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Abstract

Partamona helleri stingless bees construct a unique, funnel-shaped entrance that resolves an evolutionary conflict between
foraging efficiency and defence. The large outer entrance allows many foragers to pass while the narrow inner entrance
requires few guards to defend. This structure has given rise to a remarkable behaviour in returning foragers, which appear to
approach the nest entrance at high speed and ‘crash’ head first into the entrance. We compared P. helleri landing behaviour
with two related species with architecturally different entrances that land conventionally using their legs: Melipona scutel-
laris, whose narrow entrance allows only a single bee to pass, and Scaptotrigona depilis, which has a wide entrance tube.
All three species initially decelerated on their approach to the nest entrance. However, 0.2 m from the entrance P. helleri
began accelerating, whereas the other species continued to decelerate. Partamona helleri entered its nest at 1.14 ms™!, double
the velocity of the other species. Despite its greater velocity, P. helleri made no fewer errors than the other species when
attempting to enter its nest, probably by virtue of the large target provided by the outer entrance. We then used a bioassay
that suggests that this behaviour is a defence against ambush predators at the nest entrance. Finally, we use a scaling argu-
ment to show that the crash impact should not cause any damage to a small animal such as a bee, such that no morphological
adaptation is required.
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Introduction

Nest building is common across the animal kingdom, and
nest location and design are subject to a variety of selective
criteria (Wallace 1867; Barber et al. 2001; Hansell 2007;
van Casteren et al. 2012; Wenseleers et al. 2013). With few
exceptions, eusocial insects build and inhabit nests, which
are the central hub for foraging, housing the young and
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reproductive individuals and often containing food stores
(Holldobler and Wilson 1990; Roubik 2006). The entrance
of a social insect nest is of particular importance, because it
is where the colony meets the wider environment. This inter-
face is subject to conflicting evolutionary pressures, such as
foraging efficiency versus defence. For example, in the sting-
less bees (Apidae: Meliponini), larger nest entrances allow
greater forager traffic but require more guards to defend
(Couvillon et al. 2008).

Some social insects, such as Apis mellifera, build their
nest in an existing cavity that is chosen according to a set
of criteria, and the entrance hole receives little modification
(Visscher 2007; List et al. 2009; Seeley 2010). However, in
the stingless bees, workers build species-specific entrance
structures from mud, wax or resin (Michener 2000; Roubik
2006). One stingless bee genus, Partamona, has been able to
finesse the trade-off between foraging and defence through
the invention of a unique funnel-shaped entrance (Camargo
and Pedro 2003; Fig. 1a): the wide outer entrance of the fun-
nel facilitates forager traffic while the narrow inner entrance
requires only a few guards to defend (Couvillon et al. 2008).
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Fig. 1 Nest entrances of the
three stingless bee study species
from colonies in Sao Paulo
State, Brazil. a Outer funnel
entrance of Partamona helleri
built from soil and resin, b nar-
row entrance hole of Melipona
scutellaris built from soil and
resin, ¢ broad entrance tube of
Scaptotrigona depilis built of
wax and resin. All scale bars,
approximately 20 mm. Workers
may face ambush predation at
the nest entrance, for example
by Salticidae jumping spiders
on nests of d P. helleri and e S.
depilis

Informal observations of P. helleri nests in Sdo Paulo
State, Brazil, indicated that their unique entrances were
coupled with a remarkable behaviour not seen in other
bees—they enter their nest at high speed. Rather than slow-
ing down as they approached the entrance before landing,
returning P. helleri workers appeared to accelerate. Then,
rather than landing conventionally using their legs as
undercarriage, workers crashed head first into the wall of
the outer entrance funnel and ricocheted down towards the
inner entrance (video A1, A2). Chittka et al. (1997) made a
similar observation of P. pearsoni, noting that bees did not
slow down as they approached the entrance. This behaviour
is in stark contrast with other flying insects, which gradually
decelerate to near zero velocity, hover and extend their legs
in a controlled fashion (Srinivasan et al. 2000; Evangelista
et al. 2010).

@ Springer

This ‘crash-landing’ behavioural sequence is unlikely to
increase foraging efficiency, because the time saved is likely
negligible compared to an entire foraging trip. Another pos-
sibility is that it is a predator avoidance mechanism. The nest
entrance is a focal point of worker activity, which ambush
predators can take advantage of, resulting in significant
losses to the colony workforce (Mackay 1982; Schatz and
Wecislo 1999). We observed two ambush predator groups
on P. helleri nests at our study site, Salticidae (jumping spi-
ders, Fig. 1d, e) and Reduviidae (assassin bugs), and work-
ers at nest entrances are also subject to vertebrate predators
including Tropidurus spp. lizards (Zacarias 2015). Bees are
probably at their most vulnerable to these entrance preda-
tors when landing, before they have entered the safety of the
nest. However, faster moving prey should be more difficult
to capture (van Damme and van Dooren 1999), leading to
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the hypothesis that the acceleratory behaviour of P. helleri
is a mechanism to escape ambush predation.

This study investigates the crash-landing entrance behav-
iour of P. helleri in four parts. First, we ask the simple ques-
tions of how fast do P. helleri workers enter their nest, and
how does P. helleri compare to related species with contrast-
ing entrance structures? To do this, we use Melipona scutel-
laris which has a narrow entrance through which only one
or two bees may pass at a time (Fig. 1b), and Scaptotrigona
depilis which has a wide, tubular entrance suitable for high
forager traffic (Fig. 1¢). Second, we investigate whether this
behaviour comes at a cost in terms of making errors when
entering the nest. Third, we use a bioassay to test the hypoth-
esis that crash landing has evolved as a predator avoidance
mechanism. Finally, we address the biomechanics underly-
ing the crash-landing behaviour.

Methods
Site description and study species

The study was carried out on the campus of the University of
Sao Paulo, Luiz de Queiroz College of Agriculture (Escola
Superior de Agricultura Luiz de Queiroz, ESALQ), Piraci-
caba, Sao Paulo State, Brazil, from 2015 to 2017 during
February and March each year. Data were collected when
bees were foraging from 06:00 to 11:00 at temperatures of
20-30 °C.

We studied colonies of Partamona helleri, Melipona
scutellaris and Scaptotrigona depilis. Melipona scutellaris
and S. depilis were chosen due to their contrasting entrance
structures and the local availability of colonies. All M.
scutellaris and S. depilis colonies were housed in hives,
while P. helleri colonies were in both hives and wild nests.
All colonies had constructed their unique nest entrance
structures (Fig. 1).

Velocity and acceleration of approaching bees

A Panasonic DMC-TZ30 camera was set up perpendicular
to the approach flights made by bees as they returned to
a nest entrance. A white background, either the wall of a
building or a piece of plywood, acted as a backdrop against
which the dark-coloured bees could be easily seen on the
video. The background was marked at 0.1 m intervals
beginning 1.5-1.4 m from the nest entrance, enabling us to
measure the time taken to travel measured distances from
the video, and thereby calculate the velocity and accelera-
tion over each interval (see Supplementary Figure Al).
We studied at this scale because preliminary observations
had shown that most bees were aligned with the entrance
and flying directly towards it at this distance. We used

the high-speed video setting to record at 220 frames per
second (FPS), enabling us to play back the recordings in
slow motion and more accurately measure flight velocity.
Resolution at these settings was 320 x 240 pixels. Film-
ing over a distance of 1.5 m therefore meant that each
pixel represented about 4.7 mm of horizontal distance.
The camera was 5.0 m from the flight path and the white
backdrop was 0.3 m further back creating a small parallax
error, which was the same for all bees studied. We cor-
rected for this by multiplying the measured velocity by
5/5.3=0.94. We studied three nests of each species and
recorded 89 individuals of P. helleri, 65 of M. scutellaris
and 28 of S. depilis.

Landing errors of bees approaching the entrance

Some returning bees were unsuccessful at entering the
nest. In P. helleri some bees hit and bounced out of the
entrance or collided with the rim of the funnel. In M.
scutellaris, collisions occurred with departing nestmates
and in the crowded S. depilis entrance some bees fell off
the rim. To quantify these errors, we set up the camera
4.0 m from the entrance at a horizontal angle of 45° and
zoomed in get a clear view, again recording at 200 FPS
and a resolution of 320 x 240 pixels. We recorded 300 bees
each for P. helleri and S. depilis and 200 for M. scutellaris
(six nests per species) and then analysed the videos to
determine the proportions of bees that successfully entered
their nest versus those that made landing errors.

Predation bioassay

We tested the hypothesis that P. helleri accelerate on
approaching the nest entrance to avoid ambush predation.
We collected and freeze-killed jumping spiders (Saltici-
dae) occurring naturally within 3 m of the P. helleri study
colonies (Fig. 1b). Spiders were not identified to spe-
cies, but varied in colour and in length from 5 to 10 mm,
excluding appendages. We applied a ‘predator treatment’
to colonies by placing four spiders on the outer entrance
of a P. helleri nest, and compared the velocity of bees
approaching these nests with those approaching control
nests. We focussed on the distance at which we had identi-
fied velocity changes and measured velocity across small,
25 mm, intervals filming at 220 FPS and 320 X 240 pixels.
We studied three nests and rotated the predator and control
treatments around each. In total, we recorded 90 approach-
ing bees under the predator treatment and 180 for controls
(n=3 nests, evenly divided per nest). We further examined
whether any velocity changes resulted in increased errors
as above.
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Statistical analysis

To address our primary hypothesis, does P. helleri enter its
nest at greater velocity than related species with contrast-
ing entrance structures, we compared velocity among the
three species at the final interval, 0.1-0.0 m from the nest
entrance. We used a mixed-effects model fitting velocity as
the response variable, species as a fixed effect, and colony
as a random effect.

We had no a priori knowledge of the scale at which veloc-
ity changes in P. helleri were likely to occur. Therefore, we
fitted a segmented regression model of velocity against dis-
tance estimate the distance from the nest at which velocity
changed. We then compared acceleration among species at
distances before and after this point using a mixed-effects
model, fitting acceleration as the response variable, a six-
level factor containing each combination of species (n=3)
and distance (n=2) as a fixed effect and colony as a random
effect.

To analyse the error rate of bees among species (pro-
portion of successful landings), we used a mixed-effects
model with a binomial error structure fitting species as a
fixed effect and colony as a random effect. For the predation
bioassay, we compared bee velocity before and after identi-
fied points of velocity change using a mixed-effects model,
fitting treatment (spiders versus control) as a fixed effect
and colony as a random effect, and examined error rates
using a mixed effects model with a binomial error structure.
Reported test statistics are comparisons to the null model
using ANOVA.

All statistical analyses were performed using R 3.1.1
(R Core Team 2014) and the R packages ‘lme4’ for mixed-
effects models (Bates et al. 2015), ‘segmented’ for seg-
mented regression (Muggeo 2008) and ‘multcomp’ for
post hoc multiple comparisons (Hothorn et al. 2008). Data
is available at https://zenodo.org/record/1310913#.X05¢l
9h7mUk.

Results
Velocity and acceleration of approaching bees

Partamona helleri and Melipona scutellaris both initially
travelled at a similar velocity of approximately 2.0 ms™!
(Fig. 2). Scaptotrigona depilis was initially faster at
2.6 ms~'. However, sample sizes were low for S. depilis
for distances > 1.0 m as most individuals were not yet
aligned to their entrances, which led to less reliable esti-
mates of velocity (Fig. 2). All S. depilis individuals had
aligned by 0.7 m, at which point it was the slowest of the
three species. Approach velocities reduced for all three
species as they neared the entrance. However, at 0.2 m
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Fig.2 Mean velocity of three stingless bee species as they approach
their nest entrances. Each tick mark represents the 0.1 m interval over
which velocity was measured. For example, 0.0 m refers to the 0.1-
0.0 m interval. Error bars+ 1 standard error. n=289, 65 and 28 for P.
helleri, M. scutellaris and S. depilis, respectively

from the entrance, the velocity of P. helleri increased
while it continued to decrease in the two other species.
Partamona helleri workers collided with the entrance at
1.14 ms~!, over double that of the controlled landing in
the other two species (Fig. 2). There were significant dif-
ferences among species (mixed-effects model, F=109.29,
DF =2, P=0.003), and post hoc Tukey tests revealed that
P. helleri was significantly faster than M. scutellaris and
S. depilis (P <0.001 in both cases) and that the latter two
species did not differ (P=0.799).

A segmented regression of P. helleri’s approach to its
nest entrance revealed a ‘break point’ of 0.24 m. The break
points for Melipona scutellaris and S. depilis were 0.24 m
and 0.77 m, respectively, although neither had the stark
change in slope seen in P. helleri (Fig. 2). We then analysed
the acceleration of bees either side of the nearest measure-
ment point to the breakpoint of P. helleri, 0.2 m. That is,
we compared acceleration of P. helleri over 0.2-0.0 m from
the entrance with 1.4-0.2 m. We found significant differ-
ences in acceleration among species, and for greater versus
less than 0.2 m from the entrance (mixed-effects model,
F=50.64, DF=5,P<0.001, Fig. 3). Post hoc tests showed
no significant differences in acceleration among species at
1.4-0.2 m (P >0.05 in all cases). However, at 0.2—0.0 m, the
acceleration of P. helleri was significantly greater than that
of the other species (P <0.001 in all cases) and this was the
only instance in which acceleration was positive. That is, P.
helleri was accelerating within the final 0.2 m of approach,
while both S. depilis and M. scutellaris continued to deceler-
ate. Crucially, the acceleration of P. helleri over 0.2-0.0 m
was significantly greater than over 1.4-0.2 m (P <0.001).
This shows that as P. helleri approached the nest entrance,
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Fig.3 Acceleration of three stingless bee species as they approach
their nest entrances, measured before and after 0.2 m from the
entrance. Letters show significant differences. Bars indicate
1.5%IQR, black diamonds show means, white circles and arrows
show outliers, dashed line shows the boundary between acceleration
and deceleration. n=289, 65 and 28 for P. helleri, M. scutellaris and S.
depilis, respectively

its acceleration switched from negative to positive. The other
two species did not express this switch. P. helleri concluded
its entry by crashing, head first, into the entrance (Video
Al, A2).

Landing errors of bees approaching the entrance

The vast majority of individuals from all three species suc-
cessfully landed or crash-landed at their nest entrance: 98.0,
96.5 and 91.5% for P. helleri, M. scutellaris and S. depilis,
respectively (n =200 per species). In the fast moving P.
helleri, three bees hit the back of the outer entrance and
bounced out of the entrance funnel rather than falling down
and towards the inner entrance, while one bee hit the lip of
the entrance, bouncing outwards. In the slower moving M.
scutellaris, the landing of seven individuals was disrupted by
traffic, either a nestmate attempting to enter simultaneously
or colliding with an outward-bound bee. In S. depilis, the
high density of guards posted around the entrance (Fig. 1¢)
hindered returning bees, such that there was little available
space for them to land, resulting in 17 bees tumbling down
from the entrance. Bee species did not differ significantly in
the proportion of individuals successfully entering the nest
(mixed-effects model, y>=2.93, DF =2, P=0.2311).

Predation bioassay

The average velocity of P. helleri bees did not differ between
spider and control treatments at 0.2-0.4 m from the nest
(mixed-effects model, F=1.50, DF=1, P=0.221). How-
ever, in the final 0.2 m, bees which approached nests with
experimentally added spiders (predator treatment) had
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Fig.4 Velocity of Partamona helleri stingless bee foragers approach-
ing nests with and without the presence of predators, dead jumping
spiders (Salticidae), placed on the outer edge of the entrance funnel.
Error bars+1 standard error. Each tick mark represents the 0.25 mm
interval over which velocity was measured

significantly greater velocity than those approaching control
nests, 1.21 ms™! versus 1.11 ms™', a 9% increase (mixed-
effects model,;(zz 8.30, DF =1, P=0.004, Fig. 4). This did
not result in a reduction in accuracy, 98.0 vs 98.8% of con-
trol versus predator treatment bees successfully entered their
nests (mixed-effects model, )(2=0.798, DF=1, P=0.372).

Discussion

Workers of Partamona helleri exhibit a distinct behav-
ioural sequence as they approach their nest entrance. To an
observer, returning P. helleri workers initially slow down
and ‘aim’ themselves at the funnel entrance. Workers then
accelerate such that they enter the nest at great speed, crash
into the back wall of the funnel and ricochet down into the
inner entrance. The ultimate result is that P. helleri workers
enter their nest at a far greater velocity than species that
use a conventional landing. The landing velocity of P. hel-
leri workers was also four times lower than their departure
velocity, which suggests that the maximum velocity of a
returning worker is constrained by the need to slow and align
itself with the entrance and the short distance over which it
accelerates.

The increase in velocity of P. helleri workers in response
to the addition of predators to the entrance suggests that
bees were able to detect the spiders and exhibited an adap-
tive response. This provides support for our hypothesis that
this remarkable behaviour has evolved to avoid ambush
predation. Our results parallel those of Tan et al. (2007),
who found that Apis cerana bees reduced predation from
bee-hawking by Vespa wasps by increasing their entrance
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approach speed. The decision of a prey animal to dart into a
refuge generally incurs a cost, because time spent in the ref-
uge is time not spent foraging, and the decision to flee may
alert the predator to the presence of cryptic prey (Ydenberg
and Dill 1986; Broom and Ruxton 2005). However, social
insect foragers do not typically employ crypsis and entry to
the nest is already the desired objective. Rather, the costs of
this behaviour would be borne at the colony level in the con-
struction of the elaborate nest entrance, which is larger than
those of other stingless bee species of similar colony size.

The size of a social insect nest entrance is a critical factor
in a colony level trade-off between defence and foraging effi-
ciency (Couvillon et al. 2008). However, our results suggest
that individual-level predation may be a third component in
this trade-off, in that large entrances require more guards
to defend, allow a higher volume of forager traffic and also
facilitate a faster landing velocity that reduces ambush pre-
dation. This raises the question of the relative importance of
these three variables in driving the evolution of nest entrance
structure. We maintain that colony-level defence and for-
aging are the greater selective pressures, because although
an attack on the whole colony is rarer than predation on
individual workers, the consequences could be the death of
the whole colony (Ono et al. 1995), and indeed, P. helleri
workers are aggressive in defence of their nest (Shackleton
et al. 2015). A wider comparative study of entrance sizes,
landing velocity and predation rates would be welcome in
this regard.

Like other animals, social insects are subject to
speed—accuracy trade-offs in many aspects of their biology,
such as foraging decisions (Chittka et al. 2003, 2009; Burns
and Dyer 2008). However, while P. helleri enters its nest at
high velocity with no increase in landing errors, we cannot
say that it is making a true speed—accuracy trade-off. Rather,
the large nest entrance area alleviates the ecological pressure
for P. helleri to be accurate. Furthermore, the back wall of
the nest entrance may provide a visually contrasting target
at which to aim (Chittka et al. 1997). In the narrow entrance
of M. scutellaris and the crowded entrance of S. depilis, bees
arriving sometimes collided with departing bees or with
standing guards. Because P. helleri guards are stationed at
the lower, inner entrance, the chance of collisions with other
bees is also low. The costs of making a mistake are probably
not great in terms of time lost, as it takes only a few seconds
to reattempt entry. However, the costs of errors would be
greater when predation pressure at the entrance is high, a
greater penalty for missing the target.

The purpose of the crash and ricochet itself is not
immediately clear, but may occur because a conventional
landing is impossible at such speeds, or because it is the
quickest way to enter the safety of the inner entrance.
Larger animals that experience head impacts have evolved
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morphological adaptations to prevent damage (Gibson
2006; Farke 2008). Similarly, humans who engage in con-
tact sports often wear protective headgear. However, we
observed no external morphological protective features on
P. helleri that would protect against a collision compared
to the other species, although we cannot rule out inter-
nal adaptations. The low mass of P. helleri means that
the forces experienced during a crash are probably small
(Haldane 1926). In general terms, the damage caused by
an impact is dependent on the kinetic energy (KE) of the
object, which for a given velocity is proportional to its
mass and the area over which the impact occurs. Mass
scales as the cube of an object’s length, whereas area
scales as the square of an object’s length. Small objects
(bees) therefore have a lower mass per unit area than large
objects (humans). As a result, impacts at speeds that could
injure or kill a human are trivial for a bee.

Consider the forces acting on a crash-landing bee. The
work per unit area required to break an item is its work
of fracture (WoF), measured in joules per square metre
(Vogel 2003). More damage results from higher energy
applied over a smaller area. The WoF of insect cuticle
(1500 Jm~2) and bone (1700 Jm~2) are similar (Vogel
2003). A bee with a velocity of 1.14 ms~! and a mass of
0.0108 g has a KE of 7.0E—6 J, spread across a head cross-
sectional area of 4.1E—6 m~2 (Table S1). The forces that
the bee experience are thus 7.0E—6/4.1E-6=1.7 Jm~2,
far below its WoF. A 62 kg human travelling head first
into a wall at the same velocity has a KE of 40.3 J spread
across a head cross-sectional area of 2.25E—2 m? giving
1791.1 Jm~2, slightly higher than the WoF of bone, and
1000 times greater than that of bee. Alternatively, con-
sider that a 62 kg human with equal KE to the bee would
travel at 0.000475 ms™!, over 2000 times slower than the
bee. A head impact at this velocity is not even painful.
These crude calculations do not characterize every aspect
of the collision, such as its elasticity or soft tissues that
may cushion the impact. However, this does suggest that
despite the drastic evolutionary change in the landing
behaviour of P. helleri, no corresponding morphological
adaptation is required.
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