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Abstract – Melipona stingless bee species of Central America and Mexico are important ecologically, culturally,
and economically as pollinators and as a source of food and medicine. Despite their importance, however,
information on their distribution patterns is limited. We propose potential distribution models for 11 Melipona
species in the region. Our main findings support previous data which suggest a revision of the taxonomic status of
some species (e.g., M. yucatanica ), and set a baseline on the conservation status of other species, challenging
previous reports (e.g.,M. beecheii ). Our models show that 20 % or less of the areas of predicted presence are under
protection, with large proportions corresponding to low-intensity cropland, offering conservation alternatives in
disturbed landscapes. This information will assist further studies on potential conservation strategies, and will aid in
analyzing and formulating hypotheses regarding the biogeography of these species.
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1. INTRODUCTION

Species decline is affecting essential ecosystem
services (e.g., pollination); thus the development of
biodiversity conservation actions toward preserva-
tion of affected species is an urgent need (Cardinale
et al. 2012). Distribution data are a key component
in developing initiatives aimed at species conserva-
tion prioritization (Kujala et al. 2011). However, for
most species, especially insects and other inverte-
brates, this type of data is usually limited or absent
(the so-called Wallacean shortfall) (Diniz-Filho
et al. 2010). Species distribution modeling (SDM)

has been proposed as an effective method for over-
coming this shortfall, assisting in estimating the
probability of species occurrence using the few
available and sometimes biased distribution records
(Diniz-Filho et al. 2010).

Species distribution modeling consists in apply-
ing algorithms that relate species occurrence to
ecological data (mostly climatic and topographic)
in order to obtain potential species distribution
(Soberón and Peterson 2005). SDM has been ap-
plied to address conservation issues including eval-
uating species representation within natural
protected area networks (Nóbrega and De Marco
2011; Bosso et al. 2013) and identifying optimal
values of key environmental variables that favor
species survival at broad scales (Rojas-Soto et al.
2008). Species potential distribution models have
also been used to support the drawing of geographic
limits for species considered taxonomically prob-
lematic (Raxworthy et al. 2007) and to understand
speciation patterns (Peterson et al. 1999).
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Bees are among the most important pollinators
of both wild plants (Ollerton et al. 2011) and crops
(Klein et al. 2007). In tropical America, stingless
bee species of the genus Melipona Illiger, 1806
(Meliponini: Apinae), are considered potentially
important pollinators due to their perennial
nesting behavior, populations size (>1000 individ-
uals per colony), polylecty but constancy in flow-
er visiting and foraging behavior (buzz pollina-
tion) (Slaa et al. 2006). Melipona species are
eusocial bees exclusive to the Neotropical region,
reaching ∼60 species in South America and 16
species in Central America and Mexico (CAM).
Several species of the genus have cultural and
economic importance, since their honey, pollen
and wax are frequently used as medicine and food
supplements and in religious practices (Ayala
et al. 2013). Despite their importance, some
Melipona species may be at risk at least in a
portion of their distribution areas (Cairns et al.
2005). In the context of a global decline in bee
populations, preserving the diversity of wild bees,
including Melipona stingless bees, is essential in
maintaining high-quality pollination dynamics
(Garibaldi et al. 2013).

Studies on Melipona species from CAM have
evaluated aspects related to meliponiculture and
traditional knowledge (Reyes-González et al.
2014), biology (Macías-Macías et al. 2011), tax-
onomy and diversity (Ayala 1999; Camargo and
Pedro 2008), population genetics (May-Itzá et al.
2012), and conservation threats (Cairns et al.
2005). There exists general knowledge about the
distribution of the species in the region (Camargo
et al. 1988; Ayala 1999; Roubik and Camargo
2012), yet there are no studies focusing on their
distribution patterns or describing the associated
ecological characteristics on a broad scale.

Considering the lack of knowledge on the distri-
bution and ecology of Melipona species in CAM,
and aiming to provide data to develop further stud-
ies concerning conservation strategies for these im-
portant native bees, this study was designed with
three objectives: 1) to develop broad-scale species
distribution models, identifying potential geograph-
ic divergence among taxonomically related species;
2) to identify key ecological factors (climate, topog-
raphy, ecoregions) affecting species distribution;
and 3) to evaluate conservation conditions of the

species, assessing the proportion of potential spe-
cies distribution under protection and under agricul-
tural interventions.

2. MATERIALS AND METHODS

2.1. Species and study area

We applied SDM to analyze the geographic patterns
of 11 Melipona species occurring in CAM: Melipona
beecheii s.l. Bennett, 1831; M. triplaridis Cockerell,
1925; M. colimana Ayala, 1999; M. fasciata Latreille,
1811; M. solani Cockerell, 1912; M. costaricensis
Cockerell, 1919; M. fallax Camargo & Pedro, 2009;
M. lupitae Ayala, 1999; M. yucatanica Camargo
Moure, & Roubik, 1988; M. phenax Cockerell, 1919,
and M. micheneri Schwarz, 1951.

It is possible that M. beecheii s.l. (hereafter
M. beecheii ) is a species complex (May-Itzá et al.
2012), but here it is treated as a single taxon. Species
for which available locality information was insufficient
(n < 5) were not included in this study (i.e.,
M. carrikeri Cockerell, 1919; M. insularis Roubik
and Camargo, 2012, and M. torrida Friese, 1917).

The study area corresponds to the known distribution
of the Melipona genus in CAM, which runs from the
Mexican states of Sinaloa and Veracruz to southern Pan-
amá. However, because most of these species show re-
stricted distribution patterns within this geographic area,
and in order to avoid excessively extrapolated predictions
difficult to interpret (Barve et al. 2011), we restricted the
total study area for each species based on identifying both
the ecoregions where the species have been collected and
adjacent ecoregions. Therefore, the entire study region
(CAM) was stratified into six modeling zones (Fig. S1,
Online Resource 1). M. beecheii has been collected in
Cuba and Jamaica, but we did not include these islands in
our analysis because of a lack of data collection. Even
though some species (i.e., M. fallax , M. micheneri ,
M. phenax ) have been reported as occurring in the north-
ern part of South America, this region was not included
because of a lack of data on species occurrence and
because previous analysis (not included) failed to predict
distribution of these species within that area.

2.2. Species record data

Locality records were mainly retrieved from label
information of specimens belonging to the collections
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listed in Table S1 (Online Resource 1). Other record
sources included personal fieldwork and donations from
scientific collectors (Table S2, Online Resource 1).

When necessary, geographic coordinates were ob-
tained by means of regional and global atlases support-
ed by the use of geographic information systems (GIS)
and Google Earth (Google Inc. 2015). A total of 323
unique localities were used to generate the distribution
models presented here (Table S3, Online Resource 1).

2.3. Predictive variables

Nineteen bioclimatic variables widely used for gen-
erating species distribution models (annual and seasonal
trends in precipitation and temperature) were retrieved
from the WorldClim database (Hijmans et al. 2005;
http://www.worldclim.org/current) at 30 arc-second
(∼0.01 × 0.01 degrees) spatial resolution. This resolu-
tion was chosen to match our species occurrence data
resolution (Peterson et al. 2011), and also considering
that Melipona species have a relatively small flight
range (≤2 km) (Araújo et al. 2004). In addition, four
topographic variables (aspect, compound topographic
index [CTI], elevation, and slope) were downloaded
from the U.S. Geological Survey’s HYDRO1k database
(http://eros.usgs.gov).

An ecoregion layer (Olson et al. 2001) was used as a
predictive (categorical) variable for stratifying zones
according to the extent of species occurrence, and to
identify species’ biogeographic affinities. Spatial data
were managed and analyzed using ArcGIS v.10.

Principal component analysis was applied to the 19
bioclimatic variables in order to reduce collinearity and
to generate a smaller set of uncorrelated predictive
variables (Dormann et al. 2013). A total of five principal
components (PCs) were generated, accounting for
100 % of the total variation for each modeling zone
(Table S4; Online Resource 1).

The five PCs generated from the bioclimatic data set
and the four topographic variables previously men-
tioned were added as prediction variables for develop-
ing ecological niche modeling.

2.4. Species distribution modeling

To generate the distribution model for each species, a
consensus approach was applied (Araújo and New
2007; Marmion et al. 2009), using five algorithms:
support vector machine, generalized linear model,

artificial neural network, GARP, and Maxent. Models
generated with the first three methods were obtained by
calculating “presence vs. background”models using the
ModEco software package (Guo and Liu 2010). GARP
and Maxent models were generated using the
DesktopGarp (Stockwell and Peters 1999) and Maxent
v. 3.3.3k (Phillips et al. 2006). software packages. A
brief description of each algorithm is provided in Online
Resource 2, and Table S9 (Online Resource 2) shows
the parameters used for running each of the five predic-
tive algorithms.

2.5. Accuracy assessment

Accuracy assessment for each species and each al-
gorithm was performed by calculating the area under
the curve (AUC) of the receiver operating characteristic
(ROC), which evaluates commission vs. omission er-
rors (Fielding and Bell 1997). An AUC value of ≤ 0.5
indicates that the model performed no better than ran-
dom, whereas an AUC of 1 indicates a perfect perfor-
mance, and an AUC of ≥ 0.7 reflects an acceptable
model. Accuracy was also assessed by the significance
in the proportion of areas predicted (Chi-square test;
Anderson and Martínez-Meyer 2004). For species with
more than 20 records (M. fallax , M. costaricensis ,
M. solani ,M. beecheii ), 25% of the total was separated
as an independent test sample, while for the remaining
species, model accuracy was estimated based on the
location of training samples.

2.6. Model ensemble

The median consensus method (Marmion et al.
2009) was applied to integrate the models generated
from the five algorithms into one model for each of
the 11 species. Before combining the models, a simple
method ([cell value – minimum]/[maximum – mini-
mum]) was applied to standardize the continuous range
of values to a scale of 0–1.With the exception of GARP,
the algorithms generate models with a potential range of
continuous values from 0 to 1. Because the ten best
models of GARP were added to obtain a model with
corresponding values (i.e., 0–10 as potential range), a
transformation was applied so that these models would
have the same scale as the other four algorithms.

By examination and visualization of thresholds cal-
culated by each of the algorithms, expert opinion was
used to determine the thresholds for each species that
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would define binary models (presence/absence) of po-
tential distribution (Table S3, Online Resource 1). The
presence boundaries of the binary maps were general-
ized to facilitate posterior analysis. Physiographic fea-
tures were used to describe distribution patterns: Mar-
shall’s classification (2007) was used for Central Amer-
ica and Cervantes-Zamora et al.’s (1990) for Mexico.

2.7. Environmental and conservation
characterization of species predicted
presence

In order to analyze the range of climatic and topo-
graphic conditions modeled as suitable for the presence
of each species, binary models were overlaid on the
climate and topography layers using ArcGIS v.10.
Maxent outputs were used to identify the most impor-
tant variables that predicted each species distribution,
and the most closely correlated bioclimatic variables
defining each key PC were identified.

Finally, for evaluating the percentages of species
potential distribution subject to protection and agricul-
tural interventions, data on natural protected area
boundaries (ProtectedPlanet.net 2015) and the propor-
tion of cropland (Ramankutty et al. 2010) were also
spatially associated to predicted presence areas for each
species.

3. RESULTS

We obtained distribution models (maps) for 11
species of the genus Melipona in CAM. The
information provided by the models, along with
further studies, will be useful for understanding
the conservation status of the species and identi-
fying priority areas for conservation planning.

3.1. Species potential distribution models

Species models for which accuracy assessment
was calculated (n > 20, Table S3) performed bet-
ter than expected by chance (e.g., AUC > 0.8975,
Table S3). According to the location of species
records (Fig. S1), core areas identified as having
highest habitat suitability for Melipona species
(darker shaded areas; Figure 1) are scattered and
restricted mainly around collecting localities (e.g.,
Figure 1h, i), although some species models re-
vealed presence areas in regions with no

neighboring collecting records (e.g., M. beecheii
along the Pacific coast of Mexico, states of Guer-
rero and Michoacán; Figure 1a).

Models follow particular discontinuous pat-
terns along their respective modeling zone. For
example, models for species of the subgenus
Michmelia reveal that M. colimana is clearly
distributed north of M. fasciata (Figure 1c, d, re-
spectively), with each species occupying distinc-
tive physiographic provinces (Table S5, Online
Resource 1).

According to the models, species are expected
to occur at distinct elevation ranges (Fig. S2, On-
line Resource 1). For instance, M. colimana and
M. fasciata tend to be high-elevation species
(65 % of distribution at 1650–2750 m and 550–
2200 m, respectively), while other species from
the same subgenus, such asM. solani , seem to be
low-elevation species (<419 m) (Fig. S2 c, d, e,
respectively).

With regard to the biotic conditions associated
with the distribution models for each species,
potential distribution areas occur in 44 ecoregions
(Table S6, Online Resource 1) which correspond
to five biomes: deserts and xeric shrublands
(DXS), tropical and subtropical coniferous forests
(TSCF), tropical and subtropical moist broadleaf
forests (TSMBF), tropical and subtropical dry
broadleaf forests (TSDBF), and mangroves (M)
(Fig. S3, Online Resource 1). Closely related phy-
logenetic species may share a dominant biome
type, yet the variety of ecoregions associated with
each species reflects conditions of biotic hetero-
geneity (Table S6, Fig. S3). For example, models
of M. yucatanica and M. lupitae (subgenus
Melipona ) show a predicted potential distribution
mainly within TSDBF (>56% and >95%, respec-
tively), butM. yucatanica is distributed in a great-
er variety of ecoregions.

3.2. Environmental characterization
of species predicted presence

The predictive variables (PC1 to PC5, slope,
DEM, aspect, and CTI) that contributed the most
in generating the species models differed among
species (Table S7, Online Resource 1). However,
the most important correlated climatic variables
included within the main PCs were recurrent
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among the six geographic zones (Table S4). Ex-
amination of Tables S4 and S7 shows that for
most of the species, precipitation-related variables
(bc12, annual precipitation; bc13, precipitation of

wettest month; and bc16, precipitation of wettest
quarter) were the most important in building the
models, whereas temperature-related variables
(bc4, temperature seasonality; and bc7,

Figure 1. Consensus distribution models of Melipona species of CAM. Panels a and b correspond to subgenus
Melikerria ; c to f to subgenus Michmelia ; h , i and j to subgenus Melipona , and k to subgenus Eomelipona .
Probability estimates of species occurrence is expressed as a continuum; darker colors indicate higher prediction
values and lighter colors indicate lower values. The highest prediction interval (darkest shade) was defined using an
expert-based threshold (shown as the lower interval limit). Panel l shows the natural protected area (NPA) network
within the study region (ProtectedPlanet.net 2015).
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temperature annual range) were important only
f o r M . b e e c h e i i , M . f a s c i a t a , a n d
M. yucatanica . The elevation variable (DEM)
accounted for >40 % in producing the models
for M. triplaridis , M. colimana , M. phenax , and
M. micheneri .

Patterns regarding the type and values of key
bioclimatic variables determining the distribution

model characteristics (e.g., “optimum” habitat
values) differed among species (Fig. S4, Online
Resource 1). Some species experience a narrow
optimal range of climatic conditions, while others
seem to bemore tolerant, having more widespread
distribution along the bioclimatic gradient. Some
variables are important in delimiting the potential
distribution for several species in the same

Figure 1 (continued)
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subgenus, but each species is expected to be dis-
tributed mainly within specific variable intervals
(e.g., subgenus Michmelia Fig. S4a, b, c, d).

The species M. yucatanica shows a specific
pattern with respect to variable bc4, having two
well-defined “optimal condition” ranges (437–
900 and 1825–2288) (Fig. S4t). These intervals
roughly correspond spatially to two main areas
along the Pacific coast of Mexico, Guatemala, El
Salvador, and Nicaragua, and along southeastern
Mexico (Veracruz, Campeche, Yucatán, and
Quintana Roo states).

3.3. Conservation characterizat ion
of species predicted presence

For most of the species, less than 20 % of the
predicted presence is included within recognized
natural protected areas (NPAs) (Fig. S5, Online
Resource 1). The species with the lowest propor-
tional area included within NPAs (<1 %) is
M. yucatanica , whileM. fallax shows the highest
(53 %) (Fig. S5i and g, respectively). Interesting-
ly, a small proportion of protected fragments
is larger than 100 km2 (Table S8, Online
Resource 1).

The proportion of predicted areas included in
NPAs (Fig. S5) revealed two characteristic scenar-
ios resulting from the combination of extent and
location of modeled species occurrence and
existing NPAs: For some species, such as
M. fallax and M. costaricensis , for which a large
proportion of predicted occurrence is confined to
Costa Rica and Panamá (>37 % and >33 % for
each species in each country), a large portion of
such area (>45 % and >29 %) is under protection
(Fig. S5f and g). On the other hand,M. colimana ,
M. fasciata , and M. lupitae , for which potential
distribution is located exclusively in Mexico, ex-
hibit a respective 18 %, 5 %, and 16 % of their
distribution under protection (Fig. S5c, d, h).

A large proportion (>60 %) of predicted distri-
bution areas for several species (M. beecheii ,
M. triplaridis , M. fasciata , M. solani ,
M. costaricensis , M. fallax , M. lupitae ,
M. phenax , andM. Micheneri ) is located in areas
with the lowest cropland intensity (0–20 %). In
contrast, M. yucatanica and M. colimana show
∼60 % of their distribution in areas with higher

(0–40 %) cropland intervention (Fig. S6; Fig. S7,
Online Resource 1).

4. DISCUSSION

In this work, we modeled potential distribution
for 11Melipona species of CAM, identifying key
associated environmental and ecological condi-
tions. The scattered appearance of predicted core
areas may be related in part to the merging of the
models, but also to the fragmented availability of
optimal conditions, as has been suggested for
other Melipona species (e.g., M. capixaba ;
Serra et al. 2012).

One important assumption in modeling distri-
bution is that the data used to produce models
come from source populations (Phillips et al.
2006) whose area of distribution is determined
mainly by the interplay of biotic and abiotic char-
acteristics that allow positive growth rates of the
species, and the area accessible to the species over
time (Soberón and Peterson 2005). It has also
been shown that for geographically restricted spe-
cies, small sample size may yield accurate models
provided that the sample is not biased and accu-
rately represents the geographic extent of the spe-
cies (Tessarolo et al. 2014). Here, models of spe-
cies with small sample size (e.g., M. lupitae ,
M. micheneri ) show distribution patterns that ap-
pear to be restricted to areas around collection
localities, which may be associated with the rarity
of the species and their likely narrow environmen-
tal tolerance. Moreover, in order to avoid under-
or over-prediction (Barve et al. 2011), we strati-
fied the entire study area into zones that may
better represent the areas that have been accessible
to each species; therefore, we presume that our
models are a close approximation to the species’s
potential distribution patterns.

In contrast, for species with wider distribution
such as M. beecheii , areas were predicted for
regions where no collection records exist, suggest-
ing poor surveying in those regions or climatic
and/or geographic barriers that have prevented
species from reaching those areas. Another possi-
ble explanation is that some occurrence data may
come from sink habitats—that is, habitats that do
not meet the required biotic and abiotic conditions
for species growth, but that remain within the area
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accessible to the species (Soberón and Peterson
2005). Such data may produce models that over-
estimate the distribution area of a species,
predicting its presence, albeit with lower proba-
bility, in areas not suitable for its persistence
(Soley-Guardia et al. 2014).

Despite the low reliability of models based on
spatially biased samples of any size, surveys must
be recommended at sites predicted as suitable in
order to increase the chance of collection, or at
least to confirm their absence at those places (Le
Lay et al. 2010). Although these types of models
are not appropriate for setting forth conservation
strategies (Wisz et al. 2008), they have been useful
for discovering new species and new populations
of known species (Raxworthy et al. 2003).

Recent surveys of M. beecheii and M. lupitae
carried out at locations where models confirm
documented species occurrence (e.g., Chamela,
Jalisco, and Balsas basin, Michoacán, respective-
ly) have failed to supply new specimens. Several
hypotheses can explain this situation, including a
decrease in species population due to intervening
factors such as increased competition for floral
resources as a result of the relatively recent re-
gional spread of the invasive Africanized honey
bee (Cairns et al. 2005).

Some of the modeled species are frequently
used in meliponiculture, activity that includes the
transport of nests to new localities by humans.
These actions should be taken into account be-
cause of the “sink records” effect associated with
over-predicted distribution areas, which in reality
are unsuitable for the species (Soley-Guardia et al.
2014). This may be the case withM. beecheii , for
which predicted distribution values in the central
part of the Yucatán Peninsula seem unexpectedly
low, given that it is largely reared in the region.
Based on our findings, the suggestion by Cairns
et al. (2005) of a possible decline in M. beecheii
populations in this region could be re-interpreted
as a retraction from its actual distribution due to
specific environmental and ecological conditions.
If that is the case, this supports the importance of
employing SDM to better understand the biogeo-
graphic patterns of bee species.

The differential contribution of precipitation-
and temperature-related variables in building the
models of each species may have important

implications for species future survival, as projec-
tions based on the MMD-A1B models (multi-
model data sets for IPCC scenario A1B) expect
a rise in temperature (1.8–5 °C) and a reduction in
precipitation in CAM (Christensen et al. 2007).

Some authors have found a high degree of
niche conservatism between allopatric closely re-
lated species (Peterson et al. 1999), while others
have found a considerable niche divergence
(Raxworthy et al. 2007). Here, we found that the
distribution model for M. yucatanica (Figure 1i),
shows two clearly divergent areas in both geo-
graphic and environmental space which corre-
spond to genetically differentiated populations
(May-Itzá et al. 2010). These findings have con-
servation implications, since specific management
strategies could be planned for each population,
but also support the suggestion of the existence of
two distinct species. Moreover, even when their
modeling areas partially overlap, models for some
morphologically similar and closely related phy-
logenetic species show clearly disjunct distribu-
tion areas associated with particular environmen-
tal variables and ecological conditions (Figure 1c
vs. d, d vs. e, e vs. f, and h vs. i; Fig. S4), whereas
other closely related species show overlapping
distribution (Figure 1f vs. g). Based on this find-
ings, and following other studies that have shown
that allopatric sister bee species differ in their
potential distribution and realized niche character-
istics (Silva et al. 2014), an integrative approach is
recommended for reviewing the taxonomic status
of these Melipona species, including niche anal-
ysis methods to assess niche characteristics and
explain speciation patterns, in order to produce
more robust species hypotheses.

The relatively small proportion of predicted pres-
ence in NPAs (<20 %) and the fact that total areas
showdifferent levelsof crop intensity represent chal-
lenging scenarios for the conservation ofMelipona
species inCAM; these species are nest forest-depen-
dent, as they rely onmature trees (>20 cm in diame-
ter) with suitable cavities for nesting (Antonini and
Martins 2003). Guatemala, where annual deforesta-
tion rates reach 1.53 % (Tuy et al. 2009), is an
example of how the areas of low cropland intensity
that characterize most ofMelipona species models
are comingunder increasing landuse transformation
linked to crop intensity, which along with the use of
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pesticides may negatively affect bee populations
(Slaa et al. 2006).

Considering that a large proportion of predicted
distribution is located in areas mapped as low
cropland intensity (Fig. S6, S7), one might hy-
pothesize that such areas may represent suitable
habitats for Melipona species because of the in-
teraction between the flowering dynamics of ag-
ricultural practices and the availability of nesting
cavities necessary for reproduction and colony
survival that natural and semi-natural habitats pro-
vide. This may be especially important in species
with restricted potential distribution (e.g.,
M. micheneri ,M. lupitae ) or with a narrow toler-
ance of environmental conditions (e.g.,
M. fasciata , M. colimana ), which may be more
vulnerable to environmental changes associated
with deforestation, other land use changes, and
climate change.

Although Melipona species are nest forest-de-
pendent, they are polylectic, and are thus able to
exploit floral resources available in transformed
habitats (Brown and De Oliveira 2014). Further
studies and conservation strategies should focus
on evaluating the roles of traditional crop systems
(as opposed to industrialized systems) and habitat
heterogeneity (Fahrig et al. 2011) along the different
core areas of the distribution models proposed here.

Melipona species models show three main
areas of potential distribution in CAM—southern
Central America, inner Central America, and
south-central Mexico (north of the Tehuantepec
Isthmus)—which correspond approximately to
three main areas of terrestrial endemism
(Marshall and Liebherr 2000). The fact that these
patterns are shared with those of other stingless
bee species (Ayala et al. 2013), and thatMelipona
species are able to make use of floral resources
existing in transformed habitats, may suggest that
conservation strategies could be promoted by fa-
voring landscape heterogeneity in the form of
agroforestry systems (Hoehn et al. 2010) or low-
intensity cropland (Schüepp et al. 2012). This
approach could be combined with the creation of
new NPAs such as biosphere reserves for which
human interventions are considered part of con-
servation practices (Guillen-Calvo et al. 2009),
particularly on the Pacific coast, since there are
only a few scattered NPAs (Figure 1l).

A final implication of both size (i.e., the NPAs
include individual areas >100 km2) and location
of NPAs with regard to the proposed species dis-
tribution models suggests the potential availability
of species distribution “expansion areas”, particu-
larly for scenarios where species distribution pat-
terns may change, whether due to climate change
(Thomas et al. 2012) or human economic activi-
ties (e.g., expansion of cropland).

ACKNOWLEDGMENTS

We thank I. Aguilar, J. Ascher, E. Cano, N. Arnold,
K. Cantarero, A. Castellanos, E. Enríquez, E. Herrera,
S. Javoreck, O. Macías-Macías, M.C. Mayorga, J.
Mérida, M. Ortiz, L. Packer, J.J.M. Quezada-Euán,
J.M. Rosales, D. Roubik, J. Rozen, and C. Schüepp,
for providing samples. This paper fulfills the require-
ment for the “Programa de Posgrado en Ciencias
Biológicas” of the “Universidad Nacional Autónoma
de México (UNAM)”. C.L.Y. thanks Dr. Y. Tabaru
and Dr. C. Monroy for financial support; Dr. L. Packer
(York University, Canada) and the Foreign Affairs and
International Trade Canada (DFAIT) for participating in
the Emerging Leaders in the Americas Program
(ELAP), and the “Universidad de San Carlos de Guate-
mala” for participating in the UNAM-USAC coopera-
tion program. Finally, we thank D. Paiva Silva and an
anonymous reviewer for valuable suggestions on previ-
ous versions of this manuscript.

Author contributions C.L.Y, M.A.OH., and R.A. con-
ceived the ideas; C.L.Y. and M.A.OH analysed the data;
C.L.Y. and M.A.OH wrote the manuscript; and C.L.Y.,
M.A.OH, and R.A. participated in the discussion of the
results.

Analyse de la répartition des abeilles sans aiguillon du
genre Melipona (Apidae: Meliponini) en Amérique
centrale et au Mexique: établissement de données de
base en vue de leur conservation

Melipona / modèle de distribution / conservation / pro-
tection des espèces

Untersuchung zur Verbreitung von stachellosen Bienen
der Gattung Melipona (Apidae: Meliponini) in
Zentralamerika und Mexiko: Grundlegende
Informationen für den Artenschutz

Melipona / stachellose Biene / Zentralamerika / Mexiko
/ Verbreitungsmodelle / Artenschutz

Distribution of Melipona in Central America and Mexico 255



REFERENCES

Anderson, R.P., Martínez-Meyer, E. (2004) Modeling
species’ geographic distributions for conservation
assessments: an implementation with the spiny
pocket mice (Heteromys ) of Ecuador. Biol.
Conserv. 116 , 167–179

Antonini, Y., Martins, R.P. (2003) The value of a tree
species (Caryocar brasiliense ) for a stingless bee
Melipona quadrifasciata quadrifasciata . J. Insect
Conserv. 7 , 167–174

Araújo, M.B., New, M. (2007) Ensemble forecasting of
species distributions. Trends Ecol. Evol. 22 , 42–47

Araújo, E.D., Costa, M., Chaud-Netto, J., Fowler, H.G.
(2004) Body size and flight distance in stingless bees
(Hymenoptera: Meliponini): inference of flight range
and possible ecological implications. Braz. J. Biol.
64 (3B), 563–568

Ayala, R. (1999) Revisión de las abejas sin aguijón de
México (Hymenoptera: Apidae: Meliponini). Folia
Entomol. Mex. 106 , 1–123

Ayala, R., Gonzalez, V.H., Engel, M.S. (2013) Mexican
stingless bees (Hymenoptera: Apidae): diversity, dis-
tribution and indigenous knowledge. In: Vit, P., Pedro,
S.R.M., Roubik, D.W. (eds.) Pot-Honey a Legacy of
Stingless Bee, pp. 135–152. Springer, New York

Barve, N., Barve, V., Jiménez-Valverde, A., Lira-Noriega,
A., Maher, S.P., et al. (2011) The crucial role of the
accessible area in ecological niche modeling and spe-
cies distribution modeling. Ecol. Model. 222 (11),
1810–1819

Bosso, L., Rebelo, H., Garonna, A.P., Russo, D. (2013)
Modelling geographic distribution and detecting con-
servation gaps in Italy for the threatened beetle Rosalia
alpina . J. Nat. Conserv. 21 (2), 72–80

Brown, J.C., De Oliveira, M.L. (2014) The impact of
agricultural colonization and deforestation on stingless
bee (Apidae: Meliponini) composition and richness in
Rondônia, Brazil. Apidologie 45 , 172–188

Cairns, C.E., Villanueva-Gutiérrez, R., Koptur, S., Bray,
D.B. (2005) Bee populations, forest disturbance, and
africanization in Mexico. Biotropica 37 (4), 686–692

Camargo, J.M.F., Pedro, S.R.M. (2008) Revision of the
species of Melipona of the fuliginosa group (Hyme-
noptera, Apoidea, Apidae, Meliponini). Rev. Bras.
Entomol. 52 (3), 411–427

Camargo, J.M.F., Moure, J.S., Roubik, D.W. (1988)
Melipona yucatanica new species (Hymenoptera:
Apidae: Meliponinae); stingless bee dispersal across
the Caribbean Arc and post-Eocene vicariance. Pan
Pac. Entomol. 64 , 147–157

Cardinale, B.J., Duffy, E., Gonzalez, A., Hooper, D.U.,
Perrings, C., et al. (2012) Biodiversity loss and its
impact on humanity. Nature 486 (7401), 59–67

Cervantes-Zamora, Y., Cornejo-Olgín, S.L., Lucero-
Márquez, R., Espinoza-Rodríguez, J.M., Miran-
da-Viquez, E. (1990) ‘Provincias Fisiográficas
de México’ . Extraído de Clasificación de

Regiones Naturales de México II, IV.10.2. Atlas
Nacional de México. Vol. II. Escala 1:4000000.
Instituto de Geografía, UNAM. México. [online]
http://www.conabio.gob.mx/informacion/gis/
?vns=rfisio4mgw (accessed on 16 november 14)

Christensen, J.H., Hewitson, B., Busuioc, A., Chen,
A., Gao, X., et al. (2007) Regional Climate Pro-
jections. In: Solomon, S., Qin, D., Manning, M.,
Chen, Z., Marquis, M., et al. (eds.) Climate
Change 2007: The Physical Science Basis. Con-
tribution of Working Group I to the Fourth As-
sessment Report of the Intergovernmental Panel
on Climate Change. Cambridge University Press,
Cambridge

Diniz-Filho, J.A.F., DeMarco Jr., P., Hawkins, B.A. (2010)
Defying the curse of ignorance: Perspectives in insect
macroecology and conservation biogeography. Insect
Conserv. Divers. 3 , 172–179

Dormann, C.F., Elith, J., Bacher, S., Buchmann, C., Carl,
G., et al. (2013) Collinearity: a review of methods to
deal with it and a simulation study evaluating their
performance. Ecography 36 (1), 27–46

Fahrig, L., Baudry, J., Brotons, L., Burel, F.G., Crist, T.O.,
et al. (2011) Functional landscape heterogeneity and
animal biodiversity in agricultural landscapes. Ecol.
Lett. 14 (2), 101–112

Fielding, A.H., Bell, J.F. (1997) A review of methods for
the assessment of prediction errors in conservation
presence/absence models. Environ. Conserv. 24 , 38–
49

Garibaldi, L.A., Steffan-Dewenter, I., Winfree, R., Aizen,
M.A., Bommarco, et al. (2013) Wild pollinators en-
hance fruit set of crops regardless of honey bee abun-
dance. Science 339 (6127), 1608–1611

Google Inc. (2015) Google Earth, version 7.1.5.1557

Guillen-Calvo, G., Fonte, M., Heinemann, J., Ishii-
Eiteman, M., Jiggins, J., et al. (2009) Towards Sustain-
able Agriculture. Policy Brief No. 8. UNESCO-
SCOPE-UNEP, Paris

Guo, Q., Liu, Y. (2010) ModEco: An integrated software
package for ecological niche modeling. Ecography 33 ,
637–642

Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G.,
Jarvis, A. (2005) Very high resolution interpolated
climate surfaces for global land areas. Int. J. Climatol.
25 , 1965–1978

Hoehn, P., Steffan-Dewenter, I., Tscharntke, T. (2010) Rel-
ative contribution of agroforestry, rainforest and
openland to local and regional bee diversity. Biodivers.
Conserv. 19 (8), 2189–2200

Klein, A.M., Vaissière, B.E., Cane, J.H., Steffan-Dewenter,
I., Cunningham, S.A., Kremen, C., Tscharntke, T.
(2007) Importance of pollinators in changing land-
scapes for world crops. Proc. R. Soc. Lond. [Biol]
274 (1608), 303–313

Kujala, H., Araújo, M.B., Thuiller, W., Cabeza, M. (2011)
Misleading results from conventional gap analysis–
Messages from the warming north. Biol. Conserv.
144 (10), 2450–2458

256 C.L. Yurrita et al.

http://www.conabio.gob.mx/informacion/gis/?vns=rfisio4mgw
http://www.conabio.gob.mx/informacion/gis/?vns=rfisio4mgw


Le Lay, G., Engler, R., Franc, E., Guisan, A. (2010) Pro-
spective sampling based on model ensembles im-
proves the detection of rare species. Ecography
33 (6), 1015–1027

Macías-Macías, J.O., Quezada-Euán, J.J.G., Contreras-
Escareño, F., Tapia González, J.M., Moo-Valle, H.,
Ayala, R. (2011) Comparative temperature tolerance
in stingless bee species from tropical highlands and
lowlands of Mexico and implications for their conser-
vation (Hymenoptera: Apidae: Meliponini).
Apidologie 42 (6), 679–689

Marmion, M., Parviainen, M., Luoto, M., Heikkinen, R.K.,
Thuiller, W. (2009) Evaluation of consensus methods
in predictive species distribution modelling. Divers.
Distrib. 15 , 59–69

Marshall, J.S. (2007) Geomorphology and physiographic
provinces of Central America. In: Bundschuh, J.,
Alvarado,G.(eds.)CentralAmerica:Geology,Resources,
andNatural Hazards, pp. 75–122. Balkema, Leiden

Marshall, C.J., Liebherr, J.K. (2000) Cladistic biogeogra-
phy of theMexican transition zone. J. Biogeogr. 27 (1),
203–216

May-Itzá, W.D.J., Quezada-Euán, J.J.G., Medina-Medina,
L.A., Enríquez, E., De la Rúa, P. (2010) Morphometric
and genetic differentiation in isolated populations of
the endangered Mesoamerican stingless bee Melipona
yucatanica (Hymenoptera: Apoidea) suggest the exis-
tence of a two species complex. Conserv. Genet. 11 ,
2079–2084

May-Itzá, W.D.J., Quezada-Euán, J.J.G., Ayala, R., De La
Rúa, P. (2012) Morphometric and genetic analyses
differentiate Mesoamerican populations of the endan-
gered stingless bee Melipona beecheii (Hymenoptera:
Meliponidae) and support their conservation as two
separate units. J. Insect Conserv. 16 (5), 723–731

Nóbrega, C.C., De Marco Jr., P. (2011) Unprotecting the
rare species: a niche-based gap analysis for odonates in
a core Cerrado area. Divers. Distrib. 17 , 491–505

Ollerton, J., Winfree, R., Tarrant, S. (2011) How many
flowering plants are pollinated by animals? Oikos
120 , 321–326

Olson, D.M., Dinerstein, E., Wikramanayake, E.D., Burgess,
N.D., Powell, G.V.N., et al. (2001) Terrestrial ecoregions
of the world: a new map of life on Earth. Bioscience 51
(11), 933–938 [online]: http://www.worldwildlife.org/
publications/terrestrial-ecoregions-of-the-world
(accessed on 16 september 14)

Peterson, A.T., Soberón, J., Sánchez-Cordero, V. (1999)
Conservatism of ecological niches in evolutionary
time. Science 285 , 1265–1267

Peterson, A.T., Soberón, J., Pearson, R.G., Anderson, R.P.,
Martínez-Meyer, E., et al. (2011) Ecological Niches
and Geographic Distributions (MPB-49) (No. 49).
Princeton University Press, New Jersey

Phillips, S.J., Anderson, R.P., Schapire, R.E. (2006) Max-
imum entropy modeling of species geographic distri-
butions. Ecol. Model. 190 , 231–259

ProtectedPlanet.net (2015) World Database on Protected
Areas (WDPA). UNEP, WCMC, IUCN [online]:

http://www.protectedplanet.net/ (accessed on 18 no-
vember 14)

Ramankutty, N., Evan, A.T., Monfreda, C., Foley, J.A.
(2010) Global Agricultural Lands: Croplands, 2000.
Data distributed by the Socioeconomic Data and Ap-
plications Center (SEDAC) [online]: http://
sedac.ciesin.columbia.edu/data/set/aglands-croplands-
2000 (accessed on 16 november 14)

Raxworthy, C.J., Martinez-Meyer, E., Horning, N.,
Nussbaum, R.A., Schneider, G.E., et al. (2003)
Predicting distributions of known and unknown
reptile species in Madagascar. Nature 426 , 837–
841

Raxworthy, C.J., Ingram, C.M., Rabibisoa, N., Pearson,
R.G. (2007) Applications of ecological niche model-
ling for species delimitation: a review and empirical
evaluation using day geckos (Phelsuma ) from Mada-
gascar. Syst. Biol. 56 , 907–923

Reyes-González, A., Camou-Guerrero, A., Reyes-
Salas, O., Argueta, A., Casas, A. (2014) Diver-
sity, local knowledge and use of stingless bees
(Apidae: Meliponini) in the municipality of
Nocupétaro, Michoacan, Mexico. J. Ethnobiol.
Ethnomed. 5 , 10–47

Rojas-Soto, O.R., Martínez-Meyer, E., Navarro-Sigüenza,
A.G., Oliveras de Ita, A., Gómez de Silva, H., Peter-
son, A.T. (2008) Modeling distributions of disjunct
populations of the Sierra Madre sparrow. J. Field
Ornithol. 79 (3), 245–253

Roubik, D.W., Camargo, J.M.F. (2012) The Panama mi-
croplate, island studies and relictual species of
Melipona (Melikerria ) (Hymenoptera: Apidae:
Meliponini). Syst. Entomol. 37 (1), 189–199

Schüepp, C., Rittiner, S., Entling, M.H. (2012) High bee
and wasp diversity in a heterogeneous tropical farming
system compared to protected forest. PLoS ONE
7 (12), e52109. doi:10.1371/journal.pone.0052109

Serra, B.D.V., De Marco, P., Nóbrega, C.C., de
Oliveira Campos, L.A. (2012) Modeling potential
geographical distribution of the wild nests of
Melipona capixaba Moure & Camargo, 1994
(Hymenoptera, Apidae): Conserving isolated pop-
ulations in mountain habitats. Braz. J. Nat. Cons.
10 , 199–206

Silva, D.P., Vilela, B., De, M., Jr, P., Nemésio, A. (2014)
Using ecological niche models and niche analyses to
understand speciation patterns: The case of sister Neo-
tropical orchid bees. PLoS ONE 9 (11), e113246.
doi:10.1371/journal.pone.0113246

Slaa, E.J., Sánchez-Chaves, L.A., Malagodi-Braga, K.S.,
Hofstede, F.E. (2006) Stingless bees in applied polli-
nation: practice and perspectives. Apidologie 37 (2),
293–315

Soberón, J., Peterson, A.T. (2005) Interpretation of models
of fundamental ecological niches and species’ distri-
butional areas. Biodivers. Inform. 2 , 1–10

Soley‐Guardia, M., Radosavljevic, A., Rivera, J.L., Ander-
son, R.P. (2014) The effect of spatially marginal local-
ities in modelling species niches and distributions. J.
Biogeogr. 41 (7), 1390–1401

Distribution of Melipona in Central America and Mexico 257

http://www.worldwildlife.org/publications/terrestrial-ecoregions-of-the-world
http://www.worldwildlife.org/publications/terrestrial-ecoregions-of-the-world
http://www.protectedplanet.net/
http://sedac.ciesin.columbia.edu/data/set/aglands-croplands-2000
http://sedac.ciesin.columbia.edu/data/set/aglands-croplands-2000
http://sedac.ciesin.columbia.edu/data/set/aglands-croplands-2000
http://dx.doi.org/10.1371/journal.pone.0052109
http://dx.doi.org/10.1371/journal.pone.0113246


Stockwell, D.R.B., Peters, D.P. (1999) The GARP
modelling system: Problems and solutions to au-
tomated spatial prediction. Int. J. Geogr. Inf.
Syst. 13 , 143–158

Tessarolo, G., Rangel, T.F., Araújo, M.B., Hortal, J. (2014)
Uncertainty associated with survey design in Species
DistributionModels. Divers. Distrib. 20 (11), 1258–1269

Thomas, C.D., Gillingham, P.K., Bradbury, R.B.,
Roy, D.B., Anderson, B.J., et al. (2012)
Protected areas facilitate species’ range expan-
sions. Proc. Natl. Acad. Sci. 109 (35), 14063–
14068

Tuy, H., Gálvez, J., García, E., Sandoval, C., Pineda,
P. (2009) Bosque: la piedra angular de la
estabilidad territorial, in: Gálvez, J. and Cleaves,
C. (Eds.), Perfil Ambiental de Guatemala 2008–
2009: las señales ambientales críticas y su
relación con el desarrollo. Universidad Rafael
Landívar, Instituto de Agricultura, Recursos
Naturales y Ambiente. Guatemala, pp. 65–91

Wisz, M.S., Hijmans, R.J., Li, J., Peterson, A.T., Graham,
C.H., Guisan, A., et al. (2008) Effects of sample size on
the performance of species distributionmodels. Divers.
Distrib. 14 (5), 763–773

258 C.L. Yurrita et al.


	Distributional...
	Abstract
	Introduction
	Materials and methods
	Species and study area
	Species record data
	Predictive variables
	Species distribution modeling
	Accuracy assessment
	Model ensemble
	Environmental and conservation characterization of species predicted presence

	Results
	Species potential distribution models
	Environmental characterization of species predicted presence
	Conservation characterization of species predicted presence

	Discussion
	References


