earliest observation = 0.02 hours; latest observation

= 9.3 hours; average = 5.3 hours) (Figure 5A). Colonies of stingless bee

species, for which we found more than a single information on flight

activity at the nest entrance, initiated foraging, on average on hour after
FIGURE 2

Small stingless bee species native to the Brazilian Amazon. Given are
species names, the number of Brazilian states in which each species
occurs and their respective intertegular distance (ITD).
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sunrise, had an activity peak 6 to 7 hours after sunrise, and stopped

foraging at sunset (F. doederleini: average foraging onset, FO = 1.6

hours; average foraging peak, FP = 6.5 hours; average foraging end, FE

= 10.8 hours,N = 18; F. varia: FO = 1.4 hours, FP = 7.1 hours, FE = 10.9

hours, N = 4; T. angustula: FO = 1.7 hours, FP = 6.9 hours, FE = 11.1

hours, N = 21) (Figure 5A).
3.4 Stratum preferences

For themajority ofMeliponini classified in our study,we found little

information on the variety of plants visited, given that most species had

been observed only in studies focusing on a specific pant/crop

(Figure 6A; Table 1; Supplementary Material 2). The known food

source spectrum broadened considerably in species for which

palynological studies were available (F. flavicornis, F. longipes, F.
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portoi, F. silvestrii, F. trichocerata, F. varia, Nannotrigona minuta,

Nogueirapis butteli, Plebeia minima, Scaura latitarsis, S. tenuis, T.

angustula) (Table 1). Floral resource richness was significantly

associated with the number of studies available (sigmoidal nonlinear

regression: R² adj = 0.78; P < 0.0001) (Figure 6A), which highlights the

need for additional investigations to get a more complete picture of the

niche breath a given bee species.

The Meliponini with the highest documented food spectrum

were T. angustula (367 spp.), F. varia (197 spp.) F. longipes (98 spp.)

(Table 1; Supplementary Material 2). In most meliponine species/

genera, for which at least 10 plant resources are specified in the

literature, trees were the preferred stratum, accounting for between

22.7 to 60.5% of visited plants (average = 39.9 ± 10.4%) (Figure 6B).

However, putative understory strata combined (herbs, subshrubs,

shrubs, and lianas) amounted for between 33.3 and 72.7% of visited

plants (average = 49.6 ± 11.4%) (Figure 6B).
FIGURE 3

Examples of small stingless bee species native to the Brazilian Amazon. Given are geographic positions (orange-filled circles) and the states or provinces of
documented occurrences (yellow-shaded areas). Mean intertegular distance (ITD) and body length (BL) of the respective species are indicated as
documented in the literature (see Table 1). Grey-shaded background, present-day cocoa distribution; blue-shaded area, presumed origin of Theobroma
cacao; based on Zarrillo et al. (2018). Images of the respective species © Entomological Collection “Prof. J.M.F. Camargo,” FFCLRP/USP.
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3.5 Nesting behavior

We found information on the nesting behavior of 38 out of the

52 classified Meliponini in the scientific literature (9 studies). Of

these, 21 species build their nests in tree cavities, two nest in the soil,

and 15 utilize multiple sites. The nesting habits of 14 species have

remained unknown to this date (Table 1).
4 Discussion

The clumped occurrence of ancestral Theobroma cacao,

scattered over ample areas of tropical rain forest, asks for

medium- to long-range pollen transfer to guarantee allele

exchange between patches (Young and Severson, 1994). Thus,

population maintenance based on a pure midge-based pollination,

whose movement range is usually less than 10 meters (Chumacero

de Schawe et al., 2018), appears a rather fruitless endeavor.

Although T. cacao might be on an evolutionary transition to

pollination by small dipterans (Young, 1985a), there is

circumstantial evidence that hints at bees as potential pollinators

of cocoa in its wild-type form. (1) The reproductive period of

flowers is predominantly diurnal, with progressive dehiscence of the
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anthers in the early morning (full dehiscence after 09h00) and

maximum receptivity of the stigmata around noon (Young et al.,

1987; Montoya and Cruzatty, 2014; Jaramillo et al., 2024;

Figure 5B). Although midges can be found in cocoa plantations

from dawn till dusk (Young, 1985a; Frimpong et al., 2009), their

activity on flowers is more common in the early morning and late

afternoon (Young, 1985a). Small stingless bees, by contrast, initiate

foraging at sunrise. Their peak activity around noon (Figure 5)

coincides with the timing of maximum stigma/style receptivity and

the concentration peak of volatiles of the floral bouquet, which

contains several compounds known to attract bees (Erickson et al.,

1987). (2) Flowering of T. cacao peaks between the late dry season

and the mid-rainy season yet declines considerably late in the rainy
B

A

FIGURE 4

Association between foraging activity of small stingless bees and
light intensity. (A) The illuminance level necessary for flight (Light
intensity threshold) decreases exponentially with bee size
(Intertegular distance) (dashed line, exponential decay regression).
(B) Variations in light intensity over a day at canopy level and in the
understory of tropical forests (based on MH, unpublished; Yoda,
1974; Becek and Salim, 2019; Matuso et al., 2021). Dashed arrow
lines indicate the onset and end of foraging activity of small stingless
bees based on their light intensity thresholds (see A). Species are
abbreviated as follows: FR_DO, Frieseomelitta doederleini; TE_AN,
Tetragonisca angustula; TR_PI, Trigonisca pipioli..
B

A

FIGURE 5

Foraging activity of small stingless bee species native to the Brazilian
Amazon. (A) Records of foraging activity of bees in scientific
literature, documented either as flower visits (circles) or as the onset
(up-poiting triangle), peak (diamond), and end (down-pointing
triangle) of colony flight activity; each symbol represents a single
literature record (for details and references see Table 1;
Supplementary Material 2). (B) Reproductive phenology of cocoa
flowers. Given are the times of full dehiscence of the anthers (100%
dehiscent) and the maximum receptivity of the stigmata (based on
Young et al., 1987). Species are abbreviated as follows: CE_LO,
Celetrigona longicornis; DO_LO, Dolichotrigona longitarsis; FR_DO,
Frieseomelitta doederleini; FR_LO, Frieseomelitta longipes; FR_PO,
Frieseomelitta portoi; FR_VA, Frieseomelitta varia; LE_MU,
Leurotrigona muelleri; LE_PU, Leurotrigona pusilla; LE_SP,
Leurotrigona sp.; NA_PU, Nannotrigona punctata; NA_SC,
Nannotrigona schultzei; PL_AL, Plebeia alvarengai; PL_MI, Plebeia
minima; SC_LA, Scaura latitarsis; SC_TE, Scaura tenuis; TE_AN,
Tetragonisca angustula; TR_DO, Trigonisca dobzhanskyi; TR_HI,
Trigonisca hirticornis; TR_UN, Trigonisca unidentata; TR_VI,
Trigonisca vitrifrons; TR_SP, Trigonisca sp.
frontiersin.org

https://doi.org/10.3389/frbee.2024.1357811
https://www.frontiersin.org/journals/bee-science
https://www.frontiersin.org


Maia-Silva et al. 10.3389/frbee.2024.1357811
season (Young, 1983; Frimpong et al., 2009 – for precipitation data

see Dawoe et al., 2018). Midge populations in cocoa plantations, if

not adequately managed, decrease through the dry season, which

causes a certain asynchrony between the abundance of these insects

and cocoa flowering (Young, 1983; Frimpong et al., 2009). Stingless

bees, by contrast, are active all year round, since the maintenance of

their perennial colonies requires constant food provisioning

(Grüter, 2020). Colony foraging, however, is strongly influenced

by the availability of floral resources in the environment (Maia-Silva

et al., 2015; Campbell et al., 2019; Freitas et al., 2023). In the

Amazon region, the number of flowering plants and, consequently,

the food collection by stingless bee colonies decline during the rainy

season (Frankie et al., 1974; Roubik, 1982; Veiga et al., 2013;

Campbell et al., 2019). Thus, higher bee activity during the dry

season and at the beginning of the rainy season concurs with an

increase in flowering activity of T. cacao.
4.1 Small stingless bees as potential
cocoa pollinators

In the present study, we highlight 52 small stingless bee species

native to the Brazilian Amazon region as potential cocoa pollinators.

Despite their reduced body size (intertegular distance, ITD = 0.5–1.4

mm; body length = 2.2–6.0 mm), the foraging area of these Meliponini

may range between a couple hundred meters to almost one kilometer

around their colonies (Grüter and Hayes, 2022). As far as is known,

stingless bees collect floral resources during the day (Teixeira and

Campos, 2005; Streinzer et al., 2016; Figure 5A). Although bigger

species may initiate foraging at nautical twilight levels, at an

illuminance below 2 lux, the eye-size and associated visual physiology

of small species restrain their activity to higher light levels (Streinzer

et al., 2016; Aguiar et al., 2023). It has been argued that the strongly

reduced light regime owing to shading in cocoa plantations, particularly

in agroforests, limits the visitation of T. cacao flowers by bees (Young,

1985b). However, foraging of small Meliponini may occur at an

illuminance corresponding dawn (around 80 lux; Figure 4B). Thus, at

least from the viewpoint of visual physiology, they should well be capable

to visit cocoa flowers after full dehiscence of the anthers and during

maximum receptivity of the stigmata even under heavy shade cover

(100% dehiscence at 3.8 hours after sunrise: approx. 111,000 lux at

canopy level; approx. 5,000 lux in the understory; maximum receptivity

at 6.8 hours after sunrise: approx. 151,000 lux at canopy level; approx.

5,000 lux in the understory; Figure 4B). The bees’ potential to forage

under reduced light regimes is corroborated by the finding that, despite a

certain preference for trees, between 20 and 60% of the naturally

exploited food sources are understory vegetation, including herbs,

subshrubs, shrubs, and lianas (Figure 6B). Depending on the height

above ground, at which these plants bloom, and the trees’ crown area,

the light levels may be less than 1% of the illuminance at canopy level

(Yoda, 1974; MacDougall and Kellmann, 1992; Matuso et al., 2021).

Thus, food collection at understory vegetation, particularly at herbs and

subshrubs in forest environments, relies on the capacity to forage under

low light conditions. Although some meliponine species prefer sunlit

food patches (Biesmeijer et al., 1999), this is an issue of thermal

physiology, associated with body coloration rather than size
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(Pereboom and Biesmeijer, 2003; Ramos et al., 2024). In any case,

bees that are capable of foraging in the sun without overheatingmay take

advantage of flowers located on thin branches in the crown, which is

common in ancestral forms of T. cacao in the wild (Young et al., 1987).

Bees that preferentially forage at shaded patches to avoid overheating, by

contrast, may visit flowers on lower branches even under densely shaded

conditions as is the case in cocoa agroforests (Young et al., 1987).

Whether or not stingless bees are, de facto, pollinators of cocoa

flowers, has remained an open debate. Early studies showed a low

efficiency of Tetragonisca angustula as cocoa pollinator under natural

conditions (0.8% of visited cocoa flowers that had not been knocked off

during the visit produced fruit; control: 0.2% of flowers sheltered from

floral visitors produced fruit; Young, 1981) and postulated that foragers

of this meliponine species are mere pollen thieves (Young, 1981, 1985).

More recently, however, it has been documented that foragers of T.

angustula pass through the staminode fence and enter in contact with

the stigmatic surfaces of cocoa flowers (Jaramillo et al., 2024), which

gives reason to believe that at least some Meliponini may not only visit

but also pollinate T. cacao. In contrast to midges, stingless bees have

specialized body structures, such as the corbiculae, which allow them to

effectively collect and transport large amounts of pollen, therewith

facilitating pollination (Michener, 2007; Martins et al., 2014; Engel and

Rasmussen, 2020). Given that social bee foragers do not collect floral

resources for their own sustenance, but to provide nutrients for the

colony, they typically return to previously known food sources, where

they visit numerous flowers (Soria, 1975; Young, 1981). The extended

duration of these visits for food collection, coupled with the adherence

of pollen grains to their bodies when in contact with pistils, make bees

key agents in systems depending on cross-pollination as they move

between flowers (Westerkamp, 1996).

Although effective pollen deposition on the female parts of cocoa

flowers by small stingless bees cannot be ruled out, it has not been

observed so far. Howsoever, pollen grains littered by bees while

handling the anthers may sediment in the petal hoods, thereby

facilitating eventual adhesion to midges or other minute arthropods

crawling through the flowers and, thus, pollen transfer to the stigma

(Young et al., 1984; Young, 1985a). In addition to promoting self-

pollination (thrip-mediated self-pollination of Ranunculus secleratus

and Potentilla rivalis: Baker and Cruden, 1991; ant-mediated self-

pollination of Blandfordia grandiflora: Ramsey, 1995), the coincidental

deposition by crawling flower visitors has been shown to increase the

seed set of self-incompatible plants, yet only in association with flower

visits by bees (for Conospermum undulatum: Delnevo et al., 2020).

Given the high variety and abundance of minute arthropods in cocoa

flowers (Bigger, 2012; Toledo-Hernández et al., 2017), joint pollination

involving different species or functional groups appears a promising

topic for future research.
4.2 Opportunities and challenges for
targeted cocoa pollination by
stingless bees

A major drawback concerning the importance of stingless bees for

commercial pollination of T. cacao is their reduced attraction to the

flowers, which may be the result of artificial selection and cloning for
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agricultural purposes (Young and Severson, 1994). Thus, Meliponini

must be “convinced” to visit the flowers of cultivars in cocoa

plantations and agroforests. A possibility to enhance floral visits by

social bees to crop flowers is through targeted pollination (Farina et al.,

2023a). Prior to introducing managed colonies into crops, they are fed

with sugar syrup scented with the odor of the target flowers, or a

synthetic odor mixture that mimics the bouquet (Farina et al., 2020).

During repeated exposure to the scented food, bees learn to associate

the odor with reward and establish specific olfactory memories (Farina

et al., 2005). The olfactory information gained inside the nest biases the

foraging decisions of individuals in the field (Arenas et al., 2007, 2008),

therewith enhancing the colonies’ visitation rate to target crop flowers

(Farina et al., 2020, 2022, 2023b). Importantly for the relatively

nectarless cocoa flowers (Young et al., 1984), the success of this

protocol for managed pollination has been documented also for

crops whose flowers offer little or no nectar reward like pear (Farina

et al., 2022). Feeding colonies with scented syrup, presumably, activates

mainly nectar foragers (Farina et al., 2023a). However, some foragers

may switch to pollen collection, particularly if the “promised” nectar

source has a lower productivity than expected by the bees based on

their experience in the nest (Arenas and Kohlmaier, 2019).

These studies, all using honey bees (Apis mellifera) as model

organism, highlight three conditions that must be met to guarantee

the success of targeted crop pollination. (1) The bee species in question

needs to be manageable. (2) The bees must show a certain level of

olfactory associative learning. (3) The bees must show the capacity to

transfer scent information learnt inside the nest to the foraging context.

Luckily, stingless bees comply with the first two of these requirements,

while the third has remained largely understudied so far. (1) Unlike

with A. mellifera, there is no standard hive model for stingless bees.

Traditionally, many beekeepers, who manage stingless bees, just leave

the colony inside the original tree trunk (Crane, 1999; Quezada-Euán,

2018), which limits the possibilities of manipulation (Contrera et al.,

2011). To improve the practicability of meliponiculture, several types of

hives have been developed over the past fifty years (Nogueira-Neto,

1970; Crane, 1999; Contrera et al., 2011), varying in in size and format

to optimize honey extraction and colony division of a particular species

(Oliveira, R. C. et al., 2013; Barbieri et al., 2019). For the Meliponini

classified in our study as potential cocoa pollinators, we found

references for the nesting behavior of 38 species, 26 of which species

build their nests, at least facultatively, in tree cavities (Table 1), which

facilitates their transfer to rational hives. Although it is possible to keep

soil nesting species in nest-boxes (Imperatriz-Fonseca, 1973, 1978;

Ribeiro, 2008), new colonies are usually established in underground

cavities (Imperatriz-Fonseca, 1990). Thus, attracting these species to

trap-nests, a common practice by beekeepers to obtain new colonies

(Oliveira, R. C. et al., 2013), is, at the very least, difficult. For only few of

the Meliponini highlighted in our study, successful establishment of

colonies under managed conditions has been documented so far

(Frieseomelitta varia, F. longipes, F. silvestrii, F. trichocerata,

Leurotrigona muelleri, Nannotrigona melanocera, Plebeia minima,

Scaura latitarsis, S. longula, S. tenuis, Tetragonisca angustula:

Nogueira-Neto, 1970; Mateus et al., 2013; Oliveira, F. F. et al., 2013;

Barbieri et al., 2019; Leão et al., 2024). However, species usually thrive

well when kept in nest-boxes of adequate size and in appropriate

thermal conditions (CMS, MH, VLIF, personal observations).
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(2) Similarly to honey bees, stingless bees show the capacity to

establish long lasting olfactory memories when trained on a specific

scent (Aguiar et al., 2023). Particularly interesting for protocols of

targeted crop pollination is the possibility to induce these olfactory

memories through feeding the colonies with scented sucrose solution

inside the nest (Mc Cabe and Farina, 2009, 2010). To this date,

unfortunately, only two meliponine species have been investigated

concerning the acquisition of olfactory information through in-hive

feeding, one of these, however, a species classified by our study as

potential cocoa pollinator (T. angustula: Mc Cabe and Farina, 2010).

(3) It is most likely that foragers use learnt scent-reward contingencies

for their foraging decisions. At least when trained to artificially scented

food at outdoor feeders, or when exposed to a particular odor in the

laboratory, foragers show a preference for this scent in the field (Mc

Cabe and Farina, 2010; Roselino and Hrncir, 2012). Crucial, in any

case, for a potential targeted cocoa pollination is the fact that stingless

bees, similarly to honey bees, may switch from nectar to pollen foraging

in case the nectar source becomes unavailable (shown in Plebeia

tobagoensis: Hofstede and Sommeijer, 2006).

An important requirement for the success of any forms of directed

pollination by stingless bees is an appropriate habitat quality that

permits the maintenance of managed colonies within or near crops

and, moreover, allows for gene exchange with natural populations.

Small Meliponini, in particular, are highly vulnerable to deforestation

(Mayes et al., 2019), since their reduced foraging range limits the access

to food when resources become scarce or disconnected (Araújo et al.,

2004; Greenleaf et al., 2007; Hrncir, 2022). Thus, at landscape-level,

protection of continuous and interconnected forest areas next to crop

plantations is essential to ensure the survival of bee populations

(Campbell et al., 2018). To increase the biodiversity of small bees,

the conservation of natural habitats and the sustainable management of

agricultural landscapes are fundamental for providing sufficient

resources for natural pollinators (Ulyshen et al., 2023). These

resources include suitable nesting habitats (e.g., tree cavities and soil

substrates) as well as plants that bees may use as additional pollen and

nectar sources (Kremen et al., 2007; Ricketts et al., 2008).

In Brazil, cocoa is mostly cultivated in agroforests (Cuenca and

Nazario, 2004), which are a valuable resort for managed stingless

bee colonies. Agroforestry is a land management approach that

involves the incorporation of trees and shrubs into agricultural and

rural landscapes, aiming at enhancing productivity, profitability,

diversity, and overall ecosystem sustainability (Kang and

Akinnifesi, 2000; Nair, 2007, 2011; Jose, 2009; François et al.,

2023). Brazilian agroforests may play an important role in

stingless bee conservation due to their high floral and structural

diversity (Jose, 2012), which increases the availability of both

potential food sources and nesting options (Jha and Vandermeer,

2010; Delgado et al., 2022) and improves the microclimatic

conditions for foraging and development (Tscharntke et al., 2011;

Betrup et al., 2019). Moreover, agroforests contribute to biodiversity

conservation through enhancing landscape connectivity between

habitat remnants of natural habitat (Moguel and Toledo, 1999;

Betrup et al., 2019). The consequently reduced pressure on

biodiversity promotes functional services, including pollination

(Toledo-Hernández et al., 2021) and pest control (Andow, 1991;

Tscharntke et al., 2011; Ferreira, D. F. et al., 2023), which,
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eventually, lead to increases in crop yields (Betrup et al., 2019;

Sabino et al., 2022).
4.3 The way forward

In Brazil, cocoa cultivation plays a vital role in family farming,

providing income and subsistence for smallholder farmers (Cuenca and

Nazario, 2004). Enhancing cocoa production through targeted crop

pollination, therefore, not only increases yields, but also improves the

livelihood of rural communities (Donald, 2004). Although our study

highlights the potential of small Meliponini as pollinators of T. cacao, it

reveals considerable gaps-of-knowledge. So far, we know only little

concerning the nesting behavior and foraging activity of most

neotropical species, particularly the smallest ones that, owing to size,

might be most suitable for cocoa pollination (Table 1). We know even

less about the Meliponini of Africa and Southeast Asia, which currently

share more than 80% of the global cocoa production (Suri and Basu,

2022). Intriguingly, a survey of potential pollinators of T. cacao in Ghana

reported visits of cocoa flowers by Liotrigona bouyssoui (as L. parvula)

(Frimpong et al., 2009), a minute stingless bee species with a body length

(BL) of less than 4 mm (Grüter, 2020). Moreover, pollen of T. cacao was

detected in the honey of small Indonesian Meliponini, Tetragonula

laeviceps (BL = 4.0 mm) and Heterotrogona itama (BL = 6.1 mm)

(Anggadhania et al., 2020; Jayadi and Susandarini, 2020; for body size see

Purwanto et al., 2022). These findings highlight the global potential of

targeted cocoa pollination by stingless bees. Yet, studies are urgent to

determine the physiological and behavioral requirements for targeted

crop pollination, such as the capacity of olfactory associative learning and

the capability to transfer scent information learnt inside the nest to the

foraging context. From our list of potential cocoa pollinators, scent

learning-studies have only been performed on Tetragonisca angustula

(McCabe and Farina, 2010). Thus, important next steps should comprise

detailed studies particularly on foraging behavior and olfactory learning

to validate the potential of the meliponine species from our list as cocoa

pollinators. In sequence, managed colonies of themost promising species

should be introduced into cocoa plantations, particularly in agroforests,

to quantify the effect of their pollination services for crop yields. Studies

investigating the efficiency of such directed pollination by stingless bees,

so far, documented a positive effect on the yield of several economically

important crops, including acai (Muto et al., 2020), apple (Viana et al.,

2014), macadamia (Heard, 1999), and watermelon (Layek et al., 2021).

Moreover, significant contributions of pollination by Meliponini to the

fruit set in avocado (Can-Alonzo et al., 2005), coconut (Heard, 1999),

and coffee (Klein et al., 2003) point to the potential of this social bee

group for directed crop pollination. At local level, the incorporation of

managed stingless bee colonies into family farms and agroforests may

provide an efficient strategy to secure crop productivity, smallholder

farmers’ income and biodiversity conservation.
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https://fliphtml5.com/ijia/fukf/basic (Accessed July 02, 2024).

Morán, C. Q., Schettini, G. N., Ochoa, D. F., González, A. B., Cantos, I. S., and
Jazayeri, S. M. (2021). Selection of self-compatible progenies of high productivity cocoa
in the Ecuadorian coast. Cienc. Tecnol. 14, 11–21. doi: 10.18779/cyt.v14i1.448

Moreno, E., Vit, P., Aguilar, I., and Barth, O. M. (2023). Melissopalynology of Coffea
arabica honey produced by the stingless bee Tetragonisca angustula (Latreille 1811)
from Alajuela, Costa Rica. AIMS Agric. Food 8, 804–831. doi: 10.3934/agrfood.2023043
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Amazônia, Manaus.

Nogueira, D. S., Oliveira, F. F., and Oliveira, M. L. (2017). The real taxonomic
identity of Trigona latitarsis Friese 1900, with notes on type specimens (Hymenoptera,
Apidae). Zookeys 2, 113–130. doi: 10.3897/zookeys.713.11653

Nogueira, D. S., Ribeiro, C. F., and Oliveira, M. L. (2020). Redescription of
Nogueirapis Moure 1953 with two new species from the Amazon Forest
(Hymenoptera: Apidae: Meliponini). Zootaxa 4859, 138–150. doi: 10.11646/
zootaxa.4859.1.6

Nogueira, D. S., Rocha, E. E. M., Félix, J. A., Andrade, M. A. P., Cortopassi-Laurino, M.,
Alves, R. M. O., et al. (2023). Notes on the biology of Scaura (Hymenoptera: Apidae:
Meliponini). J. Apicult. Res. 62, 47–63. doi: 10.1080/00218839.2021.1940743

Nogueira-Neto, P. (1970). A Criação de Abelhas Indígenas Sem Ferrão, 2nd edn (São
Paulo: Editora Chácaras e Quintais).

Novais, J. S., and Absy, M. L. (2013). Palynological examination of the pollen pots of
native stingless bees from the Lower Amazon region in Pará, Brazil. Palynology 37,
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Obregón, D., Rodrıǵuez, C. Á., Chamorro, F. J., and Nates-Parra, G. (2013).
“Botanical origin of pot-honey from Tetragonisca angustula Latreille in Colombia,”
in Pot-Honey: A Legacy of Stingless Bees. Eds. P. Vit, S. R. M. Pedro and D. Roubik
(Springer, New York), 337–346.

Oliveira, F. F., Richers, B. T. T., Silva, J. R., Farias, R. C., and Matos, T. A. L. (2013).
Guia Ilustrado das Abelhas “Sem Ferrão” das Reservas Amanã e Mamirauá, Amazonas,
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Uso na Polinizacã̧o Agrıćola. Polinizadores no Brasil: Contribuicã̧o e Perspectivas para a
Biodiversidade, Uso Sustentável, Conservacã̧o e Serviços Ambientais (São Paulo: Editora da
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