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Previous work has shown that wing wear increases mortality in bumblebees.

Although a proximate mechanism for this phenomenon has remained elu-

sive, a leading hypothesis is that wing wear increases predation risk by

reducing flight manoeuvrability. We tested the effects of simulated wing

wear on flight manoeuvrability in Bombus impatiens bumblebees using a

dynamic obstacle course designed to push bees towards their performance

limits. We found that removing 22% wing area from the tips of both fore-

wings (symmetric wear) caused a 9% reduction in peak acceleration

during manoeuvring flight, while performing the same manipulation on

only one wing (asymmetric wear) did not significantly reduce maximum

acceleration. The rate at which bees collided with obstacles was correlated

with body length across all treatments, but wing wear did not increase col-

lision rate, possibly because shorter wingspans allow more room for bees to

manoeuvre. This study presents a novel method for exploring extreme flight

manoeuvres in flying insects, eliciting peak accelerations that exceed those

measured during flight through a stationary obstacle course. If escape

from aerial predation is constrained by acceleration capacity, then our results

offer a potential explanation for the observed increase in bumblebee

mortality with wing wear.
1. Introduction
Inadvertent collisions with obstacles are inevitable for many flying insects,

especially pollinators that regularly weave through vegetation clutter. Insect

wings are particularly vulnerable to collision damage. In foraging bumble-

bees, wing collisions occur once per second on average, and collision

frequency is correlated with wing area loss [1], which increases mortality

rate [2]. Surprisingly, a direct mechanistic link between wing wear and mor-

tality has not yet been discovered. Simulated wing wear does not increase the

energetic cost of flight in bumblebees [3], and has little effect on their fora-

ging flight performance, including maximum acceleration and mean

velocity [4]. However, previous studies have shown that wing area loss

reduces maximum vertical aerodynamic force production in bumblebees

[5–7], and it has been suggested that vertical force capacity can more gener-

ally predict an animal’s ability to accelerate in any direction during flight

manoeuvres [5,7,8].

We test the hypothesis that wing wear reduces bumblebee flight manoeuvr-

ability, a performance trait that may constrain a bee’s ability to escape from

aerial predators or parasitoids. Combes et al. [9] addressed a similar question

in dragonflies (from the perspective of the predator rather than the prey),

and found that dragonflies with experimentally induced wing wear displayed

lower flight accelerations, escape velocities and predation success, compared
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Figure 1. Bees were randomly assigned to a treatment group in which (a) the wings were left intact (INT), (b) 22% of the right forewing was removed (ASYM) or
(c) 22% of both forewings were removed (SYM). (d ) Representative flight trajectory (see supplementary movies). (e) Time trace of two-dimensional (horizontal) and
three-dimensional acceleration magnitude. Regions in grey were excluded from the analysis. (Online version in colour.)
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with those with intact wings. Although natural predator–

prey experiments are a powerful method for examining

extreme flight performance, such an assay would be difficult

to implement with bumblebees and any of their natural pred-

ators. Instead, we challenged bumblebees to fly through a

dynamic obstacle.

Although it is commonly assumed that higher accelera-

tion capacity should improve flight performance in

cluttered environments [10,11], a recent study showed that

bumblebees flying through a static obstacle course do not

regularly operate near their acceleration limits; rather, col-

lision-avoidance behaviour appears to be a primary

determinant of flight performance in clutter [10]. Motivated

by these findings, we built a moving obstacle course—analo-

gous to plants swaying in wind—designed to push bees

closer to their maximum acceleration limits. We measured

two performance metrics that have been used to infer

flight manoeuvrability in previous studies: maximum aero-

dynamic acceleration [8] and the rate of collisions with

obstacles [12].
2. Material and methods
(a) Experimental set-up
We cold-anaesthetized a colony of bumblebees (Bombus impa-
tiens), randomly separated them into three treatment groups,

and marked each individual with a paint colour according to

group. In the symmetric group (SYM), we clipped the tips of

both forewings to simulate natural wing wear, using a procedure

similar to prior wing wear studies [3,6,7]. In the asymmetric

group (ASYM), we clipped only the right forewing. In the

intact group (INT), we left both forewings intact (figure 1a–c).

The clipping procedure removed approximately 22% of the

forewing area, which is within the range of naturally occurring

damage [2]. The non-dimensional second moment of area for

an intact wing was 0.59, and for a clipped wing was 0.57.

The hive was placed in an indoor chamber that connected to the

outdoors at the far end of a rectangular tunnel. Inside the tunnel was

an array of 21 vertical posts (6.4 mm diameter, 6.35 cm spacing)

mounted on an orbital shaker, which was oscillated at 2 Hz fre-

quency and 2.5 cm amplitude. Foragers had to fly through the

moving obstacle course en route to the outdoors and back (figure 1d).
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Figure 2. Maximum two-dimensional acceleration (a,b) and collision rate
(c,d ). Box and whisker plots show the median, quartiles and range of
data points, with outliers plotted as plus signs. Asterisk indicates a significant
difference. Line in (d ) shows the predicted collision rate from the generalized
linear model. (e – g) Angle histograms of maximum two-dimensional accel-
eration relative to body orientation for each treatment. (Online version in
colour.)
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Flight sequences were filmed with two synchronized Photron

SA3 cameras (1024 � 1024 pixel resolution) sampling at 500 fps,

one positioned above the tunnel and the other positioned 308
from vertical, viewing down the long axis of the tunnel. Only

sequences that exceeded 1 s of continuous flight within the

obstacle course were analysed.

(b) Kinematic analysis
We digitized centre of body mass kinematics using DLTdv5 [13],

and processed the data with a fifth-order Butterworth low-pass

filter with a cut-off of 15 Hz. In three frames of each video, we

also digitized the anterior tip of the head and the posterior tip

of the abdomen to calculate an average body length for each

individual.

Most trials featured at least one collision between a bee and a

post. We quantified the collision rate by counting the number of

collisions observed in each video and dividing by the total flight

time. Because collisions often generated extreme body accelera-

tions, we removed every segment of data that encompassed a

collision event, including at least 30 ms before and after contact.

We also removed any segments where the bee’s body was

obstructed from the top camera view by a post. We calculated

flight velocity and acceleration by numerically differentiating

the remaining trajectory data, and found the mean speed and

maximum aerodynamic acceleration for each trial (figure 1e).

We focused on the two-dimensional components of acceleration

in the horizontal plane, because our dynamic obstacle course was

designed to elicit sharp lateral manoeuvres. See supplementary

material for additional details on the kinematic analysis.

(c) Statistical analysis
Statistical analyses were performed in R [14]. To determine how

wing treatment and body length were associated with maximum

two-dimensional acceleration, we used a multiple regression,

first using maximum two-dimensional acceleration as a response

to treatment, body length and the interaction of these covariates.

We selected a final model by using a series of likelihood ratio

tests to remove non-significant covariates (using a ¼ 0.05 as the

significance level). To find which treatments were different

from the others, we used simultaneous tests for general linear

hypotheses, using the glht function from the R package mult-

comp [15]. To determine how treatment and body length were

associated with collision rate, we used a Poisson generalized

linear model (using the glm function) with a natural log link

function. We used the number of collisions as a response vari-

able, and included flight time in the model as an offset. As

above, we used a series of likelihood ratio tests to check for sig-

nificant interactions and to remove non-significant terms. We

conducted a similar analysis for mean flight speed through the

obstacle course. See supplementary material for additional

details on the statistical analysis.
3. Results
Wing treatment affected maximum two-dimensional accelera-

tion (F2,142 ¼ 5.07; p-value ¼ 0.0075). Post hoc comparisons

revealed that bees with symmetric wing wear produced

significantly lower peak accelerations than those with

intact wings (t142 ¼ 3.17; p-value ¼ 0.0019), but that peak

two-dimensional accelerations did not differ significantly

between the asymmetrically trimmed group and either of the

other groups (figure 2a). An analysis of maximum three-

dimensional accelerations yielded qualitatively similar results.

Maximum two-dimensional acceleration was not associated

with body length (figure 2b). We found no significant
difference in collision rate among treatments (figure 2c), but

did find a significant positive association between collision

rate and body length (GLM: influence of body length,

x2
ð1Þ ¼ 9:69; p-value ¼ 0.0019, figure 2d ). We found no differ-

ences in mean flight velocity through the obstacle course

among the treatment groups (F2,142 ¼ 0.19; p-value ¼ 0.83).

See supplementary material for additional information on

the results of the statistical analysis.
4. Discussion
Clipping both wing tips significantly reduced maximum

acceleration by 9% on average (figure 2a). Clipping only

one wing tip also reduced maximum acceleration, but not

significantly. These results are qualitatively consistent with

a recent study showing that wing area loss was negatively

correlated with load-lifting capacity in bumblebees, whereas

asymmetric damage had no additional effect beyond the

overall area loss [6].

Peak accelerations were primarily oriented laterally rela-

tive to the bee’s body axis (figure 2e–g), consistent with

roll-based flight manoeuvring. Although bees in the INT

and SYM groups displayed a roughly equal frequency of

left- and right-directed peak accelerations, the effect of
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clipping only the right wing in the ASYM group caused a

dramatic reduction in the number of left-directed peak accel-

erations, indicating that asymmetric wear may have

asymmetric effects on manoeuvrability.

Our results demonstrate that a moving obstacle course

can push bees closer to their acceleration capacity. Peak

three-dimensional accelerations for bees in our INT group

exceeded those of B. impatiens bumblebees flying through a

static obstacle course [10] by 0.7 m s22, or 13% on average.

Still, we do not know whether the peak accelerations

measured here represent absolute maximum performance,

and if not, whether bees of all sizes were under-performing

to a similar degree. The lack of an association between peak

acceleration and body length (figure 2b) would appear to

argue against maximal performance across all body sizes,

given that vertical aerodynamic force production has been

found to decline with body size in bumblebees [5] and

orchid bees [16]. While it is possible that vertical force

capacity might not adequately predict maximum acceleration

in three-dimensions, it is more likely that our assay was

pushing larger bees closer to their acceleration capacity

than smaller bees, which would be consistent with the

body-size-dependent collision rate.

Although bees in the SYM group displayed significantly

lower maximum accelerations, this did not increase their col-

lision rate with posts (figure 2c). On the other hand, larger

bees did collide with posts more frequently than smaller

bees across all treatments (figure 2d ), as has been seen in

both bumblebees and bats flying through fixed obstacle

courses [10,12]. Taken together, these results suggest that col-

lision rate may be mediated by a combination of maximal

acceleration and the spatial footprint of the bee (i.e. the
volume of the body and the region swept by both wings).

Small bees collide with posts less frequently because they

have more room in which to enact directional changes. Simi-

larly, bees with clipped wings have more room to manoeuvre

owing to a shorter wingspan, perhaps compensating for their

reduced accelerations.

The ability to accelerate is a critical component of manoeuv-

rability for flying insects, with potentially life-threatening

consequences. This study presents an experimental assay that

capitalizes on bumblebees’ inherent collision-avoidance behav-

iour to push them closer to their flight performance limits. We

show that wing damage decreases accelerations during man-

oeuvring flight, which may help explain why wing-worn

bumblebees experience greater mortality. Future studies

focused on bumblebee flight responses to aerial predators will

clarify whether acceleration capacity does in fact limit escape

ability.
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