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and nest entrance architecture
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ABSTRACT
Stingless bees are the most species-rich group of eusocial bees and show great diversity in
behaviour, ecology, nest architecture, colony size, and worker morphology. How this vari-
ation relates to varying selection pressures and constraints is not well understood. Variation
can be caused by selection acting on behavioural or morphological traits, both alone and in
correlation across traits. Here we tested whether behavioural and morphological traits
important for foraging and defence are linked to nest-entrance architecture, an extended
phenotype relevant to both foraging and nest defence. Using 23 species we investigated
whether eye size, nest entrance size, landing behaviour and foraging method show cross-
species correlations. A phylogenetically-controlled comparative analysis revealed that species
with relatively smaller eyes build relatively larger entrances, which in turn are associated
with faster landing approaches and fewer landing errors by foragers, both of which could
reduce predation risk. Concerning foraging, mass-recruiting species have c. 10-times larger
entrance holes than species with a solitary foraging strategy. Larger entrances could help
species with mass recruitment to rapidly increase forager traffic or mount a strong defensive
response when under attack. Our results show that studying correlations among different
traits helps understand phenotypic diversity in species rich groups.
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Introduction

Organisms must simultaneously address many chal-
lenges in order to survive and reproduce. For
example, an animal must obtain food for growth,
mate, avoid diseases and predators, often all at the
same time. The solutions to these challenges can
conflict so that adaptive phenotypic traits often
reflect compromises and trade-offs (e.g., Flatt &
Heyland, 2011; Roff, 2001; Schluter et al., 1991;
Shoval et al., 2012; Stearns, 1989). Countless and
often subtle correlations among traits exist, beyond
the well-studied major life-history trade-offs, all of
which contribute to the diversity of the natural
world. In foraging, for example, social insects face
exploration-dominance trade-offs, where some spe-
cies are better at dominating food sources, while
others are better at discovering food sources, which
in turn is thought to promote diversity in commun-
ities (Hubbell & Johnson, 1978; Lebrun & Feener,
2007; van Oudenhove et al., 2018).

With c. 550 described species in c. 60 genera,
stingless bees (Meliponini) are the largest and most
diverse group of eusocial bees (Gr€uter, 2020;
Rasmussen & Cameron, 2009). They play important
roles as pollinators in tropical and sub-tropical envi-
ronments worldwide (Gr€uter, 2020; Heard, 1999;
Ramalho, 2004; Roubik, 1989; Vit et al., 2018). Their
diverse morphology and foraging styles mean that,
as a group, stingless bees can exploit many different
food sources (Gr€uter, 2020; Hrncir & Maia-Silva, 2013;
Lichtenberg et al., 2017; Roubik, 1989). Stingless
bees vary not only in their behaviour and morph-
ology, but also in nest architecture, which is a key
part of the extended phenotype of a colony. A par-
ticularly important, striking and variable architectural
trait is the nest entrance, which is typically con-
structed by the colony from materials including wax,
resin and mud (Figure 1) (Biesmeijer et al., 2007;
Couvillon et al., 2008; Gr€uter, 2020; Roubik, 2006;
Wille & Michener, 1973). Entrances vary from being
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small and inconspicuous (e.g., in Frieseomelitta and
some Melipona) to large and elaborate with ornate
tubes of more than 50 cm length (e.g., in
Lestrimelitta, Geniotrigona or Scaptotrigona) (see Wille
& Michener, 1973). The size of the entrance has

implications for foraging and defence. Species with
relatively small entrances have more restricted forag-
ing traffic, but they also employ fewer guards to
defend the nest (Biesmeijer et al., 2007; Couvillon
et al., 2008). Having a large entrance and

Figure 1. Nest entrances of 19 of the 23 species studied (see Figure S1 for two more species). (a) Friesella schrottkyi, (b)
Frieseomelitta silvestrii, (c) Frieseomelitta varia, (d) Lestrimelitta limao, (e) Leurotrigona muelleri, (f) Melipona flavolineata, (g)
Melipona scutellaris, (h) Melipona rufiventris, (i) Nannotrigona testaceicornis, (j) Paratrigona lineata, (k) Plebeia droryana, (l)
Partamona helleri, (m) Scaptotrigona bipunctata, (n) Scaptotrigona depilis, (o) Scaptotrigona polysticta, (p) Tetragona elongata,
(q) Tetragonisca angustula, (r) Trigona braueri and (s) Trigona recursa (photos by C. Gr€uter).
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unrestricted foraging traffic could be particularly
beneficial for species with large colonies and mass--
recruitment. These species predominantly use phero-
mone trails or chemical markings of food sources to
recruit large numbers of nestmates to food sources
(Barth et al., 2008; Hrncir, 2009; Hrncir & Maia-Silva,
2013; Jarau, 2009; Lindauer & Kerr, 1960; Nieh, 2004).
Mass-recruitment can lead to rapid bursts of foraging
activity after the discovery of a new food source
(Roubik, 1989), which is likely to greatly increase
peak traffic at entrances. This would increase the
benefit of relatively larger entrances in mass-recruit-
ing species. Entrance size and architecture can also
affect landing speed and the risk of mid-air colli-
sions, which in turn impact both foraging efficiency
and predation risk (Shackleton et al., 2019; Tichit
et al., 2020a).

Nest entrance architecture may also be affected by
visual constraints and biases. For example, there is evi-
dence that nest entrance shape in stingless bees has
evolved convergently to resemble flowers (Biesmeijer
et al., 2005). Indeed, it seems plausible that entrance
appearance and size are linked to bee vision if, as
seems likely, homing bees use entrances as a visual
beacon for orientation. Species with poor visual
acuity might have to build relatively larger or more
ornate entrances than species with better vision.
Alternatively, species with lower visual acuity could
reduce their flying speed during the landing and
entering process to avoid landing errors (Wheatley
et al., 2018). Numerous predators hunt for returning
foragers at entrances of stingless bee nests, including
spiders, wasps, geckos and toads (Gr€uter, 2020;
Halcroft et al., 2013; Penney & Gabriel, 2009; Roubik,
1989; Schwarz, 1948; Shackleton et al., 2019) and for-
agers that miss the entrance, in some cases bouncing
off in an uncontrolled direction, are more likely to be
captured (Penney & Gabriel, 2009; Shackleton et al.,
2019). Thus, we hypothesise that the species-specific
phenotypic traits of eye size, entrance size, landing
speed and the proportion of returning foragers that
make landing errors are likely to be interrelated.

Comparative studies facilitate understanding how
traits are correlated and identify potential selection
pressures that shape phenotypic trait variation in
stingless bees (Couvillon et al., 2008; Gr€uter et al.,
2017; I’Anson Price et al., 2021; Nunes et al., 2017;
Rasmussen & Camargo, 2008). Until relatively recently,
phylogenetically controlled comparative studies
where hampered by uncertainties regarding the
phylogenetic relationships within the stingless bees.
However, an improved understanding of their phyl-
ogeny has made comparative studies more feasible
(Rasmussen & Cameron, 2009). Here we combine
phylogenetic information with our own measurements
of entrance size, eye size, landing behaviour plus

literature-based information of the foraging strategy
of 23 stingless bee species from Brazil to explore
whether and how these traits are correlated. We pre-
dicted, for example, that species with smaller eyes
would build relatively larger entrances and/or land at
slower speeds. We also tested the prediction that spe-
cies that use mass-recruitment build relatively
larger entrances.

Materials and methods

Study species

We measured the entrance size area of 23 species of
stingless bees in three Brazilian states (Table 1). They
differed in their foraging method, entrance architec-
ture, body size and general ecology. We studied
both wild colonies and colonies kept in wooden hive
boxes, 2 to 4 colonies per species. All colonies in
hives included in this study had built their typical,
species-specific nest entrances.

Landing behaviour

We quantified the foraging traffic of each colony by
videoing the entrance. This foraging traffic (the num-
ber of bees entering or leaving the colony per
second) provides a reliable estimate of relative col-
ony size across species (Gr€uter et al., 2017; Le~ao,
2019). Videoing was done during days with good
foraging conditions, using a Sony HDR-HC3 camera
in front of the nest entrance, taking care not to
obstruct the flight path of the returning bees. From
the videos, we counted the traffic rate and deter-
mined the proportion of arrivals that ended in failed
landing attempts. A landing attempt was considered
a failure if the bee bounced off the nest entrance or
missed the entrance entirely.

We then photographed each nest entrance from
the front to estimate both the outer entrance size,
that is, the total circumference of the entrance
including any structural additions, which could be
used as a visual target for returning foragers, and
the inner entrance size, which is the actual area of
the opening through which foragers enter and leave
(see Figure S1a, b). We placed a ruler next to the
nest entrances to be able to make accurate measure-
ments from the photographs. The inner and the
outer entrance areas were subsequently determined
with ImageJ 1.46 and averaged for each species. We
compared our species averages with those reported
in Couvillon et al. (2008) to detect potential discrep-
ancies. For the 12 species that were included in both
studies, entrance size measurements (our inner
entrance size measurements) were very similar, with
an R2 ¼ 0.93 (see our Table 1 and Table 1 in
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Couvillon et al. (2008)), confirming that entrance size
is a consistent trait.

To measure flight entry speed, we attached a
toothpick beside the nest entrance, with the tooth-
pick parallel to the flight path of arriving bees. The
video camera was the same height as the entrance
at 90 degrees to the toothpick at a distance of
approximately 1.5m. We videoed (25 frames/second)
until we had recorded 15 landings per colony. Due
to the positions of some wild nests and their entran-
ces, videoing was possible for only 16 species. To
quantify a consistent landing speed, we determined
the distance travelled between the last two frames
before the bee disappeared into the entrance hole.
The distances were measured with ImageJ 1.46 and
averaged for each species.

Size measurements

After videoing, we collected 5-6 foragers from each
colony to measure bee weight, to 0.1mg using a
Sartorius TE64 high precision balance, head and eye

size. Eye size (see below) was an indicator of poten-
tial visual acuity. In bees and many other insects, vis-
ual acuity and sensitivity depend on eye
morphology, principally eye size and ommatidia
number (Jander & Jander, 2002; Kapustjanskij et al.,
2007; Narendra et al., 2011; Somanathan et al., 2009;
Streinzer et al., 2016).

We removed the head from the body and placed
it onto 1mm graph paper. We took photographs of
each head with a Nikon D7000 digital camera with a
macro lens (Nikon AF-S VR 105mm) at a standard
distance. From the photo, head width (HW) and
height (HH) were determined with ImageJ 1.46. We
estimated the head area (HA) of each bee using the
formula for an ellipse: HA ¼ p HW

2

� �
HH
2

� �
: The head

area was used to calculate the relative entrance size
of each species by dividing both inner and outer
mean entrance area by the mean head area
(Couvillon et al., 2008). The relative inner and outer
entrance sizes correlated positively across species,
i.e., species with larger inner entrances also tended
to have larger outer entrances (model II regression,

Figure 2. Relationship between relative inner and outer entrance size (entrance area divided by head area) and relative eye
size (eye length divided by the cube root of the bee weight) (a, c) and forager traffic (b, d) for 23 species. Note that the p-val-
ues are based on phylogenetic generalised least squares (PGLS) models as described in the Materials and Methods section.
The best fit lines are based on multiple linear regression of phylogenetically independent contrasts (PICs), which are mathem-
atically equivalent to PGLS. To increase the visibility of the effects in c and d, the response variable (inner entrance) was cor-
rected for the effect of, respectively, forager traffic and relative eye length. The grey shaded areas represent 95%
confidence intervals.
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R2 ¼ 0.41, slope ¼ 0.86, 95% confidence interval
(C.I.) of slope ¼ 0.61-1.21, p¼ 0.0009).

Eye length and width were measured by taking
the maximum length and width of the eye. Eye
length was highly correlated with eye width (R2 ¼
0.96) and so was used as a measure of eye size
(Figure S1c, line 3). We also checked whether eye
length scales isometrically with bee size (see below)
because bee size is the major determinant (97% of
variation explained) of ommatidia number and visual
sensitivity in many bees (Jander & Jander, 2002,
Streinzer et al., 2016). To calculate a species-specific
value of eye length relative to bee size, we divided
the mean eye length by the cube root of the mean
bee weight (because of the cubic relationship
between length and weight) (see e.g., Gr€uter
et al., 2012).

Forager recruitment method

We divided the study species into two broad forag-
ing-recruitment categories based on data available
in the literature (Gr€uter, 2020; I’Anson Price et al.,
2021; Jarau & Hrncir, 2009; Lindauer & Kerr, 1960;
Nieh, 2004): (1) species that use mass-recruitment,

mostly based on chemical trails, that are able to
recruit large numbers of nestmates to a food source
within a short time period; (2) species that show
weak or no recruitment to food sources (see
Table 1). Of the 23 study species, 19 could be classi-
fied. Since Trigona braueri belongs to the T. fulvivent-
ris species group (Rasmussen & Camargo, 2008), we
assumed that it uses chemical trails, like all other
studied Trigona (Gr€uter, 2020). Mass-recruitment is
typically location-specific recruitment and results in
rapid burst-like increases in foraging (Hrncir & Maia-
Silva, 2013; Lindauer & Kerr, 1960; Roubik, 1989).
Some species not classified as mass-recruiters may
show a limited ability to recruit to food source loca-
tions, but recruitment is slow and imprecise (Hrncir,
2009; Jarau et al., 2003; Peng et al., 2021).

Statistical analysis

All statistical tests used R 3.6 (R Development Core
Team, 2013). We used phylogenetic generalised least
squares (PGLS) models (R package nlme) while
assuming that traits evolve under a Brownian motion
model (Paradis, 2011) with the corBrownian function,
as implemented in the R package ape (Paradis &

Figure 3. Relationship between relative inner and outer entrance size (entrance area divided by head area) and landing error
rate (a, b) and approach flight speed (c, d) for 23 and 16 species respectively. As in Figure 2, the p-values are based on phylo-
genetically corrected generalised least squares (PGLS) models. The best fit lines are based on multiple linear regression of
phylogenetically independent contrasts (PICs). The grey shaded areas represent 95% confidence intervals.
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Schliep, 2019). Variables were logarithmically trans-
formed (natural logarithm) before analyses (Paradis,
2011). To correct the data for phylogenetic depend-
ence before plotting we used phylogenetically inde-
pendent contrasts (PICs), which are mathematically
equivalent to GLS.

The phylogenetic framework for the comparative
analysis of our species relied on the tree of
Rasmussen and Cameron (2009), complemented with
information from Ram�ırez et al. (2010). The chrono-
gram from Rasmussen and Cameron (2009) was
pruned to include only the taxa relevant for this
study (see Figure S2). For Trigona braueri and T.
recursa we assumed a divergence time of 18 million
years, since T. braueri is considered to be part of the
Trigona fulviventris species group which diverged
from the T. recursa branch an estimated 18 million
years ago (Rasmussen & Camargo, 2008; Rasmussen
& Cameron, 2009). We note that Tetragona elongata
corresponds to the form often called Tetragona clav-
ipes in south-eastern Brazil (Pedro, 2014).

We tested whether relative eye length, landing
speed and foraging method predict entrance size.
While we considered relative eye size to be particu-
larly interesting because relatively large eyes could
indicate selection for better vision, we also tested
the role of absolute eye size (statistical values for
absolute eye size are provided between braces, “[]”).
We also tested whether entrance size predicts the
probability of landing errors. We ran separate models
for the outer and the inner relative entrance sizes
because these two entrance features might have dif-
ferent functions, with the outer entrance primarily
functioning as a visual beacon. To avoid over param-
etrization, we did not include more than 2 predictor
variables per model. Figure S3 summarises the traits
studied in relation to relative inner and outer
entrance size and our results.

To check whether eye length scales isometrically
with bee size (and thus can be expected to predict
ommatidia number, Jander & Jander, 2002) we used
reduced major axis regression (model II) (Laws & Archie,
1981) to test whether the slope b of the relationship
ln eye lengthð Þ ¼ ln að Þ þ b x lnð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

body weight3
p Þ differs

from 1 (Gr€uter et al., 2012; H€olldobler & Wilson, 2009;
Wilson, 1953).

Results

Data from the 23 species are summarised in Table 1.
We tested whether eye size increases or decreases
disproportionally with body size across species. This
could occur if, for example, smaller species compen-
sate for reduced visual acuity by having dispropor-
tionately larger eyes. However, the 95%-confidence
interval for the slope of the relationship between

the natural logarithm of the eye length and the nat-
ural logarithm of the cube root of body weight is
not significantly different from 1 (model II regression,
R2 ¼ 0.93, slope ¼ 0.92, 95% confidence interval
(C.I.) of slope ¼ 0.81-1.03), indicating that eye length
and bee size scale isometrically.

We tested whether the relative eye length was
related to the relative size of the inner or outer
entrance area. Since colony size is also likely to affect
the relative size of the entrance (Biesmeijer et al.,
2007; Couvillon et al., 2008), foraging traffic was
included as a second predictor. We found a signifi-
cant negative relationship between relative eye
length and both outer and inner entrance size
(Figure 2a and b) (outer entrance: PGLS, t¼�3.38,
p¼ 0.003 [absolute eye length: t¼ 0.71, p¼ 0.49];
inner entrance: t¼�3.67, p¼ 0.0015 [t¼ 0.20,
p¼ 0.84]). Higher foraging traffic was not associated
with the outer entrance size (Figure 2c) (PGLS,
t¼ 1.67, p¼ 0.11), but was significantly and posi-
tively associated with inner entrance size (Figure 2d)
(t¼ 3.51, p¼ 0.0022).

We then tested whether relative entrance size
predicted the probability that returning foragers
make landing errors. Because this might also depend
on visual acuity, we included relative eye length as a
second predictor in the model. We found that spe-
cies with relatively smaller outer entrances made sig-
nificantly more errors (Figure 3a) (PGLS, t¼�2.24,
p¼ 0.036), whereas relative eye length did not affect
the error rate (PGLS, t¼�1.11, p¼ 0.28 [t¼�0.71,
p¼ 0.49]). A separate model was run to test for the
role of inner entrance size, which showed no signifi-
cant relationship with error rate (Figure 3b) (PGLS,
t¼�0.78, p¼ 0.45; relative eye length: t¼�0.26,
p¼ 0.80 [t¼�0.91, p¼ 0.38]).

Because we only had landing speed data for 16
species, we analysed this separately. We first tested
whether the speed of bees on the final approach to
the entrance affected the probability of landing
errors, but found no significant relationship (PGLS,
t¼�0.42, p¼ 0.68). We then tested whether relative
entrance size predicts landing speed. Since this
might also depend on the relative eye size, we
included this variable as a second predictor. There
was a positive trend, but no significant relationship
between outer entrance size and approach flight
speed and no significant relationship with relative
eye length (Figure 3c) (PGLS, outer entrance:
t¼ 1.85, p¼ 0.087; relative eye length: t¼�0.47,
p¼ 0.65 [t¼ 0.60, p¼ 0.56]). However, foragers of
species with larger inner entrance sizes landed at
significantly faster speeds (Figure 3d) (PGLS, inner
entrance: t¼ 4.59, p¼ 0.0005; relative eye length:
t¼�0.59, p¼ 0.56 [t¼ 1.44, p¼ 0.17]).
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Mass-recruiting species had larger inner entrances
(Figure S4a) (PGLS, t¼ 2.45, p¼ 0.025), but foraging
method was not related to the size of the outer
entrances (t¼ 1.05, p¼ 0.31). We also tested whether
mass-recruiting species have smaller eyes or larger
colonies than species that mostly use a solitary for-
aging strategy, but we found no relationship
between mass-recruitment and relative eye length
(Figure S4b) (PGLS, t¼�0.85, p¼ 0.41 [t¼ 0.97,
p¼ 0.35]) or colony size (t¼ 0.90, p¼ 0.38).

Discussion

Our results show both significant and non-significant
relationships among behavioural and morphological
traits connected to foraging and nest-entrance archi-
tecture. This highlights the value of comparative
studies using this diverse and variable group of
eusocial bees. Species with relatively smaller eyes
build relatively larger entrances (Figure S3). This was
true for both outer and inner entrances, and is con-
sistent with the hypothesis that stingless bee nest
entrances provide a visual target for approaching
bees (Figure 2) (Camargo & Pedro, 2003). Entrance
features are likely to guide returning bees in the
immediate vicinity of the nest (<1m), whereas land-
marks are thought to be more important at greater
distances (Zeil & Wittmann, 1993). Eye size is closely
related to ommatidia number and bee size, and has
been shown to determine visual acuity and light
sensitivity in many insect groups (Jander & Jander,
2002, Moser et al., 2004, Greiner et al., 2007,
Kapustjanskij et al., 2007, Somanathan et al., 2009,
Wcislo & Tierney, 2009, Narendra et al., 2011,
Streinzer et al., 2016). Interestingly, we found that
relative eye size (eye length divided by the cube
root of bee weight), rather than absolute eye size
was linked to entrance size. This suggests that spe-
cies that invest less in visual perception might need
to build larger entrances to compensate. Our results
are consistent with the hypothesis of Biesmeijer
et al. (2005) that visual perception in stingless bees
affects entrance architecture. Their findings indicate
that both flowers and entrances frequently feature
stripes, dark centres and peripheral dots and they
argue that these traits evolve convergently due to
sensory biases. Our results provide further support
for a link between stingless bee vision and entrance
architecture.

Returning bees of species with smaller inner
entrances also approach the entrance more slowly
(Figure 3), possibly to reduce errors. The link
between entrance size and speed is exemplified by
Partamona helleri. This species builds the characteris-
tic “toad mouth” entrance, i.e., with a large outer
entrance combined with a small inner funnel (Figure

1l), that evolved within Partamona and which occurs
in many species of this genus (Camargo & Pedro,
2003; Couvillon et al., 2008; Shackleton et al., 2019).
This remarkable architectural invention allows bees
to speed up in their final approach to the entrance
and crash in, while bees of species with smaller
entrances have to slow down to land and enter their
nest on foot (Couvillon et al., 2008; Shackleton et al.,
2019). Shackleton et al. (2019) measured P. helleri
workers entering their nests at a speed of 90-
130 cm/sec, which is more than twice as fast as the
fastest of the 16 species whose speed we measured
(Table 1). Adjusting the landing speed according to
entrance size does, however, not seem to fully
reduce landing mistakes in species with smaller
entrances, as we still found a negative relationship
between the size of the outer entrance and probabil-
ity of making landing errors, such as by bouncing off
the outer entrance or missing the entrance entirely.
On the other hand, the rate of landing errors was
not related to eye size, probably because species
with smaller eye size compensate by building rela-
tively larger entrances. The costs of landing mistakes
have not been determined in the field, but it is
known that a number of predators hunt for return-
ing and outgoing bees at the entrances of stingless
bees. Jumping spiders (Salticidae), in particular, are
often observed hunting for foragers close to the
entrance (Schwarz, 1948, Sakagami et al., 1983) and
Penney and Gabriel (2009) describe how spiders
prey on bees that miss the entrance. Strikingly,
when Shackleton et al. (2019) placed freeze-killed
jumping spiders on the edge of the entrances of
Partamona helleri colonies, approaching foragers
accelerated more before entering their nest.
Acceleration shortly before entering the entrance
tube has also occurs in other species (Tichit et al.,
2020a,2020b) and might be common in stingless
bees that have relatively larger entrances. The evolu-
tionary causations of the correlations between land-
ing speed, entrance size, and landing mistakes,
which we describe here, could be examined by stud-
ies that manipulate nest entrance architecture and
quantify the effects thereof on stingless bee for-
ager behaviour.

As found in previous studies, species with greater
foraging traffic, which is indicative of a larger colony
size, build relatively larger entrances (Biesmeijer
et al., 2007; Couvillon et al., 2008). In our study, this
relationship was only significant for the inner
entrance (Figure S4). This makes sense as the inner
rather than the outer entrance size should be the
limiting factor for traffic flow. In addition, by having
more entrance guards, larger colonies may also be
less vulnerable to invading enemies, such as robbers
and predators, and so can more easily afford to have
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a larger entrance (Biesmeijer et al., 2007; Couvillon
et al., 2008). A relatively larger entrance would also
allow a large number of defenders to exit the next
quickly in case of an attack, which might be benefi-
cial for large colonies, but not species with small col-
ony sizes.

Our data suggest a link between the size of the
inner (but not outer) entrance and foraging method.
Numerous stingless bee species use chemical sent
marks to recruit large numbers of nestmate foragers
to food sources (Gr€uter, 2020; Hrncir & Maia-Silva,
2013; Jarau, 2009; Jarau et al., 2003; Lindauer & Kerr,
1960; Nieh, 2004). Species with this mass-recruitment
have been observed to collect a significant propor-
tion of their food during relatively short bursts of
foraging activity (Roubik, 1989; Roubik et al., 1986).
A relatively larger inner entrance would be expected
to facilitate large numbers of foragers to leave and
return to the nest in short time periods.

Social insects are well known for their building
skills, ranging from the double-sided wax combs of
honey bees, which arrange hexagonal cells in the
most efficient manner (Tautz, 2008; Winston, 1987),
to the truly massive nests of some termites with pas-
sive air conditioning and gas exchange (Jones &
Oldroyd, 2006). Compared to the closest relatives,
the honey bees and bumble bees, stingless bees
have remarkably diverse nest architecture and great
variation in colony and bee size (Gr€uter, 2020;
Roubik, 2006). Our results are a step towards under-
standing how these three major traits, which include
the individual, the colony, and the nest interrelate
and are adaptive. More generally, our study further
highlights the value of a comparative approach that
simultaneously analyses and connects multiple
phenotypic traits.
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Oriental.

Lebrun, E. G., & Feener, D. H. (2007). When trade-offs inter-
act: Balance of terror enforces dominance discovery

trade-off in a local ant assemblage. Journal of Animal
Ecology, 76(1), 58–64. https://doi.org/10.1111/j.1365-
2656.2006.01173.x

Lichtenberg, E. M., Mendenhall, C. D., & Brosi, B. (2017).
Foraging traits modulate stingless bee community disas-
sembly under forest loss. Journal of Animal Ecology,
86(6), 1404–1416. https://doi.org/10.1111/1365-2656.
12747

Lindauer, M., & Kerr, W. E. (1960). Communication between
the workers of stingless bees. Bee World, 41(2), 29–71.
https://doi.org/10.1080/0005772X.1960.11095309

Moser, J. C., Reeve, J. D., Bento, J. M. S., Della Lucia, T. M.,
Cameron, R. S., & Heck, N. M. (2004). Eye size and
behaviour of day-and night-flying leafcutting ant alates.
Journal of Zoology, 264(1), 69–75. https://doi.org/10.
1017/S0952836904005527

Narendra, A., Reid, S. F., Greiner, B., Peters, R. A., Hemmi,
J. M., Ribi, W. A., & Zeil, J. (2011). Caste-specific visual
adaptations to distinct daily activity schedules in
Australian Myrmecia ants. Proceedings of the Royal
Society of London. Series B: Biological Sciences, 278(1709),
1141–1149. https://doi.org/10.1098/rspb.2010.1378

Nieh, J. C. (2004). Recruitment communication in stingless
bees (Hymenoptera, Apidae, Meliponini). Apidologie,
35(2), 159–182. https://doi.org/10.1051/apido:2004007

Nunes, T. M., Oldroyd, B. P., Elias, L. G., Mateus, S., Turatti,
I. C., & Lopes, N. P. (2017). Evolution of queen cuticular
hydrocarbons and worker reproduction in stingless
bees. Nature Ecology & Evolution, 1(7), 0185. https://doi.
org/10.1038/s41559-017-0185

Paradis, E. (2011). Analysis of Phylogenetics and Evolution
with R. Springer Science & Business Media.

Paradis, E., & Schliep, K. (2019). Ape 5.0: an environment
for modern phylogenetics and evolutionary analyses in
R. Bioinformatics (Oxford, England), 35(3), 526–528.
https://doi.org/10.1093/bioinformatics/bty633

Pedro, S. R. M. (2014). The stingless bee fauna in Brazil
(Hymenoptera: Apidae). Sociobiology, 61(4), 348–354.
https://doi.org/10.13102/sociobiology.v61i4.348-354

Peng, T., Pedrosa, J., Batista, J. E., Nascimento, F. S., &
Gr€uter, C. (2021). Foragers of the stingless bee Plebeia
droryana inform nestmates about the direction, but not
the distance to food sources. Ecological Entomology,
46(1), 33–40.

Penney, D., & Gabriel, R. (2009). Feeding behavior of trunk-
living jumping spiders (Salticidae) in a coastal primary
forest in the Gambia. Journal of Arachnology, 37(1),
113–115. https://doi.org/10.1636/ST08-17.1

R Development Core Team. (2013). R: A language and
environment for statistical computing. R Foundation for
Statistical Computing.

Ramalho, M. (2004). Stingless bees and mass flowering
trees in the canopy of Atlantic Forest: A tight relation-
ship. Acta Botanica Brasilica, 18(1), 37–47. https://doi.
org/10.1590/S0102-33062004000100005

Ram�ırez, S. R., Nieh, J. C., Quental, T. B., Roubik, D. W.,
Imperatriz-Fonseca, V. L., & Pierce, N. E. (2010). A
molecular phylogeny of the stingless bee genus
Melipona (Hymenoptera: Apidae). Molecular
Phylogenetics and Evolution, 56(2), 519–525. https://doi.
org/10.1016/j.ympev.2010.04.026

Rasmussen, C., & Camargo, J. M. F. (2008). A molecular
phylogeny and the evolution of nest architecture and
behavior in Trigona s.s. (Hymenoptera: Apidae:
Meliponini). Apidologie, 39(1), 102–118. https://doi.org/
10.1051/apido:2007051

JOURNAL OF APICULTURAL RESEARCH 607

https://doi.org/10.1038/s41467-016-0012-y
https://doi.org/10.1146/annurev.ento.44.1.183
https://doi.org/10.2307/1938227
https://doi.org/10.1093/cz/zoab043
https://doi.org/10.1093/cz/zoab043
https://doi.org/10.1016/S1467-8039(01)00035-4
https://doi.org/10.1007/s00040-003-0684-2
https://doi.org/10.1007/s00040-003-0684-2
https://doi.org/10.1111/j.1365-2435.2007.01329.x
https://doi.org/10.1111/j.1365-2435.2007.01329.x
https://doi.org/10.1007/BF00397062
https://doi.org/10.1111/j.1365-2656.2006.01173.x
https://doi.org/10.1111/j.1365-2656.2006.01173.x
https://doi.org/10.1111/1365-2656.12747
https://doi.org/10.1111/1365-2656.12747
https://doi.org/10.1080/0005772X.1960.11095309
https://doi.org/10.1017/S0952836904005527
https://doi.org/10.1017/S0952836904005527
https://doi.org/10.1098/rspb.2010.1378
https://doi.org/10.1051/apido:2004007
https://doi.org/10.1038/s41559-017-0185
https://doi.org/10.1038/s41559-017-0185
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.13102/sociobiology.v61i4.348-354
https://doi.org/10.1636/ST08-17.1
https://doi.org/10.1590/S0102-33062004000100005
https://doi.org/10.1590/S0102-33062004000100005
https://doi.org/10.1016/j.ympev.2010.04.026
https://doi.org/10.1016/j.ympev.2010.04.026
https://doi.org/10.1051/apido:2007051
https://doi.org/10.1051/apido:2007051


Rasmussen, C., & Cameron, S. (2009). Global stingless bee
phylogeny supports ancient divergence, vicariance, and
long distance dispersal. Biological Journal of the Linnean
Society, 99(1), 206–232. https://doi.org/10.1111/j.1095-
8312.2009.01341.x

Roff, D. A. (2001). Life history evolution. Oxford University
Press.

Roubik, D. W. (1989). Ecology and natural history of tropical
bees. Cambridge University Press.

Roubik, D. W. (2006). Stingless bee nesting biology.
Apidologie, 37(2), 124–143. https://doi.org/10.1051/
apido:2006026

Roubik, D. W., Moreno, J. E., Vergara, C., & Wittmann, D.
(1986). Sporadic food competition with the African
honey bee: projected impact on neotropical social bees.
Journal of Tropical Ecology, 2(2), 97–111. https://doi.org/
10.1017/S0266467400000699

Sakagami, S., Inoue, T., Yamane, S., & Salmah, S. (1983).
Nest architecture and colony composition of the
Sumatran stingless bee Trigona (Tetragonula) laeviceps.
Kontyu, 51, 100–111.

Schluter, D., Price, T. D., Rowe, L., & Grant, P. R. (1991).
Conflicting selection pressures and life history trade-offs.
Proceedings of the Royal Society of London. Series B:
Biological Sciences, 246, 11–17.

Schwarz, H. F. (1948). Stingless bees (Meliponidae) of the
western hemisphere. Bulletin of the American Museum of
Natural History, 90, 1–546.

Shackleton, K., Balfour, N. J., Toufailia, H. A., Alves, D. A.,
Bento, J. M., & Ratnieks, F. L. W. (2019). Unique nest
entrance structure of Partamona helleri stingless bees
leads to remarkable ‘crash-landing’ behaviour. Insectes
Sociaux, 66(3), 471–477. https://doi.org/10.1007/s00040-
019-00709-9

Shoval, O., Sheftel, H., Shinar, G., Hart, Y., Ramote, O.,
Mayo, A., Dekel, E., Kavanagh, K., & Alon, U. (2012).
Evolutionary trade-offs, pareto optimality, and the
geometry of phenotype space. Science, 336(6085),
1157–1160. [Database] https://doi.org/10.1126/science.
1217405

Somanathan, H., Kelber, A., Borges, R. M., Wall�en, R., &
Warrant, E. J. (2009). Visual ecology of Indian carpenter
bees II: Adaptations of eyes and ocelli to nocturnal and
diurnal lifestyles. Journal of Comparative Physiology,
195(6), 571–583. https://doi.org/10.1007/s00359-009-
0432-9

Stearns, S. C. (1989). Trade-offs in life-history evolution.
Functional Ecology, 3(3), 259–268. https://doi.org/10.
2307/2389364

Streinzer, M., Huber, W., & Spaethe, J. (2016). Body size lim-
its dim-light foraging activity in stingless bees (Apidae:
Meliponini). Journal of Comparative Physiology, 202(9-10),
643–655. https://doi.org/10.1007/s00359-016-1118-8

Tautz, J. (2008). The buzz about bees: Biology of a superor-
ganism. Springer Science & Business Media.

Tichit, P., Alves-dos-Santos, I., Dacke, M., & Baird, E. (2020a).
Accelerated landing in a stingless bee and its unexpected
benefits for traffic congestion. Proceedings of the Royal
Society of London. Series B: Biological Sciences, 287(1921),
20192720. https://doi.org/10.1098/rspb.2019.2720

Tichit, P., Alves-dos-Santos, I., Dacke, M., & Baird, E.
(2020b). Accelerated landings in stingless bees are trig-
gered by visual threshold cues. Biology Letters, 16(8),
20200437. https://doi.org/10.1098/rsbl.2020.0437

van Oudenhove, L., Cerd�a, X., & Bernstein, C. (2018).
Dominance-discovery and discovery-exploitation trade-
offs promote diversity in ant communities. PloS One,
13(12), e0209596. https://doi.org/10.1371/journal.pone.
0209596

Vit, P., Pedro, S. R. & Roubik, D. (Eds.). (2018). Pot-pollen in
stingless bee melittology. Springer International
Publishing.

Wcislo, W. T., & Tierney, S. M. (2009). Behavioural environ-
ments and niche construction: The evolution of dim-
light foraging in bees. Biological Reviews of the
Cambridge Philosophical Society, 84(1), 19–37. https://doi.
org/10.1111/j.1469-185X.2008.00059.x

Wheatley, R., Niehaus, A. C., Fisher, D. O., & Wilson, R. S.
(2018). Ecological context and the probability of mis-
takes underlie speed choice. Functional Ecology, 32(4),
990–1000. https://doi.org/10.1111/1365-2435.13036

Wille, A., & Michener, C. D. (1973). The nest architecture of
stingless bees with special reference to those of Costa
Rica. Revista de Biologia Tropical, 21, 9–278.

Wilson, E. O. (1953). The origin and evolution of poly-
morphism in ants. Quarterly Review of Biology, 28(2),
136–156. https://doi.org/10.1086/399512

Winston, M. L. (1987). The biology of the honey bee.
Harvard University Press.

Zeil, J., & Wittmann, D. (1993). Landmark orientation during
the approach to the nest in the stingless bee Trigona
(Tetragonisca) angustula (Apidae, Meliponinae). Insectes
Sociaux, 40(4), 381–389. https://doi.org/10.1007/
BF01253901

608 F. H. I. D. SEGERS ET AL.

https://doi.org/10.1111/j.1095-8312.2009.01341.x
https://doi.org/10.1111/j.1095-8312.2009.01341.x
https://doi.org/10.1051/apido:2006026
https://doi.org/10.1051/apido:2006026
https://doi.org/10.1017/S0266467400000699
https://doi.org/10.1017/S0266467400000699
https://doi.org/10.1007/s00040-019-00709-9
https://doi.org/10.1007/s00040-019-00709-9
https://doi.org/10.1126/science.1217405
https://doi.org/10.1126/science.1217405
https://doi.org/10.1007/s00359-009-0432-9
https://doi.org/10.1007/s00359-009-0432-9
https://doi.org/10.2307/2389364
https://doi.org/10.2307/2389364
https://doi.org/10.1007/s00359-016-1118-8
https://doi.org/10.1098/rspb.2019.2720
https://doi.org/10.1098/rsbl.2020.0437
https://doi.org/10.1371/journal.pone.0209596
https://doi.org/10.1371/journal.pone.0209596
https://doi.org/10.1111/j.1469-185X.2008.00059.x
https://doi.org/10.1111/j.1469-185X.2008.00059.x
https://doi.org/10.1111/1365-2435.13036
https://doi.org/10.1086/399512
https://doi.org/10.1007/BF01253901
https://doi.org/10.1007/BF01253901

	Abstract
	Introduction
	Materials and methods
	Study species
	Landing behaviour
	Size measurements
	Forager recruitment method
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	Disclosure statement
	Funding
	Orcid
	Data availability
	References


