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Turbulent flows associated with thermal convection are common in areas

where the ground is heated by solar radiation, fermentation or other pro-

cesses. However, it is unknown how these flow instabilities affect the

locomotion of small insects, like fruit flies, that inhabit deserts and urban

landscapes where surface temperatures can reach extreme values. We quan-

tified flight performance of fruit flies (Drosophila melanogaster) traversing a

chamber through still air and turbulent Rayleigh–Bénard convection cells

produced by a vertical temperature gradient. A total of 34% of individuals

were unable to reach the end of the chamber in convection, although peak

flow speeds were modest relative to typical outdoor airflow. Individuals

that were successful in convection were faster fliers and had larger wing

areas than those that failed. All flies displayed higher pitch angles and lower

mean flight speeds in convection. Successful individuals took longer to cross

the chamber in convection, due to lower flight speeds and greater path sinu-

osity. All individuals displayed higher flapping frequencies in convection,

and successful individuals also reduced stroke amplitude. Our results sug-

gest that thermal convection poses a significant challenge for small fliers,

resulting in increased travel times and energetic costs, or in some cases

precluding insects from traversing these environments entirely.
1. Introduction
Thermal convection is a universal phenomenon that occurs at a vast range of

spatio-temporal scales, affecting atmospheric circulation and weather patterns

as well as flow within sub-millimetre fluid films. This flow instability is driven

by a temperature gradient between a surface and the surrounding fluid, and it

depends on gravity, buoyancy of the heated fluid and thermal diffusion forces

(with instability of the fluid quantified by the Raleigh number, Ra) [1]. At low to

moderate surface temperatures, the resulting flow typically remains laminar,

with flows rising from the surface and then circling back down to form

smooth, rounded flow ‘cells’—but, when surface temperatures reach extreme

values (Ra . 106), flow within these cells becomes unsteady and turbulent

[2,3]. In natural habitats, solar radiation, in conjunction with physical surface

properties and weather conditions (e.g. no wind), plays the most important

role in driving intense convection processes. The maximal ground temperatures

in deserts and urban areas (with concrete/asphalt surfaces) can range between

708C and 1008C [4–6], and fermentation and/or decomposition can produce

similar temperatures in areas containing garbage or fallen fruit. Thus, for insects

such as fruit flies that live and fly near surfaces heated by various processes

(i.e. solar radiation, fermentation and decomposition), thermal convection

may represent a significant everyday challenge.

Over the past decade, a number of studies have examined animal flight per-

formance in perturbed flow environments, including von Kármán vortex streets

[7–9], whirlwinds [10], homogeneous turbulent airflows [11–13] and wind

gusts [14], but the effects of thermal convective flows on animal flight perform-

ance have not been tested experimentally. Soaring and migrating animals are
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well known for using large, vertical thermals that result from

convection processes [15–17], presumably to reduce flight

costs; however, the effects of convection on millimetre-sized

animal fliers, which may encounter convective flows associated

with heated surfaces more frequently than larger animals, have

not been addressed.

Here, we analysed the effects of Rayleigh–Bénard convec-

tion cells on the flight kinematics and control of fruit flies. We

used the common fruit fly (Drosophila melanogaster) because

this species is capable of travelling long distances in the desert

to colonize oases (for a review see [18]), and because they are

common inhabitants of trash cans and dumpsites in human

cities, where the process of solar radiation (combined with

bacterial processes, in some cases) can lead to extreme sur-

face temperatures and thus induce thermal convection. We

hypothesize that fruit flies flying through Rayleigh–Bénard

cells will be challenged by the vertical shear and dynamic

variable flows, and this will be reflected by changes in their

flight trajectory and in the total time required to traverse a

flight chamber, in comparison with control flights performed

in still air.
2. Material and methods
2.1. Sampled insects
We performed repeated measures testing on 32 individual fruit

flies (Drosophila melanogaster) from a laboratory colony established

from wild founders collected near the University of California,

Davis. The colony was kept in a mesh cage (30 � 30 � 30 cm)

with food (bananas), water and salt available ad libitum, and

with natural lighting to provide a normal daylight cycle (9 : 30 :

14 : 30 h). Single individuals from the mesh box were collected

for experimental testing using an LED ultraviolet flashlight

(Black-light Master, 390 nm, model 302490) for attraction and a

10 mm syringe for capture; only individuals that were strongly

attracted to the UV light were used for experiments. Handling of

flies was minimized before flight experiments to avoid interfering

with flight motivation and performance; as a result, sex sample dis-

tribution could not be controlled, and the testing group ultimately

contained seven males and 25 females. After flight tests, each indi-

vidual was frozen and photographed to measure body length (lb)

and wing area (S) using WingImageProcessor v.1.1 for Matlab

(available at https://www.unc.edu/~thedrick/software3.html),

and sex was determined using a dissecting scope.

2.2. Flight chamber
Each sampled insect was kept in total darkness for approxi-

mately 10 min before being transported to the flight chamber

(22 � 12 � 8 cm). The side walls of the chamber were made of

clear, 1 mm thick Plexiglas sheets, while the bottom and upper

walls were made of 1 mm thick stainless steel sheets. The end

walls of the chamber were each perforated with a 0.5 cm hole,

with one opening used to release the insect into the chamber via

the syringe and the other to recapture the insect in a small plastic

vial after it flew across the chamber. To produce a strong,

positive phototaxis during flights, we mounted a UV lamp

(Exo-Terra Reptile UVB150, 26 W, 0.34 mW cm22) facing the

wall where the vial for re-capturing flies was attached (figure 1a).

Rayleigh–Bénard convection cells were produced in the

chamber by heating the floor with an infrared lamp (125 W)

placed 10 cm below the bottom steel plate and cooling the ceiling

with refrigerant gels placed above the top plate (figure 1a). The

temperatures of the bottom and top plates were Tb ¼ 708C and

Tt ¼ 48C, respectively. We calculated the Prandtl number as
Pr ¼ yk21, where y is the kinematic viscosity and k the thermal

diffusivity of air. Rayleigh number was calculated as Ra ¼
ag(Tb 2 Tt)dH

3 y21k21, where a is the thermal expansion coeffi-

cient, g the acceleration of gravity and dH the distance between

the upper and lower plates [1].

2.3. Flow description and temperature profile
We characterized the velocity field of the turbulent convective

flow in the flight chamber using a digital particle image veloci-

metry (DPIV) method when no insects were present. A laser

pointer (JD-303, 532 nm, 5 mW, Class IIB laser) with a glass stir

rod mounted at its tip was used to produce a two-dimensional

vertical laser screen ( approx. 2 mm thickness) and the flow was

seeded with lycopodium particles (approx. 30 mm; figure 1b).

We used a Phantom camera (model V611) to film the particles

moving through the projected laser sheet at 1000 frames/s after

generating a temperature gradient between the top and bottom

plates of the chamber. We used 700 video frames (t ¼ 0.7 s) to cal-

culate a cross-correlation of image pairs with an interrogation

window from 64 pixels2 to 32 pixels2, excluding those vectors

with standard deviation greater than 4, to resolve the average

velocity field using PIVlab in Matlab [19]. We calculated the tur-

bulence intensity It (i.e. the ratio between the root-mean-square

of velocity fluctuations and the mean velocity) at three points

along the midline of the chamber (green asterisks in figure 1),

using the velocity fields from the PIV analysis.

We measured the average temperature profile of the chamber

using a k-type thermometer (MN Measurement Instruments,

model DM6801, accuracy of 0.18C) with a thermocouple wire

probe. This isolated wire with a sensitive tip was introduced

into the chamber and temperatures were collected (after readings

stabilized) approximately every 2.5 cm throughout the vertical

plane of the chamber (i.e. from top to bottom, along the midline

of the flight chamber). We photographed the position of the wire

tip during each measurement and calculated its Cartesian coordi-

nates using DLTdv5 in Matlab [20]. With these data, we created

an average temperature profile map along the vertical plane of

the chamber. It is worth noting, however, that the

thermometer used had a relatively low sampling rate (2.5 Hz)

in comparison to our flow sampling (1000 Hz), which limits

the details of instantaneous temperature changes. Ambient

temperature in the room (and within the chamber in still-air

conditions) was 218C.

2.4. Video recording
Each individual was filmed while flying along the chamber

through still air (non-perturbed flow) and then through convec-

tive flow, from the point of release to the opposite wall, or to

wherever flight ceased if the fly failed to reach the opposite

wall. We were unable to randomize the order of these treatments

because flies that failed to reach the opposite wall in the convec-

tive flow condition and landed instead on the floor were

typically killed by the high temperature of the aluminium plate.

However, to verify that fatigue was not responsible for any flight

differences seen in convective flow, we performed an additional

(third) flight trial in still air for five individuals that successfully

completed trials in convection, and compared results of this trial

to the first still-air control. After each flight across the chamber,

flies were kept inside the container used to capture them, in

the dark, for approximately 10 min before flying across the

chamber in the next flow condition. We filmed individual flights

at 3500 frames/s using two high-speed cameras (Phantom V611)

placed approximately perpendicular to the vertical plane of the

chamber, with an angle of approximately 408 between the cam-

eras. An LED infrared bulb (Feit electric, 30 W) with a plastic

diffuser was used to illuminate the rear wall of the chamber

for visualizing the fly’s body and wings.
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Figure 1. (a,b) Experimental set-up for testing Drosophila flight performance in still and thermal convective flow. (a) Illustration of flight chamber and method used
to produce Rayleigh – Bénard convection cells. (b) Image of a fly just before take-off (left side, on syringe tip), with flow particles illuminated to show the left half of
the convective flow field. Note that actual flight trials were performed without the laser or particles, which were used only to calculate the average velocity field
using DPIV. Green asterisks represent the point where turbulence intensity was measured from PIV analyses.
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We analysed films from each individual (n ¼ 32) in both

convection and still-air conditions, as well as a third flight trial

(post-convection control trial) in five individuals, resulting in a

total of 69 individual flights and approximately 345 000 digitized

frames. For each flight trial, we digitized the position of the front

of the head and the tip of the abdomen during each frame from

take-off to landing. We also digitized the position of the right

wing-base and tip over five flapping cycles during the middle

of the filmed sequence. The position of each digitized point

from the two cameras was transformed to Cartesian coordinates

using a direct linear transformation method [20] and smoothed

using an MSE quintic spline function [21]. The first derivative

of three-dimensional head position was used to calculate instan-

taneous speed (ui) and these data were then averaged over the

entire sequence to calculate mean flight speed (um). Travel time

(tt) was calculated by dividing the total number of frames from

take-off to landing by the frame rate. Path sinuosity (Si) was cal-

culated by summing the three-dimensional distance between

successive points to obtain the total length of the flight path

and dividing by the linear distance between the take-off and

landing positions (figure 2a). Reynolds number was calculated

as Re ¼ umlb/n, where n is the kinematic viscosity of air.

The vector angle formed by the head and abdomen with

respect to the horizontal plane was used to calculate body pitch

(b; figure 2b). Wing stroke amplitude (F) was extracted from

the instantaneous angle of the vector formed between the wing

tip and its base, and wingbeat frequency (n) was calculated

by dividing the frame rate by the number of frames in each

wingbeat cycle.

2.5. Statistics
During the experiments, 21 individuals completed flights across

the chamber in convective flow (success group) while the remain-

ing 11 individuals failed to reach the opposite wall in this flow

condition (failure group). We used a binary logistic regression

to examine the effects of body length, wing area, sex and mean

flight speed in still air on the likelihood of failure versus success

in convective flow. Body length, wing area, sex and mean flight

speed in still air were not collinear (VIF0.5, 2 for all contrasts,

where VIF is the variance inflation factor).

We next examined relationships among flight performance

variables. To determine whether travel time across the chamber

depends on mean flight speed along the flight path and/or

path sinuosity, we performed stepwise multiple linear regression

on trials in still air (all individuals) and in convective flow (suc-

cess/failure groups analysed separately, since failed individuals
did not reach the same landing position as successful ones). Simi-

larly, to determine whether mean flight velocity depends on

body morphology and/or kinematics (body length, wing area,

pitch angle, flapping frequency and stroke amplitude), we per-

formed stepwise multiple linear regression on trials in still air

and in convective flow (with all individuals grouped together).

To evaluate changes in flight performance between still-air

and convective flow conditions, we performed paired t-tests (or

paired Wilcoxon signed-rank tests, where assumptions of t-tests

were not met) on flight and wing kinematic variables (tt, Si,
um, b, n and F), evaluating all individuals together and also eval-

uating success/failure groups separately. We also performed

paired t-tests comparing these variables in individuals for

which we collected still-air trials both before and after the con-

vection trial (N ¼ 5), to determine whether fatigue led to

consistent changes in flight performance.

To determine whether there was a difference in how flies in

the success versus failure group altered their flight kinematics

in convective flow, we calculated each individual’s change in

flight kinematics (tt, Si, um, b, n and F) from still air to convective

flow, and then performed unpaired t-tests comparing the mean

change in variables between the success and failure groups. We

also performed unpaired t-tests of all morphological and kin-

ematic variables to compare males versus females, in both still

air and convection conditions. For the above tests, function trans-

formations (logf(x) or f(x)n) were applied to variables when

needed, and all variables used for t-tests fulfilled requirements

of homogeneity of variance and normality. Data are presented

as means+one standard deviation. All statistical analyses

were performed in R v. 3.4.1 [22].
3. Results
3.1. Flow and temperature characterization
When a vertical temperature gradient was applied, flow

in the flight chamber was characterized by two horizontal

counter-rotating vortices, with Prandtl (Pr) and Rayleigh

(Ra) numbers of 0.7 and 1 � 107, respectively. The counter-

rotating vortices were highly unsteady and turbulent, with

small eddies appearing and decaying frequently (electronic

supplementary material, video S1). Maximal flow speeds

(approx. 0.3 m s21) were found in the updraft plumes in-

between the vortices, at the middle of the chamber (figure 3a),

and vorticity values ranged from þ40 s21 to 230 s21 (electronic

http://rsif.royalsocietypublishing.org/
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supplementary material, figure SA). Turbulence intensity It

at the three points sampled was 28% (left eddy), 24% (upris-

ing zone; see electronic supplementary material, figure SE)

and 29% (right eddy).

The Reynolds number of flies flying in the chamber was

approximately 102. Average temperature in the chamber was

358C (60% higher than the ambient/still air temperature of

218C), with a range of 208C to 508C (figure 3b).
3.2. Flight kinematics
We found that 34% of flies failed to reach the opposite wall

under convection. These individuals started to lose flight

control and displayed more erratic flight paths after passing

through the convection updraft in the middle of the chamber

(figure 4b). A binary logistic regression model testing the

effects of body length, wing area, sex and mean flight speed

in still air on the likelihood of success versus failure was stat-

istically significant (x2
4 ¼ 15:5, p , 0.01). The model explained

53% (Nagerlkerke R2) of the variance in trial outcome and

correctly classified 78% of cases. Both higher wing areas

( p ¼ 0.043) and faster flight speeds in still air ( p ¼ 0.018)

were associated with an increased likelihood of successfully

completing flights in convection (electronic supplementary

material, figure SB).
Stepwise multiple linear regression analysis indicated that

travel time across the chamber in still air was a function of

mean flight speed (F2,30 ¼ 88, R2 ¼ 0.74, p , 0.001) but not

path sinuosity (likely because all paths were fairly straight in

still air). However, for the successful group in convection,

travel time was a function of both path sinuosity and mean

flight speed (F2,18 ¼ 63, R2 ¼ 0.86, p , 0.001; um p , 0.001, Si
p , 0.001) (electronic supplementary material, figure SC),

with travel time increasing as path sinuosity rises and mean

flight speed declines. For the failed group in convection, landing

spots were highly variable and travel time was independent of

um and Si (F2,8 ¼ 0.7, R2 ¼ 20.1, p ¼ 0.54). Multiple regression

analysis of factors affecting mean flight speed indicated that

speed depends only on body pitch, in both still air (F2,30¼

148, R2 ¼ 0.83, p , 0.001) and convection (F2,30¼ 126, R2 ¼

0.8, p , 0.001), with body length, wing area, flapping frequency

and stroke amplitude being eliminated as insignificant factors

(electronic supplementary material, figure SD).

All flies displayed altered flight performance in convec-

tive flow, with significantly longer travel times (Wilcoxon’s

test, V ¼ 72, p , 0.01), higher path sinuosity (Wilcoxon’s test,

V ¼ 0, p , 0.01; figure 4; electronic supplementary material,

video S2), higher pitch angles (t31 ¼ 24.2, p , 0.01) and

lower mean flight speeds (t31 ¼ 3.7, p , 0.01) in comparison

with still-air conditions (figure 2). Flies also displayed

http://rsif.royalsocietypublishing.org/
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higher flapping frequencies in convection (t31¼ 25.7, p ,

0.01), but no significant change in stroke amplitude (figure 5).

When success and failure groups were analysed separately,

similar results were obtained for significant differences be-

tween still-air and convection conditions in travel time

(failure: t10 ¼ 22.8, p , 0.05, success: V ¼ 32, p , 0.01),

path sinuosity (failure: Wilcoxon’s test, V ¼ 0, p , 0.001, suc-

cess: V ¼ 0, p , 0.001), pitch angle (failure: t10 ¼ 25.1, p ,

0.001, success: t20 ¼ 22.3, p , 0.05), mean flight speed (fail-

ure: t10 ¼ 2.9, p , 0.05, success: V ¼ 2.6, p , 0.05) and

flapping frequency (failure: t10 ¼ 24.8, p , 0.001, success:

t20 ¼ 24, p , 0.001; figures 2 and 5). Successful flies also

displayed significantly lower stroke amplitudes (t20 ¼ 22.8,

p , 0.05) when flying in convection as compared to still air

(figure 5; electronic supplementary material, table S1),

whereas failed flies displayed no difference in amplitude.

We found no significant differences between successful

and failed flies in how individuals adjusted their flight kin-

ematics from still air to convection, with the exception of

stroke amplitude (t22.2¼ 22.4, p , 0.05), where successful flies

reduced amplitude in convection but failed flies did not, and

path sinuosity (Wilcoxon’s test, V ¼ 32, p , 0.01), where

failed flies displayed a significantly larger increase in path

sinuosity in convective flow.

We found no significant differences in morphology or

flight performance between males and females, in either

still air or convective flow ( p . 0.5 for all variables; electronic

supplementary material, table S2). Similarly, we found no

significant, directional differences in flight performance due

to fatigue/testing order, in individuals tested in still air both

before and after convection trials ( p . 0.5 for all variables;

electronic supplementary material, table S3).

Finally, we observed that although most individuals dis-

played longer travel times and lower mean flight speeds in

convection, five of the 21 successful individuals actually dis-

played shorter travel times (18% shorter on average) and

higher mean flight speeds (27% higher on average) in convec-

tive flow as compared to still air (electronic supplementary

material, video S2).
4. Discussion
Thermal convection is a major flow disruptor in the atmos-

phere, inducing air motion from local to planetary scales,

and generating some of the most dramatic weather conditions
experienced by small animals, such as tornadoes and thun-

derstorms. During fair weather, surfaces exposed to solar

radiation (e.g. soil, rocks, vegetation, and even vertebrate fur,

scales or feathers) can reach temperatures equivalent to the

boiling point of water [4,23], and the surfaces of man-made

materials (e.g. glass, metal, plastics, blacktop and concrete)

can reach even higher temperatures, which can generate

intense convective plumes and rolls. Thus, diurnal insects

that routinely move over such solar-heated surfaces must

overcome the challenges associated with thermal convection.

Here, we demonstrated that turbulent convection cells

generally have a negative effect on the flight control and per-

formance of common fruit flies. More than a third of the

individuals tested in convective flow were unable to maintain

a controlled flight trajectory and fell to the ground before

reaching their landing target, despite the fact that peak flow

speeds were modest in comparison to measurements of typi-

cal outdoor airflow (e.g. mean wind speeds of 1.0 m s21

during mild, summer conditions [24]). It is worth noting that

the induced flow speeds of up to 0.3 m s21 in this experiment

(electronic supplementary material, video S4) correspond to

approximately 50% of the average flight speed displayed by

flies during still air conditions, but these are still well below

maximal flight speeds of fruit flies reported in the literature

[25]. Flies that were able to negotiate the perturbed flow

had longer travel times due to greater path sinuosity and

lower mean flight velocity (figure 2), despite displaying

higher flapping frequencies (figure 5). These results suggest

an increased energetic cost associated with flying through

convective flows, for the individuals that are capable of

traversing these regions.

Although some narrow areas of the flight chamber were

near the thermal lethal limits of Drosophila melanogaster,
especially close to the chamber’s bottom (CTmax generally

ranges from approx. 39.5 to 40.58C, depending on develop-

mental history [26]), several lines of evidence suggest that

the reduced flight performance we observed was due to the

aerodynamic rather than the thermal environment. Flies

traversed the flight chamber very quickly, generally in less

than 1 s, which is far shorter than the time scale over

which behavioural effects associated with CTmax are nor-

mally observed (i.e. approx. 1 min or more). Thus, flies

likely crossed the chamber before their bodies had time to

equilibrate to the external thermal environment in the convec-

tion condition. In addition, several of our observations point

to an aerodynamic (rather than thermal) challenge as the
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underlying cause of the flight performance declines, includ-

ing consistent changes in body pitch angle and mean flight

speed in convective flow (which would not be expected to

result from temperature changes alone), as well as the signifi-

cant influence of wing area and mean flight speed (but not

body length) on the likelihood of individuals being able to

successfully complete flights in convection. In addition, our

results on turbulence intensity during convection conditions

indicate that extreme changes in the trajectory of some flies

(figure 4) are associated with zones where turbulence is

high, yet average flow speeds and temperatures are modest

(i.e. first and third positions sampled, centre of left and

right eddies; figure 1a). This suggests that instantaneous

changes in flow velocity and turbulence have a more signifi-

cant effect on flight performance than time-averaged flow

velocity or instantaneous temperature. Despite these lines of

evidence pointing to the overriding influence of aerodynamic

conditions on flight performance, thermal effects cannot be

entirely discounted without a detailed study focusing on

the effects of transient thermal stress (in the absence of

external, aerodynamic flows) at extreme temperatures.

Although it is not possible to directly compare our results

to previous studies of animal flight in unsteady flows due to

the differences in flow dynamics, our results generally agree

with previous findings that environmental flow perturbations

typically impair the flight performance of animals. These

studies indicate that maximal flight speeds of moths [7],

bees [11] and hummingbirds [8] are lower in perturbed

flow environments than in laminar flows. Furthermore, per-

turbed flows are associated with instabilities in yaw and/or

roll orientation in all three species [7–9], and the severity of

rotational instabilities appears to be vortex-size dependent.

Vortices close to the size of the wing span have been shown

to present a greater challenge than smaller perturbations,

likely because when multiple small vortices rotating in differ-

ent directions interact with the body and wings at the same

time, one vortex may partially counteract the destabilizing

effects of another one. In contrast, incoming vortices that

are as large as or larger than body size tend to interact

with the entire animal (body and wings) at once, and thus

they can disrupt the animal’s attitude at each encounter,

with detrimental effects on flight control and energetics (see

[27]). Flow in the current study was turbulent and unpredict-

able (in contrast to the previous studies employing structured

von Kármán vortex streets), and PIV could not be performed

during trials with fruit flies present; thus, we could not cal-

culate the exact size of vortices encountered by fruit flies

relative to their body size. However, PIV analysis of the

empty chamber suggests that vortices in the convection con-

dition were substantially larger than fruit fly body length.

The only experimental test so far of the effects of vortex

systems substantially larger than body size on animal fliers

was a study in which moths were challenged to continue

hover-feeding in the centre of tornado-like vortices. Moths

were able to overcome the most intense whirlwind condition

tested (transverse speed ¼ 1.2 m s21 and Re approx. 103), pro-

ducing a yaw rate up to 5508 s21 [10], but they could only

maintain stable flight for a few seconds before losing control

and falling to the ground. Similarly, it appears that the high

vorticity (up to 40 s21) found in convection conditions con-

tributed to reduced flight performance of fruit flies in

convection. Thus, it seems that regardless of the details of

the flow dynamics (i.e. von Kármán vortex shedding, fully
mixed turbulence, whirlwinds or convection cells) animal

fliers generally experience degraded flight performance in

unsteady turbulent flow.

Our study also revealed that convective flows do not

affect all individuals equally; faster-flying individuals with

larger wings were more likely to be able to successfully tra-

verse the flight chamber in the presence of convection cells

(electronic supplementary material, figure SB). This is not

surprising, because lift production depends on both variables

(L/ u2S), and thus flies with the capacity to produce more

lift are more capable of overcoming the challenges imposed

by unsteady, external flows. Whereas vertebrate fliers can

modify wing area at will by bending or extending their fore-

limbs in response to flight requirements [28], most insects can

actively modify wing area only slightly, if at all. Thus, our

results indicate that individuals possessing larger fixed-

wing areas (not necessarily those with longer body lengths),

and who fly at lower body angles and higher flight speeds

likely have an advantage in overcoming perturbed flow

environments. Although female fruit flies are generally larger

than males, we did not find any significant effect of sex on our

results. Similar proportions of males and females were able to

fly in convective flow, with 71% of males and 64% of females

successfully crossing the chamber in this condition. However,

because of the difference in sample sizes (seven males versus

25 females) our statistical results concerning the effects of sex

may be underpowered.

Upon encountering convective flow, all flies (both suc-

cessful and failed) responded by increasing their pitch

angle and decreasing mean flight speed (figure 2e,f ), as

well by increasing the flapping frequency of their wings, by

11% on average (figure 5a). We suggest that this increased fre-

quency could serve to improve flight control, especially in the

region at the middle of the chamber where an uprising plume

dominates and presents the fastest flow speeds (figure 3a).

Elevated flapping frequency has previously been proposed to

enhance control authority, by reducing the time between wing

strokes and thus the delay in updating control input to the

wings [29], and to reduce the impact of random, turbulent

flow perturbations on force production by flapping wings

[30]. In agreement with our results, hummingbirds and moths

flying in varied vortex shedding conditions increase their

stroke frequency approximately 10% as compared to when

flying in laminar flows at the same speed [7,8], and bumble-

bees flying in fully mixed turbulence at higher speeds

increase their frequency by approximately 3% [24].

Despite its potential benefits in terms of improved

control, increasing flapping frequency likely also increases

the energetic cost of flight for fruit flies, due to its strong con-

tribution to inertial power requirements [31]. Successful

individuals flying in convection cells significantly lowered

their stroke amplitude along with increasing flapping fre-

quency, whereas failed individuals increased frequency

without lowering amplitude. This further suggests that indi-

viduals that failed to maintain flight in convective flow were

challenged in terms of lift production, whereas successful

flies were able to lower stroke amplitude to compensate

somewhat for their increased flapping frequency. Presum-

ably, failed individuals who raised their flapping frequency

without adjusting amplitude produced more total force,

and production of elevated flight forces has been shown to

reduce manoeuvrability in fruit flies [32]. This may have

further challenged the stability of these individuals by
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reducing their capacity to respond to sudden perturbations

via asymmetric force production.

In contrast to the studies discussed above concerning

the negative impacts of unsteady flows on animal flight per-

formance, several previous studies have shown that under

certain circumstances, animals can actually take advantage of

vortex shedding to improve locomotory performance and/or

reduce energetic costs. For example, fish can reduce their mus-

cular activity by synchronizing swimming motions to a von

Kármán vortex street shed by an upstream object [33], and

ibises flying in formation can make use of the wake produced

by the next bird upstream to reduce their induced drag [34].

Similarly, it has been shown that hovering insects can improve

lift production by re-capturing the wake produced by one half-

stroke during the next [35]. In this study, we observed that five

individuals (24% of successful flies) displayed a lower travel

time (t4 ¼ 3.5, p ¼ 0.02), higher mean flight speed (t4 ¼ 24.1,

p ¼ 0.015) and higher wingbeat frequency (t4 ¼ 23.8, p ¼
0.019) in convection as compared to still air, but without

changing either their pitch orientation (t4 ¼ 1.5, p . 0.05) or

stroke amplitude (t4 ¼ 0.9, p . 0.05) (electronic supplementary

material, video S2). These individuals tended to follow a

curved path resembling the path of flow produced by the con-

vection vortices. A flow visualization of a fly moving through

convection suggests that under certain conditions flies can

follow or ‘ride’ external flow perturbations without losing

stability, and possibly improve their flight performance, even

beyond that seen in still air (electronic supplementary material,

video S3). Because the sample size is so small, this observation

must be viewed with caution, but it suggests interesting

avenues for future exploration.

Convection is a fundamental process in aeroecology

because it determines the distribution of millimetre-sized

organisms in the atmosphere, specifically below the convec-

tive boundary layer. Radar measurements indicate that
small insects, such as aphids, have a diurnal vertical distri-

bution (approx. 103 m of height) in the troposphere

associated with convection, and particularly with turbulent

rising plumes and rolls [36,37]. Owing to the low resolution

of radar, it is difficult to determine from these studies

whether these tiny fliers have the capacity to actively counter-

act updrafts produced by convection, or if they are simply

moved passively by these flows [37]. Our study provides

the first detailed data on how small insects, such as fruit

flies, maintain stable flight when passing through thermal

convection cells. The results suggest that small insects

flying into thermal plumes can experience serious losses of

flight control and may fall out of these plumes, with poten-

tially negative consequences. This could significantly

diminish the dispersal range of some species, especially for

individuals and species with low aerodynamic capacities,

like aphids, midges or thrips. Furthermore, our results

suggest that thermal convection poses a significant challenge

in terms of flight control and energetics to insects that fre-

quently fly near surfaces heated by solar radiation and/or

fermentation (e.g. fruit flies and other insects that feed on fer-

menting matter), as well as possibly hematophagous

arthropods (e.g. mosquitoes) [38], which seek out and feed

on warm-blooded hosts.
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