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Abstract — The need for basic information on tropical crop pollinators remains a key priority. Here, we used a
dataset on Brazilian bee-crop interactions to determine important bee species for crop pollination and discuss their
management in Brazilian croplands. We developed an analytical approach to select key bee species and genera from
datasets based on different criteria, selecting only interactions reported as effective pollination events. Data on
pollination included 261 records of unique crop-pollinator interaction, 144 bee species, and 23 crops. Despite the
importance of social species, solitary bees accounted for 56% of the observed interactions. Of the 14 most important
species, eight are solitary and six are social. A few of the selected species are already reared in Brazil, e.g., honeybees
and some stingless bees, but practical knowledge on their management for crop pollination is poorly disseminated

among farmers, hindering such an application.

Agricultural production / Biodiversity / Ecosystem services / Tropical crop pollinators

1. INTRODUCTION

Pollinators are under threat from factors asso-
ciated with human activities, including habitat
loss and degradation, pesticides, parasites, patho-
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gens, invasive species, and climate change, as
demonstrated by the International Platform on
Biodiversity and Ecosystem Services (IPBES
2016; Potts et al. 2016). To safeguard pollinators,
the conservation of natural landscapes and the use
of bee-friendly practices in agriculture should be
promoted and implemented (Carvalheiro et al.
2011; Garibaldi et al. 2014; Dicks et al. 2016),
which is considered a global priority (Brown et al.
2016). In the face of rising demand for pollinator-
dependent crops (Aizen et al. 2009), it is funda-
mental to identify key pollinator species with the
dual goals of improving the effectiveness of
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pollinator management, i.e., beekeeping practices
aiming to increase pollination of agricultural
crops, and to encourage farmers to incorporate
such practices into agricultural systems.

The functional role of animal pollinators is of
paramount importance, since almost 90% of
flowering plant species rely on them for fruit
and/or seed set (Ollerton et al. 2011). Although
the vital role of animal pollinators in maintaining
wild plant communities that sustain biodiversity
in terrestrial ecosystems is well established, a
growing international focus on such pollinators
has been directed toward food security (Potts
et al. 2016). The role of pollinators as ecosystem
service providers is well known since they im-
prove the seed and/or fruit yield and quality of
approximately 75% of global crop species that are
important for the human diet (Klein et al. 2007).
Animal pollination is an essential natural process
that has a significant social and economic impact
on agricultural outcomes, and its global economic
value is estimated to be US$235-577 billion an-
nually (Potts et al. 2016).

Bees are considered as the most important crop
pollinators worldwide (Klein et al. 2007). While
Apis mellifera is the main managed pollinator
species in many global crops (Potts et al. 2016),
fruit set is more often dependent on the activities
of diverse assemblages of wild pollinators
(Garibaldi et al. 2013). Behavioral and morpho-
logical differences among flower-visitor species
are predictors of pollination (Woodcock et al.
2013), and functional divergence of species traits
was demonstrated as being important to crop
yields (Woodcock et al. 2019). Therefore, crop
yield and profits are likely to be increased by both
management of specific pollinator species, and the
promotion of wild pollinator richness, resulting in
benefits to both farmers and society (Garibaldi
etal. 2014).

Management of bee species is key to crop
production, especially on places where wild bees
present low abundance, such as intensive crop
production fields with proportionally low natural
lands on surroundings (Isaacs and Kirk 2010).
Positive examples can be found throughout the
world. Social bumblebee colonies have been
reared and used in greenhouses to improve yield
and quality of tomato crops (Velthuis and van

Doorn 2006). In the tropics, several stingless bee
species can be reared in hives and used in the
pollination of crops in both greenhouses and open
fields (Heard 1999; Slaa et al. 2006). In other
global regions, solitary bee species have been
reared in artificial nests to improve pollination of
nearby crops (e.g., Osmia, Megachile, Nomia
species) (Cane 2008; Pitts-Singer and Cane
2011; Sedivy and Dorn 2014; Maclvor 2017).
Thus, agricultural practices that integrate diversi-
fied managed and wild bee populations should be
adopted to improve crop yields and farmers’
profits while conserving biodiversity and ecosys-
tem services (Garibaldi et al. 2013).

Few common bee species were reported as the
main providers of crop pollination in the USA and
Europe (Kleijn et al. 2015), but little is known
about the main species for tropical regions
(Archer et al. 2014), with many studies on polli-
nation reporting only coarse levels of taxonomic
resolution (Allen-Wardell et al. 1998; Giannini
et al. 2015a; Eisenhauer et al. 2019). Brazil is an
example of a megadiverse tropical country where
greater focus on crop pollinators is required. Bra-
zil produces more than 7% of global agricultural
exports, making it the world’s third-largest export-
er of agricultural products (FAO 2014). Of all crop
species cultivated in Brazil, more than 60% de-
pend on, or benefit from, pollination provided
mainly by 250 bee species (Giannini et al.
2015a, b), and approximately 30% of the annual
agricultural value of these crops is directly derived
from the activity of these pollinators (Giannini
et al. 2015b). Moreover, Brazil has the second
highest number of bee species of any country
globally, with more than 1860 described species
(Ascher and Pickering, 2018). However, given
current predictions on population growth (15%
increase by 2030 (IBGE 2017)), demands on food
production are expected to increase considerably,
imposing environmental challenges due to the
conversion of natural habitats into croplands and
pastures (Gibbs et al. 2010). Knowing that the
conversion of natural habitats has negative im-
pacts on pollinators and pollination services, there
is urgent need to identify key pollinator species
and develop more pollinator-friendly approaches
to enhance agricultural production (Garibaldi
et al. 2017; Isaacs et al. 2017).
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In the present study, we aimed to determine the
most important bee species for Brazilian crop
pollination and discuss their management using
a large dataset on bee-crop flower visitation that
included only interactions considered as legiti-
mate pollination events. Due to the high diversity
of bees found in tropical regions, and existing
knowledge gaps on tropical crop pollination, de-
fining a list of important crop pollinator species
and providing suggestions for their management
can be extremely useful for both public policy-
and decision-making processes.

2. MATERIAL AND METHODS

The data used here is an update of two previous
publications performed in Brazil. One of them is
related to a bibliographical survey that was carried
out on reported pollinators of agricultural crops
(Giannini et al. 2015a). This first assessment ana-
lyzed 249 references and found 2545 interactions
between pollinator and/or visitor species (totaling
321 animal species) with crops (85 crops). The
other study determined the degree of dependence
of Brazilian crops on animal pollination (Giannini
etal. 2015b), using the original data on Klein et al.
(2007) and 57 other articles specifically related to
Brazilian crops. In total, 141 crops and their
dependence on pollinators were evaluated. Data
published by Klein et al. (2007) were updated
where necessary.

These two abovementioned datasets were up-
dated by using new publications (Online Resource
1 for full list) on the subject. Data were compiled
as a table of interactions in which each row rep-
resents a bee species reported to pollinate a par-
ticular crop plant species all around Brazil. Inter-
actions are represented as binary data since we do
not have the number of bee individuals collected
per observation (see Online Resource 2). As our
objective is to identify the most important polli-
nating bees for Brazil, data related to bees report-
ed as visitors were excluded. We did not develop
our approach based on regional information, first-
ly because such data are scarce on Brazil, and
secondly, because our objective is to provide a
species list of Brazilian bees that could help on
decision-making and stimulate new studies spe-
cially related to bee management to enhance crop
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production. Bee species with incomplete taxo-
nomic identification were also removed from
analysis. The scientific names of crop species
were included in the Online Resource 1.

To determine the most important bee species,
we used the following criteria: (C1) Centrality of
the bee species in the crop-pollinator interaction
network: within the context of mutualistic inter-
action networks, centrality refers to the capability
of a particular node to influence others based on
its structural position (Estrada and Bodin 2008),
acting as a hub (i.e. a species with a large number
of interactions) and/or as a connector (i.e. a spe-
cies that connects different network’s module)
(Mello et al. 2015). Bee species that dominated
most of the interactions with the agricultural crops
were considered the most important. To identify
such species, we tested five measures of network
centrality available in the igraph package (Csardi
and Nepusz 2006) for R (R Core Team 2015): (a)
degree, which is the number of species’ adjacent
edges; (b) “coreness,” where the k-core of graph is
a maximal subgraph in which each vertex has at
least degree k; (c) hub score or Kleinberg’s hub
centrality scores, where the hub scores of the
vertices are defined as the principal eigenvector
of A*t(A), where A is the adjacency matrix of the
graph; (d) eigen centrality, where the eigenvector
centrality scores correspond to the values of the
first eigenvector of the graph adjacency matrix; (e)
page rank, which calculates the Google PageRank
for the specified vertices. As previously empha-
sized, we considered only presence/absence data
(binary network) since the number of individuals
of each bee species collected on each crop plant
(weighted network) was not available. Because
the overall correlation among the available mea-
sures was high (> 0.70), we used only one, the hub
score. (C2) Geographic distribution of each bee
species: species with a widespread geographical
occurrence would be potentially more important
as they provide pollination services across multi-
ple regions. The distribution area was estimated
from the occurrence points reported in the biodi-
versity data provider speciesLink (a Brazilian re-
pository of biodiversity data from entomological
collections) using convex hull tool in the QGIS
(Open Source Geospatial Foundation Project).
This tool determines the area of the smallest
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convex polygon that encloses all occurrence
points of each species. (C3) Number of crops with
which each bee species interacts: the higher the
number of crops with which a particular bee spe-
cies interacts, the greater that species’ importance.
As stated above, these data were updated from
Giannini et al. (2015a). (C4) Pollinator dependen-
cy of each crop: the greater the dependence of the
pollinated crop(s), the greater the importance of
this pollinator for yield. So, bees that interact with
crops that have a high dependence will receive a
high score. Data about pollinator dependency is
based on the differences of crop production with
and without pollinators (Klein et al. 2007) and
was taken from the literature about pollination of
individual crops. This data was also updated from
Giannini et al. (2015b). We considered the four
dependency classes (originally used by Gallai and
Vaissiere 2009), who estimated the dependence
rate (DR) for each class as follows: essential
(DR =0.95; the value of pollination-driven yield
lies between 90 and 100%); great (DR = 0.65; 40—
90% of yield is dependent on animal pollination);
modest (DR = 0.25; 10-40% of yield is dependent
on animal pollination); and little (DR =0.05; 0—
10% of yield is dependent on animal pollination).
(C5) Economic value of crop production: the
higher the economic value of the crop(s) pollinat-
ed by a particular bee species, the greater its
importance in this criterion. So, bees that interact
with high-valued crops will reach a high score.
Data were obtained from national lists that pro-
vide the values of annual agricultural production,
which are available on the website of the Brazilian
Institute of Geography and Statistics (IBGE) for
2015. To check for correlations among the criteria,
we performed Pearson’s product moment correla-
tion using “stats” package for R (The R Project for
Statistical Computing) and excluded criteria (C1)
(centrality of the bee species in the crop-pollinator
interaction network; » =0.88, p <0.001) and (C2)
(geographic distribution of each bee species; » =
0.81, p <0.001), since both were correlated with
(C3) (number of crops pollinated by each bee
species). In order to facilitate the interpretation
of results, crop value (C4) and crop dependence
(C5) were multiplied, following previous sugges-
tion (Gallai and Vaissiére 2009), aiming to esti-
mate the value of pollination service for the

analyzed crops. However, we also provide a com-
parison of bee species selected by each criterion in
the Online Resource 2.

As each bee interacts with different crops, we
summed all values of pollination service for each
bee in order to obtain a unique value per bee
species that refers to the value of pollination ser-
vice of all crops for which we have data. We
plotted the total value against the total number of
crops with which each bee species interacts (C3).
This plot is a graphic representation with four
quadrants, which were defined by the following
threshold values: a total value of pollination ser-
vice of at least US$1 billion, and at least three
interactions. Since there is no other similar study
published, we choose these limits empirically,
analyzing our own data to obtain a viable number
of species to guide decision-making processes.
This limit was also selected after comparing other
different limits with the results obtained by the
abovementioned criteria (Online Resource 2); it
was the one that selected the most similar set of
species when compared to the species selected by
all the criteria used.

We presented the same data considering bee
genera and solitary and social bees. Bumblebees,
honeybee, and stingless bees were classified as
“social,” and the other species were classified as
“solitary.” This simple division was assumed be-
cause in Brazil, traditionally, there is a historical
empbhasis on using social bee species for manage-
ment, especially native stingless bees (Slaa et al.
2006, Jaffé et al. 2015) and the exotic Apis
mellifera . However, details of sociality were in-
cluded in the Online Resource 1 and in the text
whenever necessary.

3. RESULTS
3.1. Brazilian bee-crop interactions

Data on crop pollinators included 261 records
of bee-crop interactions involving 144 species of
bees and 23 agricultural crops reported on 131
references (Online Resource 2). The genera with
the highest number of species quoted were
Centris (26 species), Xylocopa (12), Trigona
(11), Epicharis , and Melipona (10 species each).
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Social bees comprised 63 species (44%), and sol-
itary, 81 species (56%).

3.2. Selected bee species

Fourteen bee species presented the value of
ecosystem services of pollination above our
threshold (> 1bn US$) and interacted with three
or more crop species (quadrant 1 of Figure 1)
(Table I). Apis mellifera presented the highest
values for both variables, largely because of its
importance in soybean production, which
accounted for 66% of its total value of pollination
service. Trigona spinipes presented the second
highest value for number of interactions but was
ranked tenth considering the total value of polli-
nation service. Three species quoted in this quad-
rant belong to Centris (C. aenea, C. similis,

QUADRANT 4

T. C. Giannini et al.

C. tarsata), three species are stingless bees
(Melipona quadrifasciata, Tetragonisca
angustula , Trigona spinipes ), and two are bum-
blebees (Bombus morio, B. pauloensis).
Tetragonisca angustula was reported as
interacting with eight different crops. Xylocopa
frontalis, also included in this quadrant, stands
out interacting with seven crops. Altogether, eight
species are solitary (60%) and six are social
(40%).

One solitary bee species (Centris varia) pre-
sented a high total value of pollination service due
to interactions with crops with high production in
Brazil (> 1bn USS$), but was reported to pollinate
only two crops (quadrant 2 of Figure 1).

Bee species with smaller values of pollination
service and 1-2 interactions with crops comprise
most of the analyzed species (121 species)
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Figure 1 Representation of the criteria used for selecting the most important crop pollinators. Total value of
ecosystem services of pollination (VESP) is the sum of all economic values of ecosystem services of
pollination—calculated as the annual production of each crop (USS$, year 2015) multiplied by the crop dependence
for animal pollination (see Material and Methods for details)—delivered by each bee in all crops (total number of

interactions) pollinated by it.
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[  TableI (continued)

Total VESP
(10° US$)

VESP per crop
(10°°USS$)

Dependency

rate

Production
(10° US$)

Crop (Common

name)

Bee (Scientific

name)

Social/Solitary

Record

Springer

265
94
91

0.95
0.65
0.05
0.95
0.25
0.25

279
144

2. Passion fruit
3. Guava
4. Bean

among

nestmates)

1828
33
17

31

5. Brazil nut tree

6. Annatto

7. Umbu

T. C. Giannini et al.

(quadrant 3 of Figure 1). Overall, 68 species are
solitary (56%) and 53, social (44%); and include
50 stingless bee species, 22 Centris , 9 Xylocopa,
and 8 Epicharis .

Finally, bee species with high number of inter-
actions but small total value of pollination service
comprised eight species (quadrant 4 of Figure 1).
Four species are stingless bees (50%) and four
species are solitary (50%).

When comparing selected bee species using each
of the used criteria and different thresholds, essen-
tially, the same 14 species were selected (Online
Resource 2). However, seven different species were
selected using only geographic range (Centris
rhodoprocta, Eulaema bombiformis, Eulaema
cingulata, Eulaema meriana, Exaerete
smaragdina, Trigona branneri, Trigona
fulviventris ) and two by centrality (Melipona
fasciculata, Xylocopa grisescens ). When using a
smaller threshold for number of interaction (> 2
instead of > 3) and the same threshold for ecosys-
tem services of pollination (> lbn US$), the list
includes the 14 species previously quoted and also
Centris varia. When using a higher threshold for
ecosystem services of pollination (> 2bn US$) and
a smaller number of interaction (> 2), we obtained
only four species, all of them included in the list of
the 14 species (Apis mellifera, Epicharis flava,
Melipona quadrifasciata, Tetragonisca
angustula ).

3.3. Selected bee genera

Considering bee genera, our results showed
that 16 bee genera presented the value of pollina-
tion service higher than our threshold (> USS$ 1
bn) (Table II; for complete list see Online
Resource 1). Nine genera are social bees (56%
of total species), including a total of seven genera
of stingless bees. The seven solitary bee genera
quoted (44%) were Augochloropsis, Centris,
Epicharis , Eulaema , Exomalopsis , Oxaea , and
Xylocopa .

4. DISCUSSION

Generalist bee species, mainly those interacting
with crops presenting high monetary value (such
as in decreasing order, soybean, coffee, tomato,
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Table II. Sixteen most important bee genera for Brazilian crop pollination, considering the economic value of
ecosystem services of pollination (VESP) and the number of crops pollinated by them. All bee species and genera
quoted can be found on Online Resource 1 and the number of species reported for each genus on Brazil can be found

on Online Resource 3.

Genus Total VESP (10° US$) Nr. of bee species Nr. of crops
Apis 10,405 1 19
Melipona 3413 10 10
Trigona 3241 11 13
Bombus 2677 5 8
Eulaema 2651 7 7
Centris 2584 26 8
Epicharis 2559 10 6
Tetragonisca 2142 2 8
Partamona 2118 6 4
Scaptotrigona 2003 4 4
Paratrigona 1976 2 2
Xylocopa 1617 12 10
Oxaea 1354 2 5
Frieseomelitta 1308 4 5
Exomalopsis 1062 4 3
Augochloropsis 1058 3 2

acai, orange), were found to be the most important
for crop pollination. Even for crops with modest
dependence on pollinators, such as soybean, cof-
fee, and orange, their high monetary value in-
creased the scores of these bee species. Apis
mellifera achieved a high score considering num-
ber of interactions and total pollination service
value. Trigona spinipes also stood out with a high
number of interactions but involving crops of
comparatively low monetary value. From the 14
most important species highlighted here, eight are
solitary. Solitary species were also involved in the
highest number of the analyzed interactions.

4.1. Social bee species and their
management

The importance of honeybee and stingless bees
was expected, given their populous and perennial
colonies require year-round nutritional supply to
ensure their survival (Michener 1974; Maia-Silva
et al. 2016). Additionally, as a group, stingless bees

exploit a wide array of flowering crops through their
diversity in body size and foraging strategies
(reviewed in Jarau and Hrcir 2009). Apis mellifera
is an exotic species in Brazil, and is the most
important crop pollinator in the world (Potts et al.
2016). The high value of pollination service obtain-
ed here to A. mellifera is due mostly to the produc-
tion of soybean that, in spite of being only modestly
dependent on animal pollination, presents the
highest value of production in Brazil (Giannini
et al. 2015b). But this dependence requires further
analysis since different varieties are cultivated,
probably with different levels of pollination depen-
dence. Additionally, the populous colonies of this
exotic species (approximately 35,000 individuals;
Eckert et al. 1994) might potentially affect the pol-
lination performed by native pollinators through
exploitative competition (Butz-Huryn 1997;
Roubik and Villanueva-Gutierrez 2009; Lindstrom
etal. 2016). A global study showed that native bees
are more efficient than A. mellifera in crop pollina-
tion (Garibaldi et al. 2013), but the integration of
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wild bees and honeybees produces a greater pro-
portion of fruit set than either species of bee alone
(Greenleaf and Kremen 2006; Brittain et al. 2013).

Trigona spinipes is a widely distributed native
stingless bee species. Their populous colonies (up
to 180,000 individuals; Kerr 1951) are not depen-
dent on specific habitats to build their nests, nor
restricted to feeding on specific flowering plant
species (considered “supergeneralist,” Giannini
et al. 2015c), allowing them to disperse easily
through agricultural landscapes and provide pol-
lination services in degraded habitats. In some
cases, this species is unjustly considered as a pest
by farmers (Renner 1983) as they aggressively
defend their nests and have been shown to be
nectar robbers in some crop species. But, as
shown here, this species is also an important pol-
linator. However, the breeding of T spinipes was
tested without success (Shackleton et al. 2015).

Other social bees quoted here are being man-
aged in artificial hives for greenhouse crop polli-
nation in Brazil. Important examples are
Tetragonisca angustula for strawberry (Fragaria
ananassa , Malagodi-Braga and Kleinert 2004)
and Melipona fasciculata for eggplant (Solanum
melongena L., Nunes-Silva et al. 2013), with
encouraging results in relation to pollination rate
and fruit quality. Despite this, stingless bee man-
agement is still not used in Brazil at the scale
needed for crop pollination. While the breeding
of stingless bees is widely established in Brazil
(Jaffé et al. 2015), there is a huge potential for
commercial pollination (Cortopassi-Laurino et al.
2000).

Brazilian Bombus species, as the two selected
species B. pauloensis and B. morio, are wide-
spread and important to Brazilian crops
(Giannini et al. 2015a). They are primitively eu-
social with annual colonies. They differ from
commonly managed European bumblebee species
(e.g., Bombus terrestris ) that have been commer-
cialized by biofactories and delivered to many
countries over the last decades to pollinate in
greenhouses (Velthuis and van Doorn, 2006).
Moreover, the number of Brazilian species is
low when compared to the northern hemisphere
(Ascher and Pickering, 2018) and studies toward
their management are still incipient in Brazil.
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4.2. Solitary bee species and their
management

We showed that several solitary species are par-
ticularly important when considering crop pollina-
tion, especially Centris species. Centris is a genus
with high number of identified species in Brazil
(Online Resource 3), and further studies on their
potential use in agricultural areas should be encour-
aged. Pioneering studies in Brazil have already
shown the potential of trap nests to attract
C. analis females in crops of acerola (Malpighia
emarginata , (Magalhdes and Freitas 2013; Oliveira
and Schlindwein 2009).

Carpenter bees (Xylocopa ), despite being con-
sidered here as a solitary species, exhibit different
levels of sociality (Gerling et al. 2003). They
efficiently pollinate Brazilian passion fruits
(Passiflora spp.), and trap or artificial nests were
successfully established in passion fruit orchards
to enhance their populations and minimize polli-
nation deficits (Freitas and Oliveira-Filho 2003;
Junqueira and Augusto 2017). Carpenter bees
have been also managed successfully in Israel
(Sadeh et al. 2007) and Australia (Hogendoorn
et al. 2006). For the other solitary species empha-
sized here (Epicharis flava, Eulaema nigrita,
Exomalopsis auropilosa , and Oxaea flavescens ),
there is almost no information regarding manage-
ment, except Eulaema nigrita , that was previous-
ly captured on nest traps (Garoéfalo et al. 2004).

Few other examples of managed solitary species
are currently found globally for crop pollination. As
already said, Osmia mason bees are used commer-
cially in fruit orchards in Asia, Europe, and North
America (Bosch and Kemp 2001; Sedivy and Dorn
2014; Maclvor 2017). Also, the leafcutter bee
Megachile rotundata is used on alfalfa crops
(Medicago sativa ), being considered the most effi-
cient pollinator of this crop in North America (Pitts-
Singer and Cane 2011). Additionally, successful
examples of artificial nesting sites indicate that they
may be a good strategy to manage solitary bees to
ensure pollination services for crops. However, the
knowledge to manage these solitary bees still needs
to be improved as regards nesting habitat, nest
structure, building materials, resources provided to
the larvae, period of nest occupancy, associated
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parasites, and mortality. Unfortunately, for most
solitary bee species in Brazil, not even their nesting
habits are known.

4.3. Other selected species

Our approach based on multiple criteria and
thresholds captured similar species as the most
important for crop pollination. Considering spe-
cies with wide geographic ranges, the importance
of Eulaema and Exaerete species, two genera of
orchid bees, pollinators of passion fruit, brazil nut
and annatto, is clear, alongside one species of
Centris and two Trigona . The species Melipona
fasciculata and Xylocopa grisescens were also
selected based on their high centrality scores from
the pooled bee-crop network. The latter species
stands out, presenting interactions with seven
crops. However, most of these crops present low
economic values, which greatly diminished the
importance of this species according to our
criteria. The four species selected with the highest
threshold of value of pollination service (> 2bn
USS$) were associated mainly to crops with the
highest values on Brazil: soybean, coffee, acai,
and orange (Apis mellifera); coffee and tomato
(Epicharis flava, Melipona quadrifasciata); and
coffee and orange (7Tetragonisca angustula). All
of them are within the 14 bee species selected.

4.4. Caveats and future steps

Data on the geographic distribution of bees that
occur in Brazil have been structured and made
available mainly through the Moure’s Bee Cata-
log (Moure et al. 2012) and the Brazilian biodi-
versity data provider, speciesLink (http://splink.
cria.org.br/). However, data for the northern and
central western regions of the country still need to
be improved (Giannini et al. 2015a; but see Lima
and Silvestre 2017), requiring additional field
sampling effort.

Among all the crop-pollinator species men-
tioned here, information on nesting biology can
be found for only 59 species (Online Resource 1),
37 being social, and 22 solitary species. Bee spe-
cies that nest in aboveground cavities are much
easier to manage (Michener 2007), and there are
already several model systems for such species

(Mader et al. 2010). Studies on nesting biology
are important to help on understanding species
requirements and improve management tech-
niques, and further studies should be encouraged.

The lack of data on bee species abundance in
different regions and in crop lands also deserves
attention, as more locally abundant pollinator spe-
cies would be more important to crop yield. How-
ever, this data is still scarce and unreliable to be used
in more general analytical approaches such as ours
presented here. We also emphasize the need for
more data on the production of agricultural crops,
especially considering local crops. Brazil has a high
diversity of regional crops, but little is known about
their value of annual production, which hinders the
type of analysis developed here. Moreover, little is
known about the interactions of regional crops with
pollinators. Regional crops could rely on more spe-
cialized pollinators, probably with more restricted
distributions, but this needs further research. Thus,
future studies should prioritize obtaining local data
on regional crop production, understanding their
dependence on pollinators, and which are the main
pollinator species in the region, which would enable
a more spatially refined perspective of pollination
services. Given the importance of pollination for
smallholder farming for local and regional econo-
mies (Garibaldi et al. 2016), this knowledge can be
useful to guide local decision-making processes,
which would be of great importance to farmers
and local communities.

5. CONCLUSIONS

Current knowledge gaps on crop pollinator
bees in tropical region must be addressed in order
to help decision-making processes, particularly
regarding solitary bees and bee management in
general. We hope that the list provided here of the
most important bee species for crop production
can pave the road ahead of other studies and help
develop new strategies for the sustainable man-
agement and conservation of crop pollinators. We
emphasize that most Brazilian farmers are not
aware of the benefits of pollination, so that many
crops rely exclusively on wild pollinators. For this
reason, bee management for crop pollination pur-
poses still needs to be promoted and improved.
Since the country has a high production of
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pollinator-dependent crops, bee management for
commercial pollination is a great business
opportunity.
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