
RESEARCH ARTICLE

Wind and route choice affect performance of

bees flying above versus within a cluttered

obstacle field

Nicholas P. BurnettID
1*, Marc A. Badger1,2, Stacey A. Combes1

1 Department of Neurobiology, Physiology, and Behavior, University of California at Davis, Davis, California,

United States of America, 2 Department of Computer and Information Science, University of Pennsylvania,

Philadelphia, Pennsylvania, United States of America

* burnettnp@gmail.com

Abstract

Bees flying through natural landscapes frequently encounter physical challenges, such as

wind and cluttered vegetation, but the influence of these factors on flight performance

remains unknown. We analyzed 548 videos of wild-caught honeybees (Apis mellifera) flying

through an enclosure containing a field of vertical obstacles that bees could choose to fly

within (through open corridors, without maneuvering) or above. We varied obstacle field

height and wind condition (still, headwinds or tailwinds), and examined how these factors

affected bees’ flight altitude, ground speed, and side-to-side casting motions (lateral excur-

sions). When obstacle fields were short, bees flew at altitudes near the midpoint between

the tunnel floor and ceiling. When obstacle fields approached or exceeded this midpoint,

bees tended to increase their altitude, but they did not always avoid flying through obstacles,

despite having the freedom to do so. Bees that flew above the obstacles exhibited 40%

faster ground speeds and 36% larger lateral excursions than bees that flew within the obsta-

cle fields. Wind did not affect flight altitude, but bees flew 12–19% faster in tailwinds, and

their lateral excursions were 19% larger when flying in headwinds or tailwinds, as compared

to still air. Our results show that bees flying through complex environments display flexibility

in their route choices (i.e., flying above obstacles in some trials and through them in others),

which affects their overall flight performance. Similar choices in natural landscapes could

have broad implications for foraging efficiency, pollination, and mortality in wild bees.

Introduction

Nectivorous insects such as bees (Hymenoptera: Apoidea) provide important ecosystem ser-

vices by pollinating wild plants and crops, and these services are intimately linked to their abil-

ity to successfully move through complex habitats while foraging for floral resources [1]. Bees

typically move between their nest site and food sources by flying, sometimes over distances of

several kilometers [2], yet many physical features of bees’ habitats can make flight a demand-

ing, dangerous, and energetically expensive task [3–5]. Bees regularly fly through
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environments containing unpredictable winds and cluttered vegetation, each of which can

pose distinct challenges to flight [5–8]. Furthermore, the heterogeneity of natural landscapes

results in multiple route options for bees, so the unique behavioral choices made by individual

bees can dictate the microhabitat (e.g., wind, clutter) that bees encounter, and thus the specific

flight challenges that they must overcome [9]. Although bees foraging in wind and around veg-

etation is an everyday sight, we know surprisingly little about the effects of these habitat fea-

tures on the flight behavior and performance of bees.

Cluttered vegetation can pose mechanical challenges to flying bees, but at the same time it

provides visual landmarks that help bees navigate their environment [9–12]. The structure of

vegetation can vary in many ways, including plant density, plant height, leaf size, and branch

size [13–15]. Bees find navigable paths through clutter by using both brightness gradients

within gaps (where brightness increases with gap size) [11] and optic flow, which is the appar-

ent motion of the landscape moving past a bee’s eyes [16–19]. In particular, optic flow helps

bees navigate clutter under a variety of conditions because it depends on the speed of a bee

(relative to an obstacle) as well as the bee’s proximity to the obstacle. Thus, bees can use optic

flow to gauge their distance from an obstacle [16, 17], to reduce their flight speed as they

approach an obstacle [20], to maintain their flight speed relative to an obstacle despite external

wind [21], and to center themselves within a flight corridor, by moving laterally to balance

optic flow across their left and right eyes [12, 18, 19]. In addition, the difference in optic flow

produced by nearby obstacles versus the background helps bees gauge the dimensions and dis-

tance of obstacles [22, 23]. Bees can enhance the visual information they receive from obstacles

in the environment by performing side-to-side casting maneuvers as they fly or by slowing

down and visually inspecting obstacles before continuing their flights, a behavior often associ-

ated with learning the layout of a new environment [22–24]. Overall, visual information is cru-

cial for flying bees, and obstacles (e.g., cluttered vegetation) help provide the signals necessary

for bees to successfully transit these structures. While visually guided bee flight is well-studied

in simplified, artificial laboratory settings, we know little about how these principles operate in

more complex, variable environments.

Cluttered vegetation also poses a flight hazard because collisions with vegetation can lead to

irreparable wing damage [4], which impairs flight performance and is associated with higher

mortality in bees [4, 7]. To avoid collisions, bees flying through cluttered vegetation (or other

obstacles) can use the visual information they gather to execute rapid lateral or vertical maneu-

vers, perform braking maneuvers, or take more sinuous paths around the obstacles [6, 7, 25].

Much of our empirical knowledge about obstacle traversal by bees is based on experiments in

which bees are forced to transit simplified obstacles or apertures. Although these experiments

reveal the physical mechanisms by which bees can traverse obstacles, they provide no informa-

tion about how bees in nature negotiate complex physical environments, particularly given

that bees have a variety of route choices available to them in natural settings, the most general

of which are flying within (between) obstacles or bypassing obstacles entirely (e.g., flying

above them). The choice to fly between obstacles may carry an increased risk of wing or body

collisions [4], but it also provides strong visual signals that help bees control their ground

speed and flight path (e.g., by centering themselves between lateral obstacles) [26]. Examining

bee flight performance in the context of route choice and flight trajectory can help reveal how

bees weigh the risk of collisions with obstacles against the enhanced visual information and

other potential benefits associated with flying through cluttered vegetation.

Bees flying in natural environments also regularly encounter wind, which can vary in

speed, direction, and structure (e.g., periodic vortices, fully mixed turbulence), and each of

these attributes of wind can affect flight performance in different ways. Bees flying into a steady

wind can modify their flight speed relative to the air, to compensate for wind and maintain a
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constant speed relative to the ground [21]. However, headwinds containing periodic vortices

(such as those shed behind a branch in wind) or fully mixed turbulence destabilize flying bees,

impairing their ability to maintain a constant body orientation around the roll axis [5, 27, 28].

To compensate for this reduced roll stability, bees can increase the flapping frequency of their

wings, modulate stroke amplitude to produce corrective asymmetries, and/or extend their

legs, but many of these responses are likely to increase the energetic cost of flight [5, 27]. Iso-

lated gusts of wind can also cause flight instabilities, which trigger a suite of passive responses

in bees such as altered body angle and flight speed, followed by active responses to return to

their original body orientation and speed [29–31]. In addition, wind can increase the danger

associated with some common flight maneuvers such as landing, causing bees to collide with

landing surfaces rather than gradually slowing down to land [29, 32]. Despite the growing

body of research in this area, our knowledge about how wind affects flying bees remains lim-

ited to a fairly narrow set of experimental conditions, such as flight in open air streams without

any physical clutter [5, 27, 31] or flight through vortices generated downstream of a single

object in wind [28, 29]. Thus, we know little about how wind affects the behavioral choices and

flight performance of bees flying in more natural, cluttered habitats.

Bees encountering a large patch of cluttered vegetation in nature can choose to fly through

the clutter or to fly above it, and they often make this choice while also contending with wind

blowing in different directions relative to their flight path. To understand how wind, clutter,

and route choice affect the flight performance of bees traversing complex environments, we

filmed wild-caught honeybees (Apis mellifera Linnaeus 1758) flying through a laboratory

enclosure containing a field of vertical obstacles. We varied obstacle field height (ranging from

11 to 127 mm tall, within a 191-mm tall enclosure) and wind condition (still air, headwinds or

tailwinds). Obstacles were arranged in longitudinal rows, providing two unobstructed flight

corridors between the obstacles, which were 57 mm wide (~3X wider than a bee’s average

wingspan [33]); thus, bees choosing to fly within the obstacles were not required to perform

lateral maneuvers, but they did travel through a narrower corridor than those flying above the

obstacles. We chose A. mellifera as a model organism because it is an important pollinator

[34], its flight behavior is well-studied [17, 33], and it shows little variation in body size [35],

which helps eliminate one known source of variation in flight performance [6, 7, 36]. We

reconstructed bees’ flight paths and used these data to answer two primary questions: (1) Does

obstacle field height or wind condition affect bees’ flight altitudes? (i.e., their route choice, fly-

ing above vs. within the obstacle field), and (2) Does flight altitude or wind condition affect

bees’ flight performance?

Materials and methods

Experimental set-up

Experiments were conducted in a laboratory flight tunnel (20.0 x 19.1 x 115.0 cm; width x

height x length), which had a working section similar in size to tunnels used in other studies of

bee flight behavior [18, 25, 26, 37]. There was a field of obstacles (hereafter referred to as the

‘obstacle field’) in the middle of the tunnel, which consisted of vertical columns (diameter = 7

mm) arranged in three parallel rows of five obstacles each, running along the length of the tun-

nel (Fig 1A). Obstacles were made of dark green, cylindrical blocks (LEGO, Billund, Denmark)

that contrasted with the black and white speckled pattern of the tunnel’s walls (NuWallpaper

NU2673, Wall Pops, Randolph, MA, USA; S1 File), and flight data indicated that bees were

able to detect and avoid these obstacles. All obstacles within an obstacle field were of the same

height, and the obstacles extended only partway to the tunnel’s ceiling, allowing bees to fly

either within or above the obstacle field. The total height of the tunnel was 191 mm and the
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obstacle field heights tested were 11, 40, 69, 98, or 127 mm (Fig 1B), so a minimum of 64 mm

(~1/3 of the total vertical height) between the top of the obstacle field and the ceiling remained

free of obstructions. We consider the 11-mm obstacle field as a control for the presence of

obstacles because this obstacle field was too short for bees to fly within. There were approxi-

mately 20 mm between the outer rows of the obstacle field and the walls in each arrangement.

Fans (AC Infinity, City of Industry, CA, USA) on each end of the tunnel produced a mild

wind with a mean flow speed of 0.54 m s-1 (measured with a Velocicalc Air Velocity Meter

Model 9535, TSI, Shoreview, MN, USA). The flow speed was the same above the obstacle field

and within the corridors of the obstacle field (i.e., the space between the rows of obstacles);

within the rows of obstacles (i.e., immediately downstream of an individual obstacle) the flow

speed dropped to 0.36 m s-1 (S1 File).

Freely flying honeybees Apis mellifera (n = 58) were collected on the campus of the Univer-

sity of California, Davis. Single bees were flown in the tunnel with an obstacle field of one of

the five possible heights, and the obstacle field height used for each bee was determined by a

random number generator. Lights (26 Watts, full spectrum; Hagen, Mansfield, MA, USA)

were alternately turned on and off at each end of the tunnel to motivate the bees to fly back

and forth past the obstacle field (towards a light). Brightness in the tunnel was 436 ± 202 lux

(mean ± SD). We filmed between 5 and 13 flights per bee (mean = 9), with approximately half

the flights in still air and half the flights with wind, for a total of 548 recorded flights. We ran-

domly assigned each bee to begin their flights with either wind or still air. Bees flew in head-

winds (flying into the wind) or tailwinds (flying with the wind), depending on the direction

they flew relative to the air flow on a given transit. We define the two flight directions in our

tunnel as ‘up-tunnel’ and ‘down-tunnel’–bees experienced headwinds when flying in the up-

tunnel direction with wind and tailwinds when flying in the down-tunnel direction with wind.

Flights were filmed with two synchronized Phantom v611 high-speed video cameras

(Vision Research, Inc., Wayne, NJ, USA) sampling at 500 frames s-1, each positioned 30˚ from

the vertical on opposing sides of the obstacle field and viewing down the length of the tunnel.
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Fig 1. Schematic of experimental obstacle field. (a) Top view: obstacles in each field were arranged in three rows of five vertical columns each, forming two

57-mm wide, unobstructed flight corridors down the longitudinal axis of the enclosure. Bees’ flight paths within the horizontal plane (from above) were used to

calculate lateral excursions (interquartile range of lateral positions throughout the flight). (b) Side view: the total height of the tunnel was 191 mm, and five

obstacle field heights, ranging from 11 to 127 mm, were tested. Flights that crossed into the ‘excluded zone’ (within 15 mm of the ceiling; gray area on figure)

were discarded.

https://doi.org/10.1371/journal.pone.0265911.g001
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Cameras were calibrated using a standard checkerboard calibration method and built-in

MATLAB functions [38, 39]. This method captures lens distortion and projective geometry

(using the intrinsic parameters), as well as the global positions and orientations of the cameras

relative to the flight tunnel (via the extrinsic parameters).

Kinematic analysis

We used a detection and tracking pipeline to automatically track the centroid of bees in each

camera view as they transited the obstacle field. From each frame, we subtracted the back-

ground and found one or more candidate positions of the bee using MATLAB’s built-in blob

detection functions. We associated these detections into a single trajectory over time using a

Kalman filter and Munkres’ assignment algorithm [40]. We then used DLTdv6 [41] to check

and manually correct the automatically tracked positions of bees. We also labeled the positions

of obstacles in the field using DLTdv6. Using the camera calibration, we converted the two-

dimensional locations of the objects in each view into three-dimensional coordinates of the

bees and obstacles. We analyzed bees’ trajectories from when they entered to when they exited

the obstacle field (Fig 1A), and we smoothed the trajectories with quintic spline curves [42].

For each flight, we used this position data to calculate the median altitude and the range of alti-

tudes of the bee across its entire flight. We characterized route choice as above vs. within the

obstacles based on bees’ median altitude relative to the height of obstacles during each trial

(see below). To assess flight performance, we calculated two metrics: (1) ground speed–the

median of the bee’s flight speed relative to the ground (i.e., without adding or subtracting the

flow speed induced by the fans), based on its movement in the horizontal plane (lateral and

fore-aft motion), and (2) lateral excursion, quantified by variation (i.e., interquartile range) in

the bee’s lateral position relative to the tunnel’s longitudinal axis over the entire flight.

Statistical analyses

Because we captured wild bees outdoors, brought them into a novel setting (a laboratory flight

enclosure with a fixed obstacle field height), and then recorded multiple flights by each bee, we

first tested whether bees displayed any consistent changes in flight behavior (e.g., due to learn-

ing or familiarity) over the course of the flight trials. We compared flight data (altitude, ground

speed, and lateral excursion) from each bee’s first recorded flight to that of its last recorded

flight using paired Student’s t-tests, with separate analyses performed for flights in wind and

still air, because the presence of wind covaried with flight number.

Does obstacle field height or wind condition affect bees’ flight altitudes?. We first

tested whether median altitude and altitudinal range (maximum minus minimum altitude) of

bees changed with experimental conditions. For these tests, we used the R function ‘lme’ from

the package ‘nlme’ [43] to create linear mixed-effects models (LMM) with terms for wind

(presence vs. absence), flight direction (up- vs. down-tunnel), and obstacle field height (5 cate-

gorical levels), and we allowed for interactions between these terms. Bee identities were

included as a random effect to account for multiple observations per individual. Median alti-

tude data were squared (x2) for normality and range data were log10-transformed for

normality.

For the median altitude comparisons, data showed significantly different variances between

experimental conditions (Levene’s tests, P< 0.005), which violated the homogeneity of vari-

ance assumption of the LMMs. To model unequal variances across experimental conditions,

we used the R function ‘varIdent’ to update the original LMM with variance structures that

were weighted for each experimental group–this resulted in seven new models corresponding

to all possible combinations of equal/unequal variances across levels of wind, flight direction,
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and obstacle field height. These models, including the original LMM, were compared by their

Akaike Information Criterion (AIC) using the R function ‘AIC’. The model with the lowest

AIC, which compensated for unequal variances between obstacle field heights, was used for

the main analysis in place of the original LMM. The standardized residuals of the final model

showed similar variances between experimental groups (Levene’s test, P> 0.05 for signifi-

cance) and appeared to be normally distributed (checked visually using quantile-quantile

plots) [44].

Does flight altitude or wind condition affect bees’ flight performance?. We analyzed

the two flight performance metrics (ground speed, lateral excursion) relative to flight altitude

and wind condition. We defined altitude (using the median for each flight) relative to the

obstacle field, in three ways: altitude above the tunnel floor and in the context of each obstacle

field height (Altitudefloor
� Obstacle height), altitude relative to the top of the obstacle field

(Altitudeobstacle), and binomially, whether altitude was above or within the obstacle field

(Route). These three definitions are closely correlated because (1) Altitudeobstacle = Altitude-

floor—Obstacle height and (2) Route = “above the obstacles” if Altitudeobstacle > 0 and “within

the obstacles” if Altitudeobstacle� 0. To consider each of these definitions, we analyzed flight

performance with three candidate LMM models that included an altitude term based on each

of these definitions. All models included terms for wind and direction, and bee identity was

included as a random effect. Interactions were allowed between the altitude, wind, and direc-

tion terms. Ground speed data were log10-transformed for normality, and lateral excursion

data were cubic-root-transformed for normality. Assumptions of homogeneity of variances

were checked with Levene’s test (P> 0.05 for significance) and assumptions of normality were

checked visually using quantile-quantile plots [44]. For each flight performance metric, the

candidate models were compared by AIC and the model with the lowest AIC was used to fur-

ther analyze model terms. When applicable, multiple comparisons of model terms were done

with Tukey Honest Significant Difference tests using the R package ‘lsmeans’ [45]. All statisti-

cal analyses were completed with R Statistical Software [46], using a critical P-value of 0.05 to

determine statistical significance.

Results

Our analysis showed that the flight behavior of bees did not change in a consistent way over

the course of the flight trials, in either still air or in wind (Student’s t-tests, P> 0.05; see S1

File). Thus, we were able to treat the flight trials recorded from each individual as independent

from one another.

Does obstacle field height or wind condition affect bees’ flight altitudes?

Our data revealed that trial conditions had only a minor effect on bees’ altitudes (Table 1).

Median altitude depended on obstacle field height (F(4,53) = 5.795, P< 0.005), with significant

Table 1. Major behavioral responses of bees transiting obstacle fields that vary in height and wind condition.

Flight variable Treatment response

Altitude • Lower in 11-mm field vs. 98- and 127-mm field

Ground speed • Faster above vs. within obstacle fields

• Faster in tailwinds vs. headwinds and still air (down-tunnel)

Lateral excursion • Larger above vs. within obstacle fields

• Larger in wind vs. still air

The treatment responses describe statistically significant (P< 0.05) patterns in bee flight behavior.

https://doi.org/10.1371/journal.pone.0265911.t001
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differences between the control (shortest) and two highest obstacle heights: median altitude

increased by 22.2 mm (23%) from the 11-mm obstacle fields to the 98-mm obstacle fields

(df = 53, t-ratio = -3.634, P = 0.006), and increased 26.6 mm (28%) from the 11-mm obstacle

fields to the 127-mm obstacle fields (df = 53, t-ratio = -3.881, P< 0.005) (Fig 2). Flight direc-

tion had a moderate effect on median altitude (F(1,475) = 4.447, P = 0.036), but there were no
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significant pairwise differences in median altitude between the two flight directions (df = 475,

t-ratio = -1.018, P = 0.309) and no effect of wind on median altitude (F(1,475) = 0.760,

P = 0.384).

Bees maintained a relatively narrow range of altitudes as they transited the obstacle field

(median range = 20.9 mm), and altitudinal range did not change with wind (F(1,475) = 2.213,

P = 0.138), flight direction (F(1,475) = 0.356, P = 0.551), or obstacle field height (F(4,53) = 2.535,

P = 0.051). Overall, bees displayed similar altitudinal ranges across all conditions, and although

there were a few statistically significant differences in median altitude, absolute differences in

altitude were minor; for example, median flight altitude increased by only 26.6 mm between

the shortest and tallest canopies, despite a 116-mm increase in obstacle field height (Fig 2).

Does flight altitude or wind condition affect bees’ flight performance?

We tested whether ground speed and lateral excursions were affected by flight altitude, wind,

and flight direction, using three definitions of altitude: median altitude relative to the top of

the obstacle field, median altitude relative to the tunnel floor (in addition to a term for obstacle

field height), and categorically, whether median altitude was above or within the obstacle field.

We found that variation in both ground speed and lateral excursions was best explained by a

model that used the categorical definition of altitude (above versus within the obstacle field;

Fig 3). Ground speed was 40% faster when bees flew above rather than within the obstacle field

(F(1,483) = 19.542, P< 0.005), and these speeds were relatively stable in each route–the change

in speed from the entrance to the exit of the obstacle field was -0.01 ± 0.19 m s-1 above the

obstacle field and 0.03 ± 0.26 m s-1 within the obstacle field. Ground speed was also 19% faster

when bees were flying with tailwinds versus headwinds (df = 483, t-ratio = 3.590, P< 0.005)

and 23% faster in tailwinds than in still air during down-tunnel flights (df = 483, t-
ratio = 4.722, P< 0.005) (Fig 4). As with the two route choices, the change in ground speed

from the entrance to the exit of the obstacle field was minimal in each flight direction and

wind conditions (mean change in speed for each group ranged from -0.03 to 0.01 m s-1). Lat-

eral excursions were 36% larger when bees flew above rather than within the obstacle field

(F(1,483) = 7.096, P = 0.008) and 19% larger in wind (either headwinds or tailwinds) than in still

air (F(1,483) = 12.888, P< 0.005) (Fig 5). Lateral excursions were not affected by flight direction

(F(1,483) = 1.685, P = 0.195).

Discussion

Does obstacle field height or wind condition affect bees’ flight altitudes?

Honeybee flights in the three shortest obstacle fields were concentrated around an altitude of

approximately 100 mm, nearly halfway between the tunnel floor and the tunnel ceiling (Fig 2).

When obstacle field height surpassed this midpoint, bees increased their altitudes by approxi-

mately 20%. These results suggest that bees chose to fly at a preferred altitude that was deter-

mined by the dimensions of the flight tunnel (which affects optic flow from the walls, floor,

and ceiling) and only responded to the obstacle field when it interfered with their preferred

altitude. Bees’ modest increase in median altitude with higher obstacles allowed them to fly

above the obstacles in the majority of trials with the 98-mm field, but with the highest field

(127-mm), bees flew within the obstacles during more than half of the trials, despite having

adequate space to avoid the obstacles entirely. These results suggest that bees generally prefer

to fly above obstacle fields, which is not surprising given that bees tend to fly routes that maxi-

mize the distance between their bodies and any surrounding landscape features [11, 16, 47].

We expect that in larger flight arenas, and in nature more generally, bees will fly at higher alti-

tudes as set by the proximity of obstacles and the optic flow they provide the bees. This flight
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strategy can minimize the risk of collisions with obstacles. For example, although the present

study did not involve a particularly challenging arrangement of obstacles, with straight flight

corridors approximately 3X wider than the bees’ wing spans, 6% of the 82 flights within the
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obstacle fields still resulted in a collision. Thus, bees tended to adjust their altitudes higher to

fly in the open space above the obstacle fields; however, they were not strongly deterred by the

obstacles and did not consistently avoid flying through them, despite having the space to do

so.

Flight altitude was not affected by wind or flight direction. This result was not surprising

because the obstacle field did not significantly attenuate wind speed [48], and the wind speed

used in the experiment (~0.54 ms-1) was not particularly challenging compared to winds in

which honeybees are capable of flying [49]. If the obstacle fields had been arranged in a man-

ner that did attenuate wind speeds (e.g., with staggered obstacles and/or closer obstacle spac-

ing), bees might have chosen to fly within the obstacles more often to experience lower wind

speeds; however, the benefit of lower wind speeds in tightly clustered obstacle fields might be

offset by the increased cost of maneuvering around obstacles, the increased risk of collisions

with obstacles, or increased turbulence caused by air moving around the obstacles [28]. More

studies investigating bees’ use of vegetation and clutter as a refuge from wind are needed to

fully understand how they weigh the risk of collisions and cost of maneuvering around obsta-

cles against the altered wind conditions that the obstacles may offer.

Does flight altitude or wind condition affect bees’ flight performance?

Variation in ground speed and lateral excursion were best explained by models that considered

whether median flight altitudes were above versus within an obstacle field (Fig 3), but not nec-

essarily how far the bees were above or below the obstacle fields or the tunnel floor. These
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results suggest that there is a sharp transition in bees’ flight performance based on whether

they are above versus within an obstacle field, rather than a gradual transition in flight perfor-

mance depending on how far they are above or below the obstacles.

Flights within the obstacle fields were characterized by reduced ground speeds and nar-

rower lateral excursions (Figs 4 and 5). Bees likely flew more slowly within the obstacle fields

as a way to balance the close proximity of the obstacles and maintain a preferred optic flow

rate [12, 16, 37]. Although bees were free to fly between the two obstacle corridors, most bees

remained within a single corridor (Fig 3), suggesting that the narrow lateral excursions bees

displayed when flying within the obstacle field were due to the reduced flight space within a

single corridor. Correspondingly, we expect that bees in larger flight arenas, such as those used

in other studies [17], where there are longer distances between the bee and nearby obstacles,

will fly faster to maintain a preferred optic flow rate. We also expect that bees will exhibit larger

lateral excursions as provided by the available flight space. These data also suggest that the

reduced ground speeds for flights within the obstacle field were not due to bees attempting

slow, controlled turns around obstacles [6], as this behavior would have increased the magni-

tude of lateral excursions. Thus, the rapid transition in flight performance as bees flew within

the obstacle field is likely due to the visual feedback and narrow flight space provided by the

obstacles in the field.
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Wind has a significant effect on flight performance, affecting both ground speed and lateral

excursion in different ways. Ground speed was affected only by tailwinds, in which bees flew

12–19% faster than in the three other wind and flight directions (Fig 4). This suggests that it

may have been difficult for bees to maintain their preferred ground speed in tailwinds, when

air was flowing from back to front and pushing the bee forward. For example, with a tailwind

of 0.54 m s-1 and a preferred ground speed of 0.32 m s-1 (the median ground speed in still air),

bees would need to fly backwards relative to the wind at approximately 0.22 m s-1 to maintain

their preferred ground speed. The similarity in ground speeds between flights in headwinds

and in still air is in accordance with previous studies showing that insects, including honey-

bees, are able to maintain their preferred ground speed when flying in a headwind [21, 50–53].

Thus, tailwinds presented a unique flight challenge for honeybees within the context of our

experimental set-up.

In contrast to ground speed, lateral excursions were affected by both headwinds and tailwinds,

with bees displaying increased lateral excursions in these wind conditions. Because lateral excur-

sions increased in both headwinds and tailwinds, this effect is likely related to navigation rather

than force production (e.g., air speed control). Mechanical stimuli from wind can interfere with

insects’ responses to visual stimuli [52], so the larger lateral excursions that bees displayed when

flying in wind may have been an intentional adjustment that allowed the bees to acquire more

visual information from the landscape and better compensate for the mechanical challenge of

wind [22, 23]. To our knowledge, most studies on the effects of wind on bee flight have been con-

ducted in headwinds [21, 49], so additional studies that examine how steady winds from other

directions interact with visual signals to affect flight performance are needed [54].

Conclusions

Here we present data suggesting that the route choices of bees (specifically their chosen flight

altitude) can be affected by large-scale properties of the surrounding landscape. Bees only

engage with clutter, such as vegetation, if it encroaches on their preferred flight altitude; how-

ever, bees do not seem to be strongly deterred by clutter and do not consistently avoid flying

through it, even when they are able to do so. Bees’ choices of whether to fly within clutter or to

avoid it entirely can alter their flight performance: flights within clutter are slower and bees

display narrower lateral casting motions, likely because of visual feedback from nearby obsta-

cles and an increased risk of collisions. Wind does not appear to affect bees’ route choices (at

least in the context of this study), but it does alter flight performance. Bees’ ground speeds are

significantly higher in tailwinds, likely due to difficulties with flight control, and bees display

wider lateral casting motions in all windy conditions, possibly to gain additional visual infor-

mation. Thus, even in this small-scale laboratory experiment, it is clear that the challenges

imposed by physically complex environments can impact bees’ behavior and flight mechanics

for myriad reasons. Identifying the nuances of these effects and their underlying mechanisms

can help us understand how honeybees in large-scale natural environments respond to similar

types of challenges, and how resulting changes in behavior and flight performance may affect

their foraging efficiency, pollination, and mortality.

Supporting information

S1 File. Supporting information for materials and methods. This file includes details of the

wind conditions within the flight tunnel, the material lining the walls of the flight tunnel, and

statistical summaries of the change in flight behaviors of the course of the experiments.

(PDF)

PLOS ONE Wind and route choice affect honeybee flight performance

PLOS ONE | https://doi.org/10.1371/journal.pone.0265911 March 24, 2022 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0265911.s001
https://doi.org/10.1371/journal.pone.0265911


Author Contributions

Conceptualization: Nicholas P. Burnett, Marc A. Badger, Stacey A. Combes.

Data curation: Nicholas P. Burnett.

Formal analysis: Nicholas P. Burnett, Marc A. Badger, Stacey A. Combes.

Funding acquisition: Nicholas P. Burnett, Stacey A. Combes.

Investigation: Nicholas P. Burnett, Marc A. Badger.

Methodology: Nicholas P. Burnett, Stacey A. Combes.

Project administration: Nicholas P. Burnett, Stacey A. Combes.

Software: Nicholas P. Burnett, Marc A. Badger.

Supervision: Stacey A. Combes.

Validation: Nicholas P. Burnett.

Visualization: Nicholas P. Burnett, Stacey A. Combes.

Writing – original draft: Nicholas P. Burnett.

Writing – review & editing: Nicholas P. Burnett, Marc A. Badger, Stacey A. Combes.

References
1. Vicens N, Bosch J. Weather-Dependent Pollinator Activity in an Apple Orchard, with Special Reference

to Osmia cornuta and Apis mellifera (Hymenoptera: Megachilidae and Apidae). Environ Entomol. 2000;

29: 413–420. https://doi.org/10.1603/0046-225X-29.3.413

2. Couvillon MJ, Riddell Pearce FC, Accleton C, Fensome KA, Quah SKL, Taylor EL, et al. Honey bee for-

aging distance depends on month and forage type. Apidologie. 2015; 46: 61–70. https://doi.org/10.

1007/s13592-014-0302-5

3. Nachtigall W, Hanauer-Thieser U, Mörz M. Flight of the honey bee VII: metabolic power versus flight

speed relation. J Comp Physiol B. 1995;165. https://doi.org/10.1007/BF00261303

4. Foster DJ, Cartar RV. What causes wing wear in foraging bumble bees? J Exp Biol. 2011; 214: 1896–

1901. https://doi.org/10.1242/jeb.051730 PMID: 21562177

5. Crall JD, Chang JJ, Oppenheimer RL, Combes SA. Foraging in an unsteady world: bumblebee flight

performance in field-realistic turbulence. Interface Focus. 2017; 7: 20160086. https://doi.org/10.1098/

rsfs.2016.0086 PMID: 28163878

6. Crall JD, Ravi S, Mountcastle AM, Combes SA. Bumblebee flight performance in cluttered environ-

ments: effects of obstacle orientation, body size and acceleration. J Exp Biol. 2015; 218: 2728–2737.

https://doi.org/10.1242/jeb.121293 PMID: 26333927

7. Mountcastle AM, Alexander TM, Switzer CM, Combes SA. Wing wear reduces bumblebee flight perfor-

mance in a dynamic obstacle course. Biol Lett. 2016; 12: 20160294. https://doi.org/10.1098/rsbl.2016.

0294 PMID: 27303054

8. Hennessy G, Harris C, Eaton C, Wright P, Jackson E, Goulson D, et al. Gone with the wind: effects of

wind on honey bee visit rate and foraging behaviour. Animal Behaviour. 2020; 161: 23–31. https://doi.

org/10.1016/j.anbehav.2019.12.018

9. Ohashi K, Leslie A, Thomson JD. Trapline foraging by bumble bees: V. Effects of experience and prior-

ity on competitive performance. Behav Ecol. 2008; 19: 936–948. https://doi.org/10.1093/beheco/

arn048

10. Loyola RD, Martins RP. Habitat structure components are effective predictors of trap-nesting Hymenop-

tera diversity. Basic and Applied Ecology. 2008; 9: 735–742. https://doi.org/10.1016/j.baae.2007.06.

016

11. Baird E, Dacke M. Finding the gap: a brightness-based strategy for guidance in cluttered environments.

Proc R Soc B. 2016; 283: 20152988. https://doi.org/10.1098/rspb.2015.2988 PMID: 27053748

12. Linander N, Baird E, Dacke M. Bumblebee flight performance in environments of different proximity. J

Comp Physiol A. 2016; 202: 97–103. https://doi.org/10.1007/s00359-015-1055-y PMID: 26614094

PLOS ONE Wind and route choice affect honeybee flight performance

PLOS ONE | https://doi.org/10.1371/journal.pone.0265911 March 24, 2022 13 / 15

https://doi.org/10.1603/0046-225X-29.3.413
https://doi.org/10.1007/s13592-014-0302-5
https://doi.org/10.1007/s13592-014-0302-5
https://doi.org/10.1007/BF00261303
https://doi.org/10.1242/jeb.051730
http://www.ncbi.nlm.nih.gov/pubmed/21562177
https://doi.org/10.1098/rsfs.2016.0086
https://doi.org/10.1098/rsfs.2016.0086
http://www.ncbi.nlm.nih.gov/pubmed/28163878
https://doi.org/10.1242/jeb.121293
http://www.ncbi.nlm.nih.gov/pubmed/26333927
https://doi.org/10.1098/rsbl.2016.0294
https://doi.org/10.1098/rsbl.2016.0294
http://www.ncbi.nlm.nih.gov/pubmed/27303054
https://doi.org/10.1016/j.anbehav.2019.12.018
https://doi.org/10.1016/j.anbehav.2019.12.018
https://doi.org/10.1093/beheco/arn048
https://doi.org/10.1093/beheco/arn048
https://doi.org/10.1016/j.baae.2007.06.016
https://doi.org/10.1016/j.baae.2007.06.016
https://doi.org/10.1098/rspb.2015.2988
http://www.ncbi.nlm.nih.gov/pubmed/27053748
https://doi.org/10.1007/s00359-015-1055-y
http://www.ncbi.nlm.nih.gov/pubmed/26614094
https://doi.org/10.1371/journal.pone.0265911


13. Westoby M, Falster DS, Moles AT, Vesk PA, Wright IJ. Plant Ecological Strategies: Some Leading

Dimensions of Variation Between Species. Annu Rev Ecol Syst. 2002; 33: 125–159. https://doi.org/10.

1146/annurev.ecolsys.33.010802.150452

14. Randlkofer B, Obermaier E, Hilker M, Meiners T. Vegetation complexity—The influence of plant species

diversity and plant structures on plant chemical complexity and arthropods. Basic and Applied Ecology.

2010; 11: 383–395. https://doi.org/10.1016/j.baae.2010.03.003

15. Poorter H, Niklas KJ, Reich PB, Oleksyn J, Poot P, Mommer L. Biomass allocation to leaves, stems and

roots: meta-analyses of interspecific variation and environmental control: Tansley review. New Phytol.

2012; 193: 30–50. https://doi.org/10.1111/j.1469-8137.2011.03952.x PMID: 22085245

16. Srinivasan MV, Lehrer M, Kirchner WH, Zhang SW. Range perception through apparent image speed

in freely flying honeybees. Vis Neurosci. 1991; 6: 519–535. https://doi.org/10.1017/

s095252380000136x PMID: 2069903

17. Srinivasan MV, Zhang SW, Lehrer M, Collett TS. Honeybee navigation en route to the goal: visual flight

control and odometry. J Exp Biol. 1996; 199: 237–244. https://doi.org/10.1242/jeb.199.1.237 PMID:

9317712

18. Baird E, Dacke M. Visual flight control in naturalistic and artificial environments. J Comp Physiol A.

2012; 198: 869–876. https://doi.org/10.1007/s00359-012-0757-7 PMID: 22983439

19. Lecoeur J, Dacke M, Floreano D, Baird E. The role of optic flow pooling in insect flight control in cluttered

environments. Sci Rep. 2019; 9: 7707. https://doi.org/10.1038/s41598-019-44187-2 PMID: 31118454

20. Srinivasan MV, Zhang SW, Chahl JS, Barth E, Venkatesh S. How honeybees make grazing landings on

flat surfaces. Biol Cybern. 2000; 83: 171–183. https://doi.org/10.1007/s004220000162 PMID:

11007294

21. Barron A, Srinivasan MV. Visual regulation of ground speed and headwind compensation in freely flying

honey bees (Apis mellifera L.). J Exp Biol. 2006; 209: 978–984. https://doi.org/10.1242/jeb.02085

PMID: 16481586

22. Ravi S, Bertrand O, Siesenop T, Manz L-S, Doussot C, Fisher A, et al. Gap perception in bumblebees.

J Exp Biol. 2019; 222: jeb184135. https://doi.org/10.1242/jeb.184135 PMID: 30683732

23. Ravi S, Siesenop T, Bertrand O, Li L, Doussot C, Warren WH, et al. Bumblebees perceive the spatial

layout of their environment in relation to their body size and form to minimize inflight collisions. Proc Natl

Acad Sci USA. 2020; 117: 31494–31499. https://doi.org/10.1073/pnas.2016872117 PMID: 33229535

24. de Ibarra NH, Philippides A, Riabinina O, Collett TS. Preferred viewing directions of bumblebees (Bom-

bus terrestris L.) when learning and approaching their nest site. J Exp Biol. 2009; 212: 3769–3769.

https://doi.org/10.1242/jeb.029751 PMID: 19801423

25. Burnett NP, Badger MA, Combes SA. Wind and obstacle motion affect honeybee flight strategies in clut-

tered environments. J Exp Biol. 2020; 223: jeb222471. https://doi.org/10.1242/jeb.222471 PMID:

32561633

26. Baird E, Kornfeldt T, Dacke M. Minimum viewing angle for visually guided ground speed control in bum-

blebees. J Exp Biol. 2010; 213: 1625–1632. https://doi.org/10.1242/jeb.038802 PMID: 20435812

27. Combes SA, Dudley R. Turbulence-driven instabilities limit insect flight performance. Proc Natl Acad

Sci USA. 2009; 106: 9105–9108. https://doi.org/10.1073/pnas.0902186106 PMID: 19458254

28. Ravi S, Crall JD, Fisher A, Combes SA. Rolling with the flow: bumblebees flying in unsteady wakes. J

Exp Biol. 2013; 216: 4299–4309. https://doi.org/10.1242/jeb.090845 PMID: 24031057

29. Chang JJ, Crall JD, Combes SA. Wind alters landing dynamics in bumblebees. J Exp Biol. 2016; 219:

2819–2822. https://doi.org/10.1242/jeb.137976 PMID: 27436135

30. Ravi S, Kolomenskiy D, Engels T, Schneider K, Wang C, Sesterhenn J, et al. Bumblebees minimize

control challenges by combining active and passive modes in unsteady winds. Sci Rep. 2016; 6: 35043.

https://doi.org/10.1038/srep35043 PMID: 27752047

31. Jakobi T, Kolomenskiy D, Ikeda T, Watkins S, Fisher A, Liu H, et al. Bees with attitude: the effects of

directed gusts on flight trajectories. Biology Open. 2018; 7: bio034074. https://doi.org/10.1242/bio.

034074 PMID: 30135080

32. Baird E, Boeddeker N, Ibbotson MR, Srinivasan MV. A universal strategy for visually guided landing.

Proc Natl Acad Sci USA. 2013; 110: 18686–18691. https://doi.org/10.1073/pnas.1314311110 PMID:

24167269

33. Altshuler DL, Dickson WB, Vance JT, Roberts SP, Dickinson MH. Short-amplitude high-frequency wing

strokes determine the aerodynamics of honeybee flight. Proc Natl Acad Sci USA. 2005; 102: 18213–

18218. https://doi.org/10.1073/pnas.0506590102 PMID: 16330767

34. Hung K-LJ, Kingston JM, Albrecht M, Holway DA, Kohn JR. The worldwide importance of honey bees

as pollinators in natural habitats. Proc R Soc B. 2018; 285: 20172140. https://doi.org/10.1098/rspb.

2017.2140 PMID: 29321298

PLOS ONE Wind and route choice affect honeybee flight performance

PLOS ONE | https://doi.org/10.1371/journal.pone.0265911 March 24, 2022 14 / 15

https://doi.org/10.1146/annurev.ecolsys.33.010802.150452
https://doi.org/10.1146/annurev.ecolsys.33.010802.150452
https://doi.org/10.1016/j.baae.2010.03.003
https://doi.org/10.1111/j.1469-8137.2011.03952.x
http://www.ncbi.nlm.nih.gov/pubmed/22085245
https://doi.org/10.1017/s095252380000136x
https://doi.org/10.1017/s095252380000136x
http://www.ncbi.nlm.nih.gov/pubmed/2069903
https://doi.org/10.1242/jeb.199.1.237
http://www.ncbi.nlm.nih.gov/pubmed/9317712
https://doi.org/10.1007/s00359-012-0757-7
http://www.ncbi.nlm.nih.gov/pubmed/22983439
https://doi.org/10.1038/s41598-019-44187-2
http://www.ncbi.nlm.nih.gov/pubmed/31118454
https://doi.org/10.1007/s004220000162
http://www.ncbi.nlm.nih.gov/pubmed/11007294
https://doi.org/10.1242/jeb.02085
http://www.ncbi.nlm.nih.gov/pubmed/16481586
https://doi.org/10.1242/jeb.184135
http://www.ncbi.nlm.nih.gov/pubmed/30683732
https://doi.org/10.1073/pnas.2016872117
http://www.ncbi.nlm.nih.gov/pubmed/33229535
https://doi.org/10.1242/jeb.029751
http://www.ncbi.nlm.nih.gov/pubmed/19801423
https://doi.org/10.1242/jeb.222471
http://www.ncbi.nlm.nih.gov/pubmed/32561633
https://doi.org/10.1242/jeb.038802
http://www.ncbi.nlm.nih.gov/pubmed/20435812
https://doi.org/10.1073/pnas.0902186106
http://www.ncbi.nlm.nih.gov/pubmed/19458254
https://doi.org/10.1242/jeb.090845
http://www.ncbi.nlm.nih.gov/pubmed/24031057
https://doi.org/10.1242/jeb.137976
http://www.ncbi.nlm.nih.gov/pubmed/27436135
https://doi.org/10.1038/srep35043
http://www.ncbi.nlm.nih.gov/pubmed/27752047
https://doi.org/10.1242/bio.034074
https://doi.org/10.1242/bio.034074
http://www.ncbi.nlm.nih.gov/pubmed/30135080
https://doi.org/10.1073/pnas.1314311110
http://www.ncbi.nlm.nih.gov/pubmed/24167269
https://doi.org/10.1073/pnas.0506590102
http://www.ncbi.nlm.nih.gov/pubmed/16330767
https://doi.org/10.1098/rspb.2017.2140
https://doi.org/10.1098/rspb.2017.2140
http://www.ncbi.nlm.nih.gov/pubmed/29321298
https://doi.org/10.1371/journal.pone.0265911


35. Roulston TH, Cane JH. The effect of diet breadth and nesting ecology on body size variation in bees

(Apiformes). J Kansas Entomol Soc. 2000; 73: 129–142.

36. Goulson D, Peat J, Stout JC, Tucker J, Darvill B, Derwent LC, et al. Can alloethism in workers of the

bumblebee, Bombus terrestris, be explained in terms of foraging efficiency? Animal Behaviour. 2002;

64: 123–130. https://doi.org/10.1006/anbe.2002.3041

37. Linander N, Dacke M, Baird E. Bumblebees measure optic flow for position and speed control flexibly

within the frontal visual field. J Exp Biol. 2015; 218: 1051–1059. https://doi.org/10.1242/jeb.107409

PMID: 25657205

38. Heikkila J, Silven O. A four-step camera calibration procedure with implicit image correction. Proceed-

ings of IEEE Computer Society Conference on Computer Vision and Pattern Recognition. San Juan,

Puerto Rico: IEEE Comput. Soc; 1997. pp. 1106–1112. https://doi.org/10.1109/CVPR.1997.609468

39. Zhang Z. A flexible new technique for camera calibration. IEEE Trans Pattern Anal Machine Intell.

2000; 22: 1330–1334. https://doi.org/10.1109/34.888718

40. Munkres J. Algorithms for the assignment and transportation problems. J Soc Indust Appl Math. 1957;

5: 32–38.

41. Hedrick TL. Software techniques for two- and three-dimensional kinematic measurements of biological

and biomimetic systems. Bioinspir Biomim. 2008; 3: 034001. https://doi.org/10.1088/1748-3182/3/3/

034001 PMID: 18591738

42. Walker JA. Estimating velocities and accelerations of animal locomotion: a simulation experiment com-

paring numerical differentiation algorithms. J Exp Biol. 1998; 201: 981–995.

43. Pinheiro J, DebRoy S, R Core Team. nlme: Linear and nonlinear mixed effects models. 2020. Available:

https://CRAN.R-project.org/package=nlme

44. Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM. Dealing with Heterogeneity. Mixed effects mod-

els and extensions in ecology with R. New York, NY: Springer New York; 2009. pp. 71–100. https://doi.

org/10.1007/978-0-387-87458-6_4

45. Lenth RV. Least-Squares Means: The R Package lsmeans. J Stat Soft. 2016;69. https://doi.org/10.

18637/jss.v069.i01

46. R Core Team. R: A language and environment for statistical compting. Vienna, Austria; 2020. Available:

https://www.R-project.org/

47. Ong M, Bulmer M, Groening J, Srinivasan MV. Obstacle traversal and route choice in flying honeybees:

Evidence for individual handedness. Naug D, editor. PLoS ONE. 2017; 12: e0184343. https://doi.org/

10.1371/journal.pone.0184343 PMID: 29095830

48. de Langre E. Effects of wind on plants. Annu Rev Fluid Mech. 2008; 40: 141–168. https://doi.org/10.

1146/annurev.fluid.40.111406.102135

49. Roy Khurana T, Sane SP. Airflow and optic flow mediate antennal positioning in flying honeybees.

eLife. 2016; 5: e14449. https://doi.org/10.7554/eLife.14449 PMID: 27097104

50. Kennedy JS. The migration of the Desert Locust (Schistocerca gregaria Forsk.) I. The behaviour of

swarms. II. A theory of long-range migrations. Phil Trans R Soc Lond B. 1951; 235: 163–290. https://

doi.org/10.1098/rstb.1951.0003 PMID: 24541037

51. Willis MarkA, Arbas EdmundA. Odor-modulated upwind flight of the sphinx moth, Manduca sexta L. J

Comp Physiol A. 1991;169. https://doi.org/10.1007/BF00197655 PMID: 1779417

52. Fuller SB, Straw AD, Peek MY, Murray RM, Dickinson MH. Flying Drosophila stabilize their vision-

based velocity controller by sensing wind with their antennae. Proc Natl Acad Sci USA. 2014; 111:

E1182–E1191. https://doi.org/10.1073/pnas.1323529111 PMID: 24639532

53. Copley S, Parthasarathy K, Willis MA. Optomotor steering and flight control requires a specific sub-sec-

tion of the compound eye in the hawkmoth, Manduca sexta. J Exp Biol. 2018; 221: jeb178210. https://

doi.org/10.1242/jeb.178210 PMID: 29967220

54. Baird E, Boeddeker N, Srinivasan MV. The effect of optic flow cues on honeybee flight control in wind.

Proc R Soc B. 2021; 288: 20203051. https://doi.org/10.1098/rspb.2020.3051 PMID: 33468001

PLOS ONE Wind and route choice affect honeybee flight performance

PLOS ONE | https://doi.org/10.1371/journal.pone.0265911 March 24, 2022 15 / 15

https://doi.org/10.1006/anbe.2002.3041
https://doi.org/10.1242/jeb.107409
http://www.ncbi.nlm.nih.gov/pubmed/25657205
https://doi.org/10.1109/CVPR.1997.609468
https://doi.org/10.1109/34.888718
https://doi.org/10.1088/1748-3182/3/3/034001
https://doi.org/10.1088/1748-3182/3/3/034001
http://www.ncbi.nlm.nih.gov/pubmed/18591738
https://CRAN.R-project.org/package=nlme
https://doi.org/10.1007/978-0-387-87458-6
https://doi.org/10.1007/978-0-387-87458-6
https://doi.org/10.18637/jss.v069.i01
https://doi.org/10.18637/jss.v069.i01
https://www.R-project.org/
https://doi.org/10.1371/journal.pone.0184343
https://doi.org/10.1371/journal.pone.0184343
http://www.ncbi.nlm.nih.gov/pubmed/29095830
https://doi.org/10.1146/annurev.fluid.40.111406.102135
https://doi.org/10.1146/annurev.fluid.40.111406.102135
https://doi.org/10.7554/eLife.14449
http://www.ncbi.nlm.nih.gov/pubmed/27097104
https://doi.org/10.1098/rstb.1951.0003
https://doi.org/10.1098/rstb.1951.0003
http://www.ncbi.nlm.nih.gov/pubmed/24541037
https://doi.org/10.1007/BF00197655
http://www.ncbi.nlm.nih.gov/pubmed/1779417
https://doi.org/10.1073/pnas.1323529111
http://www.ncbi.nlm.nih.gov/pubmed/24639532
https://doi.org/10.1242/jeb.178210
https://doi.org/10.1242/jeb.178210
http://www.ncbi.nlm.nih.gov/pubmed/29967220
https://doi.org/10.1098/rspb.2020.3051
http://www.ncbi.nlm.nih.gov/pubmed/33468001
https://doi.org/10.1371/journal.pone.0265911

