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Abstract

Stingless bee honey (SBH) is a prime natural product consumed and used for diverse medicinal and traditional purposes
by local communities across the (sub-)tropics. The drivers of its compositional variation within and among species remain
poorly understood, although this could inform broader and less explored eco-evolutionary theories. In this study, we aimed to
disentangle the roles of evolutionary and environmental drivers of SBH compositional variation using a sampling design that
combines honey profiling by HI-NMR spectroscopy with the collection of honeys from honey bees and stingless bees. Our results
show a clear differentiation between the chemical composition and functional diversity of honey bee and stingless bee honeys,
without identifying a clear continental, phylogenetic or ecological pattern. We provide the first global and comprehensive
characterization of SBH composition, a prerequisite for the establishment of standards for while highlighting the need for more

interdisciplinary and trans-sectoral research.

Introduction

The concept of extended phenotype lies in the idea that a gene exerts effects beyond the organism itself,
by creating physical structures, modifying the environment or manipulating other organisms to increase its
reproductive success. Ever since Dawkins introduced the theoretical framework of “extended phenotype”
(Dawkins, 1982), contemporary evolutionary biology has demonstrated its influence by providing numer-
ous examples of complex relationships and adaptations in all taxonomic groups (Camargo & Pedro, 2003;
Whitham et al., 2003; Cui et al., 2020; Fernandez et al., 2022; DeLong et al., 2022). As the introduction of
this conceptual framework stimulated both heated debates and a great deal of research activity (Dawkins,
2004; Hunter, 2018), its incorporation into quantitative and empirical approaches in an attempt to bridge the
gap between genotypes and environments towards an integrated theory of evolution remains a challenge. The
environment, usually seen as an independent component of phenotypic variation in quantitative genetics,
is instead viewed as a variable affected by the genotype (Bailey, 2012; Edelaar et al., 2023). The inves-
tigation into extended phenotypes, including behavioral manipulation or housing structure and associated
microorganisms, has many potential applications in the fields of ecology and agriculture (Woods et al., 2021;



Favela et al., 2023). This is particularly relevant for keystones species (“whose impact on its community or
ecosystem is large, and disproportionately large relative to its abundance” (Power et al., 1996)) such as social
insects (Elizalde et al., 2020). In the case of social bees, their ecological and economical importance triggered
research on their related extended phenotype, mainly focusing on nesting (Smith et al., 2015), foraging and
communication (Hughes, 2008; Schaedelin & Taborsky, 2009) yet overlooking their most renowned product,
honey. Honey production combines the features of the extended phenotype with a well-defined genetic basis,
from foraging (Page et al., 2000) to nectar collection and processing by bee enzymes (Kunieda et al., 2006;
Vannette et al., 2015) and symbiotic microorganisms (de Paula et al., 2021). Further, this contributes to the
colony fitness not only as stored source of carbohydrates, but also for improving immunity and regulating
temperature, development and adult longevity (Berenbaum & Calla, 2021).

Although the production of honey has been the hallmark of Apis mellifera in Europe, the well-known Western
honey bee spread across the entire world, another tribe of social bees called stingless bees (Apidae, Subfamily
Meliponinae) are found exclusively in the (sub-)tropical regions and produce honey used for its nutritional
and medicinal properties (Chuttong et al., 2018; Pimentel et al., 2021; Noiset et al., 2022; Héger et al., 2023;
Vit et al., 2024). Approximately 600 species of stingless bees belonging to 45 genera have been described to
this date (Engel et al., 2023), making Meliponinae the largest group of corbiculate bees. Despite this great
diversity, stingless bees and their products have been relatively less studied than honey bees and have mainly
been investigated in a few Neotropical countries (Brazil & Mexico in the lead), neglecting other Neotropical
countries, the Afrotropics and the Indomalayan, Papuasian, and Australian (IPA) region (Nordin et al.,
2018). Stingless bee honey (SBH) has higher water content than honey from A. mellifera , which allows
the persistence of hydrophilous symbiotic microorganisms involved in sugar fermentation (Menezes et al.,
2013). This is a key process for the preservation of honey that results in a less sweet and more acidic product
(Biluca et al., 2016) but also in the production of a range of unique by-products associated with health
benefits (Fletcher et al., 2020). Additionally, honey microbiota and phytochemicals transferred from honey
pots made of cerumen (a mix of wax and propolis) contributes to its medicinal properties by introducing
antimicrobial compounds to reduce the proliferation of competing microorganism (Ngalimat et al., 2020;
Chuttong et al., 2023). Therefore, SBH may be the extended phenotype of the hive but also the one of the
microorganisms hosted by honey and bees. These microorganisms benefits as well from this aqueous solutions
that has been proposed to be the natural habitat of some osmophilic yeasts (Matos et al., 2020).

The understanding of the compositional variability of SBH is still limited due to the numerous sources of
variation interacting with each other. Biochemical reactions in stingless bee honey vary according to the bee
species producing enzymes, processing dynamics and the microbiota (Souza et al., 2021). Honey microbiota
varies according to the foraging patterns, nectar microbiota, environment, hive and the bee species trough
vertical and horizontal transmission, the relative importance of each has yet to be defined (Cerqueira et al.,
2024). Stingless bee also visits a wide variety of (sub-)tropical plants (Bueno et al., 2023) whose nectar and
microbiota composition vary, adding significant levels of phytochemicals and amino acids to honey (Shamsu-
din et al., 2019; Biluca et al., 2019). Nectar composition itself is influenced by ecological (water availability,
temperature, soil factors, interactions with herbivores and nectar robbers) and evolutionary drivers such as
plant phylogenetic constraints and pollination syndrome (Nicolson & Thornburg, 2007; Parachnowitsch et
al., 2019). Foraging activity of stingless bees also include resin collection to build nests and honey pots which
also influence honey composition and properties (Kegode et al., 2023; Villagomez et al., 2024; Nakamura et
al., 2024). Beyond these complex factors, the lack of scientific research on the physico-chemical characteristics
and bio-functional properties of SBH from the Afrotropics and the Indomalayan, Papuasian, and Australian
regions hinder the exploration of the evolutionary ecology hypothesis regarding SBH.

To fill these gaps, our study aimed to work at the global level to i) characterize the differences between
the composition of honeys from stingless bees and honey bees using advanced chemometric methods, ii)
investigate patterns of compositional variation among tropical regions and finally iii) disentangle the roles of
evolutionary history and environmental conditions on honey properties. Ultimately, we aim to provide the
basis of a theoretical framework to understand the drivers of compositional variability of SBH.



Material and methods
Sample collection .

To investigate the compositional variation of SBH and Apis spp. honey, we collected honey samples from
diverse geographic regions across the world within all five continents (Figure 1; Supplementary Table 1 &
2) between January 2019 and July 2022. We collected samples from different countries within each targeted
region to ensure broad representation of the environmental and ecological diversity of stingless bee habitat.
Collection sites within each country were selected based on the availability of honey samples produced by
both stingless bees and honey bees. Honey samples were collected during similar periods across different
locations whenever possible to minimize the impact of inter-seasonal variation in honey composition and
properties (Aleixo et al., 2017).

Stingless bee honeys (n = 150) from 48 species distributed in 23 genera (Full list in Supplementary Table 1) in
the subfamily Meliponinae were collected from managed colonies in the Afrotropics (n = 50), the Neotropics
(n = 50) and the Indo-Malayan region (n = 50). Two extraction methods described by Mokaya et al., 2022
were employed to harvest honey directly from sealed pots within the nest. The stingless bee species identity
was provided by the meliponiculturists (i.e. stingless bee beekeepers) during honey harvest and confirmed
by identification of voucher specimens. Apis mellifera (n = 69), Apis cerana (n=12), Apis florea (n=2) and
Apis dorsata (n=2) honeys were extracted from managed colonies by squeezing the honeycomb. A volume
of 10 ml of honey was collected from each colony and placed in a sterilized container. After honey collection
in the field, honey bee samples were stored in a fridge (< 5 °C) while SBH honeys were stored in a freezer
to prevent fermentation due to their higher water content.
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Figure 1 : Geographical distribution of honey samples harvested from honey bees (n=90) and stingless bees
(n=150) colonies. We collected SBH from twenty-three genera in the subfamily Meliponinae from managed
colonies (meliponaries, i.e., stingless bee colony nurseries) in the Afrotropics (n = 50), the Neotropics (n =
50) and the Indo-Malayan region (n = 50). See Methods and Results sections for more details.

Honey profiling by 1H-NMR spectroscopy

To characterize the compounds and properties of our honey samples, we used H* Nuclear Magnetic Resonance
spectroscopy (hereafter HI-NMR spectroscopy), a state-of-the-art analytical technique increasingly used
alongside chemometrics statistical approaches for the qualitative and quantitative control of honeys, as well
as to assess the botanical origin of honeys and to quantify their major constituting compounds (Schievano et
al., 2012; Ohmenhaeuser et al., 2013). HI-NMR, spectroscopy was carried out on all 240 samples described
above at the laboratories of Quality Services International GmbH (QSI, Bremen, Germany) following the
method described in Noiset et al, 2022. We quantified 36 compounds grouped in five categories : sugars
(n=10), organic acids (n=3), amino acids (n=8), fermentation markers (i.e., all the compounds involved in
sugar transformation trough alcoholic, acetic and lactic fermentation; n=10) and anti-microbial compounds
(n=5) (Supplementary Table 3).

Another set of physicochemical data of honey samples of Apis mellifera (n = 10) from Mexico analysed



according to the protocol described previously at the QSI laboratories were pooled with our dataset of 90
Apis spp. samples; this provided a better balance between the number of honey bee and stingless bee samples
analysed in this study.

Statistical analyses

All the statistical analyses presented here were performed in RStudio (RStudio Team, 2020) for R (R Core
Team, 2021). Our raw data were first transformed using the Hellinger transformation (square root trans-
formation of the relative concentration in each sample) to limit the influence of higher values and compute
Euclidean distance matrix between each sample. We performed a Principal Component Analysis (PCA) on
this distance matrix to identify variables significantly explaining the variation in physico-chemical charac-
teristics in our dataset using the vegan package (version 2.6-4) (Oksanen et al., 2022) to obtain a set of 13
variables in our final dataset : fructose, glucose, turanose, maltose, mannose, glutamine, leucine, proline,
valine, acetic acid, lactic acid, formic acid, pyruvic acid.

The raw data of the selected compounds were standardized using the double Wisconsin transformation. Using
this approach, each value in the “species x compounds” matrix was divided by its column maximum, and then
divided by the row total, producing values between 0 and 1 that equalize emphasis among sample units and
among species. Bray—Curtis dissimilarities were computed on the transformed data to conduct multivariate
analyses using the vegan package. We then performed Permutational Multivariate Analysis of Variance
(PERMANOVA) to evaluate significant differences among honey samples from stingless bees and honey bees.
These differences between groups of honey samples were illustrated in Non-Metric Multidimensional Scaling
(NMDS) plots using the ggplot2 package (version 3.3.3) (Wickham, 2016) and a dendrogram (hierarchical
clustering) using the ggtree package (version 3.4.1) (Yu, 2020). Indicator compounds analysis was performed
to identify the compounds associated with each taxa using theindicspecies package version (1.7.14) (Céceres
& Legendre, 2009). We also validated the classification of our honey samples using model-based approach.
Our dataset was split in two equal parts to (1) train and (2) test a conditional random forest model that
assigns honey bee or stingless bee label to each sample using theextendedForest package (version 1.6.1) (Liaw
& Wiener, 2002). We also compared honeys from stingless bees and honeys bees in terms of chemical diversity
and dissimilarity by comparing diverse types of indexes : Hill diversity, Functional Hill diversity, Shannon’s
diversity, Simpson diversity, Rao’s Q, Pielou’s evenness and Hill evenness. Diversity indexes assessments were
based on the chemical structure of the 36 compounds quantified using the chemodiv package version (0.3.0)
(Petrén et al., 2023).

We then investigated patterns of variation in SBH composition by testing the differences in the composition
according to the tropical regions. Further analyses performed to estimate the importance of environmen-
tal and phylogenetic constraints on honey composition, using the full dataset at the global scale but also
datasets at the continental scale including honey samples from each of the tropical region. We computed
phylogenetic dissimilarities based on the patristic phylogenetic distances between genera using the phyloge-
ny established by Rasmussen & Cameron, 2010 (Supplementary Fig. 1) using the adephylo package (version
1.1-16) (Jombart & Dray, 2008). Environmental dissimilarities between locations were computed based on 8
variables impacting nectar production (soil moisture, precipitation, solar radiation) and composition (Tree
cover, moisture, temperature, forest density, plant biodiversity). Solar irradiance (The World Bank Group,
2023) and water availability (Topographic wetness; Title & Bemmels, 2018 & Annual Mean precipitation;
Fick & Hijmans, 2017) are the main limiting factors in nectar production, influencing its concentration in
sugar. Humidity (Climatic Moisture Index; Title & Bemmels, 2018) and temperature (Annual Temperature;
Fick & Hijmans, 2017) impact evaporation rate leading to differences nectar viscosity and concentration
(Nicolson & Thornburg, 2007). Honey produced in forest differed in its composition (Lowore et al., 2018;
Cannizzaro et al., 2022) due to the influence of tree cover and density (Forest density; Riitters et al., 2000)
on microclimatic factors (Parachnowitsch et al., 2019). Finally, we included plant biodiversity (native plant
diversity; Ellis et al., 2012) which impact resource availability and pollen profile of honeys (mono-/polyfloral;
de Sousa et al., 2016; Avila et al., 2019). Data were extracted from Raster files using annual or monthly
mean value when available.



We estimated the part of variation of chemical dissimilarity explained by the phylogenetic and environ-
mental dissimilarity matrix using thevarpart function in vegan . Finally, we tested correlations and line-
ar relationships between the Bray-Curtis dissimilarity matrix of chemical composition and the phylogene-
tic/environmental dissimilarities using partial mantel tests and distance-based RDA. Variation partitioning
and correlation analysis were performed at the global but also at continental scale to disentangle ecological
and evolutionary drivers since phylogeny follows a geographical split.

Results

The PERMANOVA showed significant differences between honey samples from stingless bees and honey
bees (p-value = 0.001, df = 1, R? = 0.230). Our NMDS plot (Fig. 2) illustrated these differences, showing a
clear general distinction between the two discrete clusters of samples. The composition of a few samples did
not follow this pattern and had opposite characteristics, resulting in a small number of errors (4 out of 75
samples) for stingless bees in the classifications of the conditional random forest models. Major fermentation
markers (acetic and lactic acid) and sugars (fructose and glucose) were recorded in all honeys, and they
were the most relevant compounds to discriminate the two groups of honeys. Stingless bee honeys had lower
sugars levels and higher fermentation marker levels than honey bees samples. The amino acid levels also
varied significantly among our samples independently of the bee taxa. Finally, our indicator compounds
analysis showed no significant association between bee taxa and a specific compound.
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Figure 2. Non-linear Multidimensional Scaling (NMDS) ordination plots showing the differentiation of
honey samples grouped into two convex hulls to the bee tribe. The results show that SBH were divided in
two discrete groups with little overlap due to one sample of each group that differed from the compositional
profile of its tribe.

Our chemodiversity analysis showed that SBH had a significantly higher richness, evenness, disparity and
functional diversity than honey bees according to all the indexes assessed investigated (Supplementary Fig.
2). Non-sugar compounds represented 7% of the composition of samples from honey bees while these repre-
sented 19% in SBH composition, mainly fermentation markers. Among the three main fermentation markers,



lactic (X2 = 136.87, df = 1, p-value < 2.2e-16) and acetic acid (X2 = 155.64, df = 1, p-value < 2.2e-16)
levels were significantly higher in SBH while ethanol was present in equal concentration.

Differentiation in stingless bee honey composition

The pairwise comparison of SBH between each pair of tropical regions using PERMANOVA showed signi-
ficant differences (p=0.003) in the composition of honeys across regions. However, the proportion of the
variation explained by the geographic group was low (<20%, R2? ranging from 0.05 to 0.183) , with the
lowest value recorded being between the Neotropics and the Afrotropics (5%).

Random forests models and hierarchical clustering (Table 1 & Supplementary Fig. 3) illustrated that the
distinction between groups of honey samples was ambiguous, particularly among samples from the Neotropics
and the Afrotropics. None of the clusters included samples from a single tropical region; instead they were
composed of a mix of samples from widely different geographical origins. Amino acids, fermentation makers
and sugars were significantly varying among each tropical regions (Fig. 3), especially those involved in lactic
acid fermentation (sugars including fructose glucose, raffinose and maltose, pyruvic acid and lactic acid)
which were the most important compounds in the random forest classification. Indicator compound analysis
showed that honeys from the Afrotropics were associated to kynurenic acid (stat = 0.424, p-value = 0.005)
and acetoin (stat = 0.511, p-value = 0.01) and honeys from the Neotropics to methylglyoxal (stat = 0.532,
p-value = 0.005) while we found no significant association between a specific compound and honeys from
the Indo-Malayan region.

Table 1 : Prediction results of the conditional random forest models to predict the geographical origin of
SBH samples.

Predicted Origin True Origin  Afrotropics Indo-Malayan region Neotropics Prediction accuracy

Afrotropics 18 2 5 2%
Indomalayan region 3 22 0 88%
Neotropics 3 5 17 63%
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Figure 3 : Multi-way importance plot illustrating importance measures of each variable in the random
forest decision trees. Significant variables (that are used significantly more often for splitting the decision
trees than if the selection was random) are coloured according to the p-value (*** = <0.001, ** = prediction
accuracy are two measures correlated to the reduction of misclassification when the variable is selected in
the decision tree of the random forest model.



Ecology and evolution of stingless bee honey

Beyond the geographical origin, our analysis of variation partition in SBH composition showed that ecological
and evolutionary drivers and their joint effects were all explaining at least in part, the differences in honey
characteristics (Fig. 4). The importance of each type of drivers varied according to the spatial scale, with
a greater role of the joint effect of ecology and bee phylogeny at the global and Afrotropical level whereas
it was non-significant in IPA region and in the Neotropics. Overall, 40 to 60% of the variation remained

unexplained.
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Figure 4 : Stacked bar plot showing the part of variation in SBH composition explained by each class of
drivers at the global and regional scale.

Global level Afrotropics
r=0.24 r=0.064
Indo-Malayan region Neotropics
N : e
N T g T e
r=0.390*** r=0.203***

Distance classes

The analyses of variation partitioning were consistent with the partial Mantel tests and distance-based RDA
that showed significant correlation and linear relationships between honey composition and phylogenetic and



ecological dissimilarities respectively at both global and continental scale (Supplementary Table 4). The only
exception was the absence of significant correlation between honey composition and ecological dissimilarities
at the global and Afrotropical levels. Mantel correlogram (Fig. 5) showed that the correlations with ecological
drivers were significant for samples collected in similar environment while correlation with phylogeny was
significant for a larger range of distances.

[A] Global level Afrotropics
r=0.257*** . r=0.247***

L Indo-Malayan region Neotropics
V r=0.113*** r=0.251***

Distance classes

Figure 5 : Mantel correlograms showing correlation between each class of distances of honey composition and
phylogenetic (A) and environmental (B) dissimilarities. Pearson’s r and the significance of each association
(*** = <0.001, ** = <0.01, * = were tested using the environmental or the phylogenetic distance matrix as
a control matrix respectively.

Discussion

In this study, we provide evidence for differentiation in compositional profile of honeys produced by stingless
bees and honey bees at an unprecedented spatial scale using advanced analytical and chemometric methods.
Our results highlight that fermentation markers and sugars are the main compounds explaining the pattern
observed between stingless bee and honey bee honeys, which supports recent studies (Muhammad & Sarbon,
2021; Gadge et al., 2024). The transformation of sugars into acids, ethanol and a variety of secondary
metabolites during the fermentation process that occurs in SBH is a major driver of increased chemical
composition diversity. These key differences lies in the transformation of sugars into acetic acid and lactic
acid performed by bacteria, including lactic acid bacteria (LAB) and Bacillus spp. found in SBH (Menezes
et al., 2013; Ngalimat et al., 2020). Our analysis of chemodiversity show that compared to honey bee honey,
SBH had not only a higher compound richness but also a higher structural diversity of compounds (i.e
functional chemodiversity). The simultaneous presence of a greater number of compounds with different
biochemical properties fosters synergetic actions among them (Whitehead et al., 2021; Petrén et al., 2023),
presumably conferring significant reported therapeutic benefits of SBH for both the bee colony and human
health (Rao et al., 2016; Berenbaum & Calla, 2021; Héger et al., 2023). For instance, organic acids produced
during fermentation result in increased antimicrobial properties of honey (e.g. formic and lactic acid; Raftari
et al., 2012) while coupling with the effects of compounds naturally present in nectar, including amino acids
(e. g. phenylalanine which has known neuroprotective effects (Zamri et al., 2023)) and organic acids with
metal-chelating antioxidant activity (Viuda-Martos et al., 2008). Some notable examples include kynurenic
acid, a metabolite known for its anti-inflammatory and antioxidative activity (Turska et al., 2022), that was
only identified in SBH from the Afrotropics (25-198 mg/kg) in proportions approaching levels of chestnut
honey (305 mg/kg in the chestnut honey sample from Turkey in our dataset), one of the main food enriched
in kynurenic acid (Turski et al., 2016). Neotropical SBH were associated to methylglyoxal (0-30 mg/kg), a
key compound of the medical grade Manuka (Leptospermum scoparium ) honey bee honey (400+ mg/kg)



known worldwide for its exceptionally high levels of antibacterial activity (Adams et al., 2009). These results
show how the shared use of SBH by bees and microorganisms may increase both their fitness by protecting
the colony against microbial pathogens and toxins while providing propitious and controlled environment
for symbiotic microorganisms (Menezes et al., 2013; Fernandes et al., 2022), following theoretical research
on extended fitness hypothesis (de Aratjo et al., 2021).

Our study illustrates a significant magnitude of variation in the compositional profiles of SBH, driven by
a range of compounds including sugars, amino acids and fermentation markers. Unexpectedly, our analyses
did not allow to pinpoint a clear ecological, evolutionary or geographical driver explaining these differences
in chemical properties among stingless bee honeys. SBH from the Afrotropics tend to be more similar to
honeys from Central and South America than honeys from the other tropical regions of the Old world,
even though global phylogeny suggests a division of the Meliponinae subfamily into Old and New World
groups (Rasmussen & Cameron, 2010). The non-systematic composition of SBH highlights its important
plasticity but also our lack of knowledge regarding ecology and evolution of the tribe. Environmental and
evolutionary drivers investigated in this study alone do not explain all the variations in chemical composition.
The environmental variables were mainly selected according to the available literature on nectar chemistry
(Petanidou, 2007; Parachnowitsch et al., 2019; Nicolson, 2022). The impact of ecological conditions on nectar
processing by stingless bees remains poorly understood, even though some species perform little or no
thermoregulation within the hive (Roubik, 2006; Ayton et al., 2016) potentially exposing stored nectar to
certain levels of alterations. Available flora and the proportional use of host plants play a key role in honey
composition (Silva et al., 2009; Machado et al., 2020; Shamsudin et al., 2022) but cannot be included in
formal analysis since the foraging ecology and seasonality of stingless bees in the Afrotropics and Indo-
Malayan region remains largely undocumented (Aleixo et al., 2017; Bueno et al., 2023). The phylogeny
of stingless bees is also only partially resolved and remains at the genus level, masking the variations in
honey composition that are likely to occur within the same genus (de Sousa et al., 2016; Ismail et al.,
2021). In addition of microbiota whose role is depicted above, pollen profile (monofloral vs. polyfloral)
(Sousa et al., 2016; Chuah et al., 2023), maturation stage of the fermentation process acids (Silva et al.,
2022), propolis composition and the management type that varies from rearing wild colonies to advanced
beekeeping methods across the tropics (Delgado et al., 2020) have demonstrated impacts on honey properties
and should be investigated throughout the tribe. This is of particular importance as the observed complex
interplay of biotic and abiotic factors shaping honey composition leads to an important phenotypic variation
in properties of SBH that may provide fitness benefits for the colony as shown for other extended phenotypes
(Blamires et al., 2018).

The study of SBH is not only of fundamental interest, but also has applied purposes. Beekeeping with
stingless bees (i.e. meliponiculture) is promoted as a tool for rural development and sustainable income
generation activity, out of the Maya region where it’s an age-old tradition and first emerged to meet the
medicinal and nutritional needs of an exploding population (Cortopassi-Laurino et al., 2006; Bahri et al.,
2016; Mustafa et al., 2018; Chemurot et al., 2021; Rasmussen et al., 2024). The development of meliponi-
culture is also supported to prevent destructive honey-hunting practices of stingless bee species, otherwise
severely threatened by agrochemicals (Lima et al., 2016), pathogens (Fleites-Ayil et al., 2023), climate change
(Giannini et al., 2017; Dalsgaard, 2020) and drastic land use change (Gibbs et al., 2010; Curtis et al., 2018).
One of the main challenges in achieving economically sustainable meliponiculture is the absence of reliable
market access due to the lack of international standards for SBH. Although a number of initiatives have
been undertaken at national and regional level (Vit et al., 2004; Malaysian Standards, 2017; de Camargo
et al., 2017), SBH has not been formally acknowledged by the Codex Alimentarius (Codex Alimentarius
Commission, 2019), preventing wider market access for meliponiculturists and multiplying counterfeits on
sale. In order to establish standards, several studies have investigated into the species- and genus-specific
composition of SBH (Chuttong et al., 2016; Mokaya et al., 2022; Vit et al., 2022) and the impact of particular
climatic and environmental conditions on its properties (Sousa et al., 2016; Dezmirean et al., 2017; Lavinas
et al., 2023; Noiset et al., 2024) but relatively few at global scale and on the joint effect of evolutionary and
ecological constraints. Yet, according to our results, if closely related species or species from the same region



tend to produce similar honeys, this rationale does not extant to more distant species that can produce
comparable or very contrasting honeys depending on the studied regions. Compositional profile of stingless
bee can also be similar to those produced by honey bees, a pattern observed in this study and at interconti-
nental scale (Noiset et al., 2022). Therefore, precise and unique standards for a species or an environmentally
heterogeneous region (i.e. a country) can ultimately turn out to be ineffective. By contrast, quality labels
associated with specific local production conditions correspond more effectively to variations in the chemical
composition of SBH. Additionally, compounds not quantified in this study such as trehalulose are promising
markers to differentiate SBH (Fletcher et al., 2020; Zawawi et al., 2022). International standards for SBH
should remain very broad to include all the possible compositional profiles, especially as some of the key
compounds that differentiate them from A. mellifera (sugars and fermentation products) are among those
that vary the most within stingless bee honeys.

Our study confirms the differences in composition between Apis honeys and SBH, while showing the si-
gnificant variations in SBH composition across the Tropics due to the many ecological, evolutionary and
human management factors involved. Phenotypic variation in SBH makes it an ideal model for the study
of ecological and evolutionary theory but it requires more fundamental research on this under-studied tribe
to fully understand the role of honey in bee colony and human health. Comprehensive characterization of
SBH properties in Afrotropics and the Indo-Malayan region/Australia that takes into account its specificity
and dynamism is a key step for the establishment of scientifically informed standards to promote sustainable
livelihood through nature-based solutions and the exploitation of non-timber forest products.

Acknowledgments

This work was supported by the Fonds National de la Recherche Scientifique (F.R.S-FNRS, T.0255.20).
Thanks to all the beekeepers and students involved in the honey collection.

References

Adams, C. J., Manley-Harris, M., & Molan, P. C. 2009. The origin of methylglyoxal in New Zea-
land manuka (Leptospermum scoparium ) honey. Carbohydrate Research , 344 (8), 1050-1053. htt-
ps://doi.org/10.1016/j.carres.2009.03.020Aleixo, K. P., Menezes, C., Imperatriz Fonseca, V. L., & da Sil-
va, C. I. 2017. Seasonal availability of floral resources and ambient temperature shape stingless bee fora-
ging behavior (Scaptotrigona aff. depilis). Apidologie ,48 (1), 117-127. https://doi.org/10.1007/s13592-016-
0456-4Avila, S., Hornung, P. S., Teixeira, G. L., Malunga, L. N., Apea-Bah, F. B., Beux, M. R., Beta,
T., & Ribani, R. H. 2019. Bioactive compounds and biological properties of Brazilian stingless bee ho-
ney have a strong relationship with the pollen floral origin. Food Research International , 123 , 1-10. htt-
ps://doi.org/10.1016/j.foodres.2019.01.068 Ayton, S., Tomlinson, S., Phillips, R. D., Dixon, K. W., & Withers,
P. C. 2016. Phenophysiological variation of a bee that regulates hive humidity, but not hive temperature.
Journal of Experimental Biology ,219 (10), 1552-1562. https://doi.org/10.1242/jeb.137588Bahri, S., Abd
Razak, S. B., Aziz, A., Nora’aini, A., Ali, M. F., & Visser, F. 2016. The sustainable integration of meliponicul-
ture as an additional income stream for rubber smallholders in Malaysia. CRI & IRRDB International Rubber
Conference 2016, Siem Reap, Cambodia.Bailey, N. W. 2012. Evolutionary models of extended phenotypes.
Trends in Ecology & Evolution , 27 (10), 561-569. https://doi.org/10.1016/j.tree.2012.05.011Berenbaum, M.
R., & Calla, B. 2021. Honey as a Functional Food for Apis mellifera. Annual Review of Entomology , 66 (1),
185—208. https://doi.org/10.1146 /annurev-ento-040320-074933Biluca, F. C., Bernal, J., Valverde, S., Ares,
A. M., Gonzaga, L. V., Costa, A. C. O., & Fett, R. 2019. Determination of Free Amino Acids in Stingless Bee
(Meliponinae) Honey. Food Analytical Methods , 12 (4), 902-907. https://doi.org/10.1007 /s12161-018-01427-
xBiluca, F. C., Braghini, F., Gonzaga, L. V., Costa, A. C. O., & Fett, R. 2016. Physicochemical profiles, mine-
rals and bioactive compounds of stingless bee honey (Meliponinae). Journal of Food Composition and Analysis
, 90 , 61-69. https://doi.org/10.1016/j.jfca.2016.05.007Blamires, S. J., Martens, P. J., & Kasumovic, M. M.
2018. Fitness consequences of plasticity in an extended phenotype. Journal of Experimental Biology ,221 (4),
jeb167288. https://doi.org/10.1242/jeb.167288Bueno, F. G. B., Kendall, L., Alves, D. A., Tamara, M. L.,
Heard, T., Latty, T., & Gloag, R. 2023. Stingless bee floral visitation in the global tropics and subtropics. Glo-
bal Ecology and Conservation , 43 , e02454. https://doi.org/10.1016/j.gecco.2023.e02454Céceres, M. D., &

10



Legendre, P. 2009. Associations between species and groups of sites: indices and statistical inference. Ecology
, 90 (12), 3566—-3574. https://doi.org/10.1890,/08-1823.1Camargo, R. C. R. de, Oliveira, K. L. de, & Berto,
M. I. 2017. Mel de abelhas sem ferrao: proposta de regulamentacgao. Brazilian Journal of Food Technology ,20
. https://doi.org/10.1590/1981-6723.15716Camargo, J. M. F., & Pedro, S. R. M. 2003. Neotropical Meliponi-
ni: the genus Partamona Schwarz, 1939 (Hymenoptera, Apidae, Apinae) - bionomy and biogeography. Revista
Brasileira de Entomologia , 47 , 311-372. https://doi.org/10.1590,/S0085-56262003000300001 Cannizzaro, C.,
Keller, A., Wilson, R., Elliott, B., Newis, R., Ovah, R., Inae, K., Kerlin, D., Bar, I., Kdmper, W., Shap-
cott, A., & Wallace, H. 2022. Forest landscapes increase diversity of honeybee diets in the tropics. Forest
Ecology and Management , 504 , 119869. https://doi.org/10.1016/j.foreco.2021.119869Cerqueira, A. E. S.,
Lima, H. S., Silva, L. C. F., Veloso, T. G. R., de Paula, S. O., Santana, W. C., & da Silva, C. C. 2024.
Melipona stingless bees and honey microbiota reveal the diversity, composition, and modes of symbionts
transmission. FEMS Microbiology Ecology , fiae063. https://doi.org/10.1093/femsec/fiaec063Chemurot, M.,
Otim, A. S., Namayanja, D., Onen, H., Angiro, C., Mugume, R., Kajobe, R., MacHaria, J., Gikungu, M.,
Abila, P. P., & Kasangaki, P. 2021. Stingless Beekeeping in Uganda: An Industry in Its Infancy. African
Entomology , 29 (1), 165-172. https://doi.org/10.4001,/003.029.0165Chuah, W. C., Lee, H. H., Ng, D. H.
J., Ho, A. L., Sulaiman, M. R., & Chye, F. Y. 2023. Antioxidants Discovery for Differentiation of Mo-
nofloral Stingless Bee Honeys Using Ambient Mass Spectrometry and Metabolomics Approaches. Foods
,12 (12). https://doi.org/10.3390/foods12122404Chuttong, B., Chanbang, Y., Sringarm, K., & Burgett, M.
2016. Physicochemical profiles of stingless bee (Apidae: Meliponini) honey from South East Asia (Thai-
land). Food Chemistry , 192 , 149-155. Chuttong, B., Lim, K., Praphawilai, P., Danmek, K., Maitip,
J., Vit, P., Wu, M.-C., Ghosh, S., Jung, C., Burgett, M., & Hongsibsong, S. 2023. Exploring the Func-
tional Properties of Propolis, Geopropolis, and Cerumen, with a Special Emphasis on Their Antimicro-
bial Effects.Foods , 12 , 3909. https://doi.org/10.3390/foods12213909Chuttong, B., Phongphisutthinant,
R., Sringarm, K., Burgett, M., & Barth, O. 2018. Nutritional Composition of Pot-Pollen from Four Spe-
cies of Stingless Bees (Meliponini) in Southeast Asia. In Pot-Pollen in Stingless Bee Melittology , 313-324.
https://doi.org/10.1007/978-3-319-61839-5 22Codex Alimentarius Commission. 2019. CODEX standard for
honey (CXS 12-1981). FAO/WHO.Cortopassi-Laurino, M., Imperatriz-Fonseca, V. L., Roubik, D. W., Dol-
lin, A., Heard, T., Aguilar, I., Venturieri, G. C., Eardley, C., & Nogueira-Neto, P. 2006. Global meliponicul-
ture: challenges and opportunities. Apidologie , 37 (2), 275-292. https://doi.org/10.1051/apido:2006027Cui,
Y., Schmid, B. V., Cao, H., Dai, X., Du, Z., Ryan Easterday, W., Fang, H., Guo, C., Huang, S., Liu,
W., Qi, Z., Song, Y., Tian, H., Wang, M., Wu, Y., Xu, B., Yang, C., Yang, J., Yang, X., ... Yang, R.
2020. Evolutionary selection of biofilm-mediated extended phenotypes in Yersinia pestis in response to a
fluctuating environment. Nature Communications , 11 (1), 281. https://doi.org/10.1038/s41467-019-14099-
wCurtis, P. G., Slay, C. M., Harris, N. L., Tyukavina, A., & Hansen, M. C. 2018. Classifying drivers
of global forest loss. Science , 361 (6407), 1108-1111. https://doi.org/10.1126/science.aaud445Dalsgaard,
B. 2020. Land-Use and Climate Impacts on Plant—Pollinator Interactions and Pollination Services. Di-
versity , 12 (5), 168. https://doi.org/10.3390/d12050168Dawkins, R. 1982. The extended phenotype: the
long reach of the gene . Oxford University Press.Dawkins, R. 2004. Extended Phenotype — But Not Too
Extended. A Reply to Laland, Turner and Jablonka. Biology and Philosophy , 19 (3), 377-396. htt-
ps://doi.org/10.1023/B:BIPH.0000036180.14904.96de Aratjo, G. F., Moioli, R. C., & de Souza, S. J. 2021.
The Shared Use of Extended Phenotypes Increases the Fitness of Simulated Populations. Frontiers in Ge-
netics , 12 , 617915. https://doi.org/10.3389/fgene.2021.617915de Paula, G. T., Menezes, C., Pupo, M. T.,
& Rosa, C. A. 2021. Stingless bees and microbial interactions. Current Opinion in Insect Science , 44
41-47. https://doi.org/10.1016/j.co0is.2020.11.006de Sousa, J. M. B., de Souza, E. L., Marques, G., Benassi,
M. D. T., Gullén, B., Pintado, M. M., & Magnani, M. 2016. Sugar profile, physicochemical and sensory
aspects of monofloral honeys produced by different stingless bee species in Brazilian semi-arid region. LWT
- Food Science and Technology ,65 , 645—651. https://doi.org/10.1016/j.1wt.2015.08.058 Delgado, C., Mejia,
K., & Rasmussen, C. 2020. Management practices and honey characteristics of Melipona eburnea in the Pe-
ruvian Amazon. Ciéncia Rural , 50 (12), €20190697. https://doi.org/10.1590,/0103-8478cr20190697DeLong,
J. P., Al-Sammak, M. A.; Al-Ameeli, Z. T., Dunigan, D. D., Edwards, K. F., Fuhrmann, J. J., Gleg-
horn, J. P., Li, H., Haramoto, K., Harrison, A. O., Marston, M. F., Moore, R. M., Polson, S. W., Fer-

11



rell, B. D., Salsbery, M. E., Schvarcz, C. R., Shirazi, J., Steward, G. F., Van Etten, J. L., & Wom-
mack, K. E. 2022. Towards an integrative view of virus phenotypes. Nature Reviews Microbiology , 20
(2), 83-94. https://doi.org/10.1038/s41579-021-00612-wDezmirean, D. S., Marghitag, L. A., Chirili, F., Co-
paciu, F., Simonca, V., Bobig, O., & Erler, S. 2017. Influence of geographic origin, plant source and
polyphenolic substances on antimicrobial properties of propolis against human and honey bee pathogens.
Journal of Apicultural Research ,56 (5), 588-597. https://doi.org/10.1080/00218839.2017.1356205Edelaar,
P., Otsuka, J., & Luque, V. J. 2023. A generalised approach to the study and understanding of
adaptive evolution. Biological Reviews , 98 (1), 352-375. https://doi.org/10.1111/brv.12910Elizalde,
L., Arbetman, M., Arnan, X., Eggleton, P., Leal, I. R., Lescano, M. N., Saez, A., Werenkraut, V.,
& Pirk, G. I. 2020. The ecosystem services provided by social insects: traits, management tools
and knowledge gaps.Biological Reviews , 95 (5), 1418-1441. https://doi.org/10.1111/brv.12616Ellis,
E. C., Antill, E. C., & Kreft, H. 2012. All Is Not Loss: Plant Biodiversity in the Anthro-
pocene.PLOS ONE , 7 (1), e30535. https://doi.org/10.1371/journal.pone.0030535Engel, M. S., Ras-
mussen, C., Ayala, R., & Oliveira, F. F. de. 2023. Stingless bee classification and biology (Hy-
menoptera, Apidae): a review, with an updated key to genera and subgenera. ZooKeys , 1172 , 239-
312. https://doi.org/10.3897/zookeys.1172.104944Favela, A., Bohn, M. O., & Kent, A. D. 2023. Ap-
plication of plant extended phenotypes to manage the agricultural microbiome belowground. Frontiers
in Microbiomes ,2 . https://doi.org/10.3389 /frmbi.2023.1157681Fernandes, K., Frost, E., Remnant, E.,
Schell, K., Cokcetin, N., & Carter, D. 2022. The role of honey in the ecology of the hive: Nutrition,
detoxification, longevity, and protection against hive pathogens. Frontiers in Nutrition , 9 , 954170.
https://doi.org/10.3389/fnut.2022.954170Fernandez, M., Vernay, A., Henneron, L., Adamik, L., Malagoli,
P., & Balandier, P. 2022. Plant N economics and the extended phenotype: Integrating the functional
traits of plants and associated soil biota into plant—plant interactions.Journal of Ecology , 110 (9), 2015-
2032. https://doi.org/10.1111/1365-2745.13934Fick, S. E., & Hijmans, R. J. 2017. WorldClim 2: new
1-km spatial resolution climate surfaces for global land areas. International Journal of Climatology ,37
(12), 4302-4315. https://doi.org/10.1002/joc.5086Fleites-Ayil, F., Medina-Medina, L., Quezada-Euan, J.
J., Stolle, E.,; Theodorou, P., Tragust, S., & Paxton, R. 2023. Trouble in the tropics: Pathogen spillover
is a threat for native stingless bees. Biological Conservation , 284 , 110150.Fletcher, M., Hungerford, N.,
Webber, D., Carpinelli de Jesus, M., Zhang, J., Stone, I., Blanchfield, J., & Zawawi, N. 2020. Stingless
bee honey, a novel source of trehalulose: a biologically active disaccharide with health benefits. Scientific
Reports , 10 , 12128. https://doi.org/10.1038 /s41598-020-68940-0Gadge, A. S., Shirsat, D. V., Soumia, P.
S., Pote, C. L., Pushpalatha, M., Pandit, T. R., Dutta, R., Kumar, S., Ramesh, S. V., Mahajan, V., &
Karuppaiah, V. 2024. Physiochemical, biological, and therapeutic uses of stingless bee honey. Frontiers in
Sustainable Food Systems , 7 , 1324385. https://doi.org/10.3389/fsufs.2023.1324385Giannini, T. C., Maia-
Silva, C., Acosta, A. L., Jaffé, R., Carvalho, A. T., Martins, C. F., Zanella, F. C. V., Carvalho, C. A.
L., Hrncir, M., Saraiva, A. M., Siqueira, J. O., & Imperatriz-Fonseca, V. L. 2017. Protecting a managed
bee pollinator against climate change: strategies for an area with extreme climatic conditions and socioeco-
nomic vulnerability. Apidologie ,48 (6), 784—794. Scopus. https://doi.org/10.1007/s13592-017-0523-5Gibbs,
H. K., Ruesch, A. S., Achard, F., Clayton, M. K., Holmgren, P., Ramankutty, N., & Foley, J. A. 2010.
Tropical forests were the primary sources of new agricultural land in the 1980s and 1990s. Proceedings of
the National Academy of Sciences , 107 (38), 16732-16737. https://doi.org/10.1073/pnas.0910275107Héger,
M., Noiset, P., Nkoba, K., & Vereecken, N. J. 2023. Traditional ecological knowledge and non-food uses
of stingless bee honey in Kenya’s last pocket of tropical rainforest. Journal of Ethnobiology and Ethno-
medicine ,19 (1), 42. https://doi.org/10.1186/s13002-023-00614-3Hughes, D. P. 2008. The extended phe-
notype within the colony and how it obscures social communication. In P. d’Ettorre & D. P. Hughes
(Eds.),Sociobiology of Communication: an interdisciplinary perspective (p. 0). Oxford University Press. htt-
ps://doi.org/10.1093 /acprof:0s0,/9780199216840.003.0010Hunter, P. 2018. The revival of the extended phe-
notype. EMBO Reports ,19 (7), e46477. https://doi.org/10.15252/embr.201846477Ismail, N. F., Maulidiani,
M., Omar, S., Zulkifli, M. F., Mohd Radzi, M. N. F., Ismail, N., Jusoh, A. Z., Roowi, S., Yew, W. M., Ru-
diyanto, R., & Ismail, W. I. W. 2021. Classification of stingless bee honey based on species, dehumidification
process and geographical origins using physicochemical and ATR-FTIR chemometric approach. Journal of

12



Food Composition and Analysis , 104 , 104126. https://doi.org/10.1016/j.jfca.2021.104126Jombart, T., &
Dray, S. 2008. Adephylo: exploratory analyses for the phylogenetic comparative method. Bioinformatics 26,
1907-1909.Kegode, T. M., Mokaya, H. O., Chogo, S. 1., Noiset, P., Vereecken, N. J., Tamiru, A., Subra-
manian, S., & Kiatoko, N. 2023. Differences in the biochemical content and radical scavenging activity of
propolis from different parts of aMeliponula ferruginea hive. Royal Society Open Science ,10 (12), 230241. htt-
ps://doi.org/10.1098 /rs0s.230241Kunieda, T., Fujiyuki, T., Kucharski, R., Foret, S., Ament, S. A., Toth, A.
L., Ohashi, K., Takeuchi, H., Kamikouchi, A., Kage, E., Morioka, M., Beye, M., Kubo, T., Robinson, G. E., &
Maleszka, R. 2006. Carbohydrate metabolism genes and pathways in insects: insights from the honey bee ge-
nome. Insect Molecular Biology , 15 (5), 563-576. https://doi.org/10.1111/j.1365-2583.2006.00677.xLavinas,
F., GOMES, B., Silva, M., Nunes, R., Leitao, S., Ribeiro Leite Moura, M., Simas, R., Carneiro, C., & Rodri-
gues, 1. 2023. Discriminant Analysis of Brazilian Stingless Bee Honey Reveals an Iron-Based Biogeographical
Origin. Foods , 12 . https://doi.org/10.3390/foods12010180Liaw, A., & Wiener, M. 2002. Classification and
Regression by randomForest.R news , 2 .Lima, M. A. P., Martins, G. F., Oliveira, E. E., & Guedes, R.
N. C. 2016. Agrochemical-induced stress in stingless bees: peculiarities, underlying basis, and challenges.
Journal of Comparative Physiology A , 202 (9), 733-747. https://doi.org/10.1007/s00359-016-1110-3Lowore,
J., Meaton, J., & Wood, A. 2018. African Forest Honey: an Overlooked NTFP with Potential to Support
Livelihoods and Forests. Environmental Management ,62 (1), 15-28. https://doi.org/10.1007/s00267-018-
1015-8Machado, A. M., Miguel, M. G., Vilas-Boas, M., & Figueiredo, A. C. 2020. Honey Volatiles as a
Fingerprint for Botanical Origin—A Review on their Occurrence on Monofloral Honeys. Molecules , 25 (2),
374. https://doi.org/10.3390 /molecules25020374Malaysian Standards. 2017.Kelulut (stingless bee) Honey-
Specification: MS 2683: 2017. Matos, T. T. S., Teixeira, J. F., Macias, L. G., Santos, A. R. O., Suh, S.-O.,
Barrio, E., Lachance, M.-A., & Rosa, C. A. 2020. Kluyveromyces osmophilus is not a synonym of Zygosaccha-
romyces mellis; reinstatement as Zygosaccharomyces osmophilus comb. nov. International Journal of Sys-
tematic and Evolutionary Microbiology , 70 (5), 3374-3378. https://doi.org/10.1099/ijsem.0.004182Menezes,
C., Vollet-Neto, A., Contrera, F. A. F. L., Venturieri, G. C., & Imperatriz-Fonseca, V. L. 2013. The Role
of Useful Microorganisms to Stingless Bees and Stingless Beekeeping. In P. Vit, S. R. M. Pedro, & D.
Roubik (Eds.),Pot-Honey (pp. 153-171). Springer New York. https://doi.org/10.1007/978-1-4614-4960-
7 _10Mokaya, H. O., Nkoba, K., Ndunda, R. M., & Vereecken, N. J. 2022. Characterization of honeys
produced by sympatric species of Afrotropical stingless bees (Hymenoptera, Meliponini). Food Chemistry
, 366 , 130597. Muhammad, N. I. 1., & Sarbon, N. M. 2021. Physicochemical profile, antioxidant activity
and mineral contents of honey from stingless bee and honey bee species. Journal of Apicultural Research
1-8. https://doi.org/10.1080,/00218839.2021.1896214Mustafa, M. Z., Yaacob, N. S., & Sulaiman, S. A. 2018.
Reinventing the honey industry: Opportunities of the stingless bee. Malaysian Journal of Medical Sciences
, 25 (4), 1-5. Scopus. https://doi.org/10.21315/mjms2018.25.4.1Nakamura, D., Koffler, S., Mello, M., &
Francoy, T. 2024. Resin foraging interactions in stingless bees: an ecological synthesis using multilayer
networks. Apidologie , 55 . https://doi.org/10.1007/s13592-024-01082-8Ngalimat, M. S., Noor, R., Yusof,
Mohd. T., Syahir, A., Zawawi, N., & Sabri, S. 2020. A Review on the Association of Bacteria with Stingless
Bees. Sains Malaysiana , 49 , 1853-1863. https://doi.org/10.17576/jsm-2020-4908-08Nicolson, S. W. 2022.
Sweet solutions: nectar chemistry and quality. Philosophical Transactions of the Royal Society B: Biologi-
cal Sciences ,377 (1853), 20210163. https://doi.org/10.1098 /rstb.2021.0163Nicolson, S. W., & Thornburg,
R. W. 2007. Nectar chemistry. In S. W. Nicolson, M. Nepi, & E. Pacini (Eds.), Nectaries and Nectar
(pp. 215-264). Springer Netherlands. https://doi.org/10.1007/978-1-4020-5937-7 5Noiset, P., Cabirol, N.,
Rojas-Oropeza, M., Warrit, N., Nkoba, K., & Vereecken, N. J. 2022. Honey compositional convergence and
the parallel domestication of social bees. Scientific Reports , 12 (1), 18280. https://doi.org/10.1038/s41598-
022-23310-wNoiset, P., Ndunda, R. M., Mokaya, H. O., Chege, M., Ndungu, N. N., Sharifu, N., Vereecken,
N. J., & Nkoba, K. 2024. Insularity and its impact on stingless bee honey properties: A case study in the
Zanzibar Archipelago (Tanzania).JSFA Reports , 4 (2), 64-71. https://doi.org/10.1002/jsf2.170Nordin, A.,
Sainik, N. Q. A. V., Chowdhury, S. R., Saim, A. B., & Idrus, R. B. H. 2018. Physicochemical properties
of stingless bee honey from around the globe: A comprehensive review. Journal of Food Composition and
Analysis , 73 , 91-102. https://doi.org/10.1016/j.jfca.2018.06.0020hmenhaeuser, M., Monakhova, Y. B.,
Kuballa, T., & Lachenmeier, D. W. 2013. Qualitative and Quantitative Control of Honeys Using NMR

13



Spectroscopy and Chemometrics. ISRN Analytical Chemistry , 2013 , 1-9. https://doi.org/MOksanen,
J., Simpson, G. L., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’Hara, R. B., Solymos,
P., Stevens, M. H. H., & Szoecs, E. 2022. Vegan: community ecology package, 2.6-2. Vienna (Austria): R
Foundation for Statistical Computing .Page, R., Jr, Fondrk, M., Hunt, G., Guzman-Novoa, E., Humphries,
M., Nguyen, K., & Greene, A. 2000. Genetic dissection of honeybee (Apis mellifera L.) foraging behav-
ior. Journal of Heredity ,91 (6), 474-479. https://doi.org/10.1093/jhered/91.6.474Parachnowitsch, A. L.,
Manson, J. S., & Sletvold, N. 2019. Evolutionary ecology of nectar. Annals of Botany , 123 (2), 247-
261. https://doi.org/10.1093/aob/mcy132Petanidou, T. 2007. Ecological and evolutionary aspects of flo-
ral nectars in Mediterranean habitats. In S. W. Nicolson, M. Nepi, & E. Pacini (Eds.), Nectaries and
Nectar (pp. 343-375). Springer Netherlands. https://doi.org/10.1007/978-1-4020-5937-7 8Petren, H.,
Kollner, T. G., & Junker, R. R. 2023. Quantifying chemodiversity considering biochemical and struc-
tural properties of compounds with the R package chemodiv. New Phytologist , 237 (6), 2478-2492.
https://doi.org/10.1111 /nph.18685Pimentel, T., Rosset, M., Sousa, J., Oliveira, L., Mafaldo, I., Pintado, M.,
Souza, E., & Magnani, M. 2021. Stingless bee honey: An overview of health benefits and main market chal-
lenges. Journal of Food Biochemistry . https://doi.org/10.1111/jtbc.13883Power, M. E., Tilman, D., Estes,
J. A., Menge, B. A., Bond, W. J., Mills, L. S., Daily, G., Castilla, J. C., Lubchenco, J., & Paine, R. T. 1996.
Challenges in the Quest for Keystones: Identifying keystone species is difficult—but essential to understanding
how loss of species will affect ecosystems.BioScience , 46 (8), 609-620. https://doi.org,/10.2307/1312990R
Core Team. 2021. R: A language and environment for statistical computing. R Foundation for Statisti-
cal Computing. https://www.R-project.org/Raftari, M., Azizi Jalilian, F., Abdulamir, A., Ghafourian, S.,
Sekawi, Z., Son, R., & Bakar, F. 2012. Antibacterial activity of organic acids on Salmonella andListeria
. Asia Life Sciences , 21 , 13-30.Rao, P. V., Krishnan, K. T., Salleh, N., & Gan, S. H. 2016. Biological
and therapeutic effects of honey produced by honey bees and stingless bees: a comparative review. Re-
vista Brasileira de Farmacognosia ,26 , 657-664. https://doi.org/10.1016/j.bjp.2016.01.012Rasmussen, C.,
& Cameron, S. A. 2010. Global stingless bee phylogeny supports ancient divergence, vicariance, and long dis-
tance dispersal. Biological Journal of the Linnean Society , 99 (1), 206-232. https://doi.org/10.1111/j.1095-
8312.2009.01341.xRasmussen, C., Cayatopa, L. R., Galoc, E. M. G., & Gonzalez, V. H. 2024. Sting-
less Bees of Peru: The Use of Plant Resins, Cerumen, and Propolis. InStingless Bee Nest Cerumen
and Propolis, Volume 1 . Springer Nature Switzerland AG 2024.Riitters, K., Wickham, J., O’Neill, R.,
Jones, K., & Smith, E. 2000. Global-Scale Patterns of Forest Fragmentation. Conservation Ecology , 4 .
https://doi.org/10.5751 /ES-00209-040203Roubik, D. W. 2006. Stingless bee nesting biology. Apidologie ,
37 (2), 124-143. https://doi.org/10.1051 /apido:2006026RStudio Team. 2020. RStudio: Integrated Devel-
opment Environment for R . RStudio. http://www.rstudio.com/Schaedelin, F. C., & Taborsky, M. 2009.
Extended phenotypes as signals. Biological Reviews , 84 (2), 293-313. https://doi.org/10.1111/j.1469-
185X.2008.00075.xSchievano, E., Stocchero, M., Morelato, E., Facchin, C., & Mammi, S. 2012. An NMR-
based metabolomic approach to identify the botanical origin of honey. Metabolomics , 8 (4), 679-690.
https://doi.org/10.1007/s11306-011-0362-8Shamsudin, S., Selamat, J., Abdul Shomad, M., Ab Aziz, M. F.
& Haque Akanda, M. J. 2022. Antioxidant Properties and Characterization of Heterotrigona itama Honey
from Various Botanical Origins according to Their Polyphenol Compounds. Journal of Food Quality , 2022 ,
€2893401. https://doi.org/10.1155/2022/2893401Shamsudin, S., Selamat, J., Sanny, M., Abd. Razak, S.-B.,
Jambari, N. N., Mian, Z., & Khatib, A. 2019. Influence of origins and bee species on physicochemical,
antioxidant properties and botanical discrimination of stingless bee honey. International Journal of Food
Properties , 22 (1), 239-264. https://doi.org/10.1080,/10942912.2019.1576730Silva, J., Henrique-Bana, F.,
Villas-Boas, J., Pimentel, T., Spinosa, W., & Prudencio, S. 2022. Maturation of honey from Urucu-Amarela
(Melipona mondury): Metagenomics, metabolomics by NMR 1H, physicochemical and antioxidant proper-
ties. Food Chemistry: Molecular Sciences ,6 , 100157. https://doi.org/10.1016/j.fochms.2022.100157Silva,
T. M. S., Camara, C. A., Lins, A. C. S., Agra, M. de F., Silva, E. M. S., Reis, I. T., & Freitas, B. M. 20009.
Chemical composition, botanical evaluation and screening of radical scavenging activity of collected pollen by
the stingless bees Melipona rufiventris (Urucu-amarela). Anais Da Academia Brasileira de Ciencias ,81 (2),
173-178. https://doi.org/10.1590,/S0001-37652009000200003Smith, M. L., Ostwald, M. M., & Seeley, T. D.
2015. Adaptive tuning of an extended phenotype: honeybees seasonally shift their honey storage to optimize

14



male production. Animal Behaviour , 108 , 29-33. https://doi.org/10.1016/j.anbehav.2015.01.035Sousa,
J. M., de Souza, E. L., Marques, G., Meireles, B., de Magalhaes Cordeiro, A. T., Gullon, B., Pintado, M.
M., & Magnani, M. 2016. Polyphenolic profile and antioxidant and antibacterial activities of monofloral
honeys produced by Meliponini in the Brazilian semiarid region. Food Research International , 84 , 61-68.
https://doi.org/10.1016/j.foodres.2016.03.012Souza, E. C. A., Menezes, C., & Flach, A. 2021. Stingless bee
honey (Hymenoptera, Apidae, Meliponini): a review of quality control, chemical profile, and biological po-
tential. Apidologie , 52 (1), 113-132. https://doi.org/10.1007/s13592-020-00802-0The World Bank Group.
2023. Global Solar Atlas . https://globalsolaratlas.info/mapTitle, P. O., & Bemmels, J. B. 2018. ENVIREM:
an expanded set of bioclimatic and topographic variables increases flexibility and improves performance of
ecological niche modeling. Ecography , 41 (2), 291-307. https://doi.org/10.1111/ecog.02880Turska, M.,
Paluszkiewicz, P., Turski, W. A., & Parada-Turska, J. 2022. A Review of the Health Benefits of Food En-
riched with Kynurenic Acid. Nutrients , 14 (19), 4182. https://doi.org/10.3390/nu14194182Turski, M. P.,
Chwil, S., Turska, M., Chwil, M., Kocki, T., Rajtar, G., & Parada-Turska, J. 2016. An exceptionally high
content of kynurenic acid in chestnut honey and flowers of chestnut tree. Journal of Food Composition and
Analysis , 48 , 67-72. https://doi.org/10.1016/j.jfca.2016.02.003Vannette, R. L., Mohamed, A., & Johnson,
B. R. 2015. Forager bees (Apis mellifera ) highly express immune and detoxification genes in tissues associ-
ated with nectar processing. Scientific Reports , 5 (1), 16224. https://doi.org/10.1038/srep16224Villagomez,
G., Keller, A., Rasmussen, C., Lozano, P., Donoso, D., Bluthgen, N., & Leonhardt, S. 2024. Nutrients or
resin? -The relationship between resin and food foraging in stingless bees. FEcology and Evolution , 14 .
https://doi.org/10.1002/ece3.10879Vit, P., Medina, M., & Eunice Enriquez, M. 2004. Quality standards
for medicinal uses of Meliponinae honey in Guatemala, Mexico and Venezuela. Bee World ,85 (1), 2-5.
https://doi.org/10.1080/0005772X.2004.11099603Vit, P., van der Meulen, J., Pedro, S. R., Esperanca, I.,
Zakaria, R., Beckh, G., & Maza, F. 2022. Impact of genus (Geotrigona , Melipona , Scaptotrigona ) in the !
H-NMR organic profile and authenticity test of honey processed in cerumen pots by stingless bees in Ecuador
[Preprint]. Biochemistry. https://doi.org/10.1101,/2022.05.17.492391Vit, P., Vassya, B., Popova, M., &
Roubik, D. W. 2024. Stingless Bee Nest Cerumen and Propolis, Volume 1 (Vol. 1). Springer Charm, Springer
Nature Switzerland. https://link.springer.com/book/9783031432736Viuda-Martos, M., Ruiz-Navajas, Y.,
Fernandez-Lopez, J., & Perez-Alvarez, J. A. 2008. Functional Properties of Honey, Propolis, and Royal Jelly.
Journal of Food Science , 73 (9), R117-R124. https://doi.org/10.1111/j.1750-3841.2008.00966.x Whitehead,
S. R., Bass, E., Corrigan, A., Kessler, A., & Poveda, K. 2021. Interaction diversity explains the maintenance
of phytochemical diversity. Fcology Letters , 24 (6), 1205-1214. https://doi.org/10.1111/ele.13736 Whitham,
T. G., Young, W. P., Martinsen, G. D., Gehring, C. A., Schweitzer, J. A., Shuster, S. M., Wimp, G.
M., Fischer, D. G., Bailey, J. K., Lindroth, R. L., Woolbright, S., & Kuske, C. R. 2003. Commu-
nity and Ecosystem Genetics: A Consequence of the Extended Phenotype. FEcology , 84 (3), 559-573.
https://doi.org,/10.1890/0012-9658(2003)084[0559: CAEGAC]2.0.CO;2Wickham, H. 2016. ggplot2: elegant
graphics for data analysis. Hitps://Ggplot2. Tidyverse. Org. Doi , 10 , 978-3.Woods, H. A., Pincebourde,
S., Dillon, M. E., & Terblanche, J. S. 2021. Extended phenotypes: buffers or amplifiers of climate change?
Trends in Ecology €& FEvolution , 86 (10), 889-898. https://doi.org/10.1016/j.tree.2021.05.010Yu, G. 2020.
Using ggtree to Visualize Data on Tree-Like Structures. Current Protocols in Bioinformatics , 69 (1),
€96. https://doi.org/10.1002/cpbi.96Zamri, N. A., Ghani, N., Ismail, C. A. N., Zakaria, R., & Shafin, N.
2023. Honey on brain health: A promising brain booster. Frontiers in Aging Neuroscience , 14 , 1092596.
https://doi.org/10.3389/fnagi.2022.1092596Zawawi, N., Zhang, J., Hungerford, N. L., Yates, H. S. A., Web-
ber, D. C., Farrell, M., Tinggi, U., Bhandari, B., & Fletcher, M. T. 2022. Unique physicochemical properties
and rare reducing sugar trehalulose mandate new international regulation for stingless bee honey. Food
Chemistry , 373 , 131566. https://doi.org/10.1016/j.foodchem.2021.131566

15



