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Summary

Adult fruit flies follow attractive odors associated with
food and oviposition sites through widely varied visual
landscapes. To examine the interaction between olfactory
and visual cues during search behavior, we recorded
three-dimensional flight trajectories as individuals
explored controlled sensory landscapes. When presented
with the source of an attractive odor invisibly embedded
in the floor of a 1 m arena, flies spend most of their time
hovering back and forth over the source when flying
within a randomly textured visual background but fail to
localize the source when searching within a uniform
white surround. To test whether flies are associating
unique features of the visual background with the

edges were present. Flies failed to localize odor when
flying within a background pattern consisting of
horizontal stripes. These results suggest that, whereas
flies do not require spatially unique visual patterns to
localize an odor source, they do require visual feedback
generated by vertical edges. Quantitative shifts in several
components of flight behavior accompanied successful
odor localization. Flies decrease flight altitude, turn more
often and approach visually textured walls of the arena
near an odor source. A simple model based on the
statistics of flight behavior supports the hypothesis that a
subtle influence on these behaviors is sufficient to lead a
fly to its food.

strength of odor cues, we flew them within arenas
containing evenly spaced vertical stripes. Flies readily
localized the odor when flying within visual landscapes
lacking azimuthal landmarks provided that vertical

Key words: Drosophila insect, free flight, olfaction,
chemotaxis, optomotor, collision avoidance, flight control.

vision,

Introduction

To localize food sources and oviposition sites successfullgr override visual controls that would otherwise maintain
during flight, animals must integrate visual, olfactory andstable flight.
mechanosensory information. Tracking an odor during flight Whereas physiological mechanisms of visual motion
becomes more difficult in the absence of wind, whichdetection (Borst and Haag, 2002) and odor discrimination
provides the mechanosensory anemotactic cues that ma(arlson, 2001), have been studied independently, we know
animals use to navigate upwind through odor plumetttle about how the fly’s nervous system integrates these two
(Belanger and Willis, 1996). However, in the absence of aensory processes to guide or bias an animal’'s movement
background of uniform air flow, local concentration gradientgowards an odor source. In this study, we investigate the effects
and the spatial structure of cohesive plume fragmentsf varying the spatial distribution of both visual and olfactory
can provide information for identifying the position or cues on the control of free flight. We begin by comparing odor
direction of a desired olfactory target (Fraenkel and Gunripcalization within a richly textured visual background with
1961). Fruit flies — like most flying animals — rely extensivelyuniform white surroundings and proceed with experiments that
on visual feedback to control several key components aéxamine the influence of specific visual features, such as
flight behavior, including body posture (G6tz et al., 1979)yvertically or horizontally oriented edges. Our results show that
flight speed (David, 1979), course heading (Wolf andblfactory acuity depends upon the complexity of the visual
Heisenberg, 1990), obstacle avoidance (Tammero ardndscape and that vertical edges provide an essential visual
Dickinson, 2002a) and landing (Borst and Bahde, 1988). Fasue for chemotactic behavior iBrosophila We discuss
a fly to approach and land upon the origin of an attractivpossible behavioral and physiological mechanisms for these
odor, olfactory input must somehow modulate, compete witlieatures of visual—olfactory fusion.
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Materials and methods A
Animals

All  experiments were performed on 2-3 day-old
Drosophila melanogastefMeigen), from a laboratory stock
maintained at The University of California — Berkeley.
Animals were maintained on a 12h:12h L:D photoperiod ant
tested 5h after the onset of subjective day. To motivate lon
flight sequences, flies were starved for 4 h and adapted to t
light level of the arena for 2 h prior to each experiment. Upot
being released in the arena, each fly generated a continuc
flight sequence lasting from several seconds to sever
minutes before landing on the floor, at which point date

*
collection was terminated. We individually tested 110 male B =i el 8 b
and 108 female flies. We found no behavioral difference E%ﬂ‘@ﬁ :_E
between males and females. Some flies provided more thi - e i:!..'-_l.._._._'l-d..

one flight sequence. C

Free-flight tracking and experimental treatments
The geometry of the flight arena and tracking cameras |
described in more detail elsewhere (Tammero and Dickinsol
2002a). A circular arena (1 m diameter0.6 m height) was
illuminated from above with an array of infrared light-emitting
diodes (Fig. 1A). Flight trajectories were monitored by E|I

infrared-sensitive cameras and sampled at 60Hz using
custom-modified version of commercially available software
Trackit 3-D (Fry et al., 2000). Flight trajectories were analyzec F
off-line using custom software routines written in MATLAB
v.6. We included all flight sequences greater than 5s in tt
analyses. The walls of the arena were backlit with a circulgx

f hal | ilumi thin th “Fig. 1. Geometry of free-flight arena and experimental visual
array of halogen lamps. Mean illuminance within the arena chatterns. (A) Flies explored an arena 1 m in diameter, 0.6 m high. A

15lux for all experiments. For experimental treatments with apair of video cameras track@tosophilaflight trajectories within a
attractive odorant, a 0.5ml microphage tube filled with appliconical region of the arena (broken lines). (B—F) Different black-and-
cider vinegar was embedded in the floor midway between thwhite patterns, printed on white paper, formed experimental visual
center and the wall of the arena. The microfuge tube welandscapes. In all cases, the ceiling and floor of the arena were left
painted black and mounted flush with the black arena floor tblack, forming two contrasting vertical edges. Circular icons,
minimize its visibility. representing the top view of each visual treatment, are used in
The walls of the arena were lined with either a uniformsubsequent figures. The asterisk indicates a region of pattern that
white panorama or printed black-and-white patterns. Fiymay have biased trajectory distributions (see Materials and methods).
different visual landscapes were used for these experimer
(Fig. 1B—F): (1) a random array of individual squares eacl.
subtending S at the center of the arena (50% probability of Results
black), (2) a uniform white arena, (3) three thick vertical —Uniform white and random checkerboard backgrounds
stripes (each subtending }5spaced 120 apart, (4) an Flies flying within the randomized black-and-white
alternating array of black-and-whité gertical stripes and (5) checkerboard panorama showed a weak directional preference
a similar array of horizontal stripes (Fig. 1B—F, respectively)for a region in the background pattern that, by chance, had a
The floor of the arena consisted of black flock paper, whickarge proportion of white squares; see asterisk in Fig. 1B
enhanced the contrast of the bright fly on the dark backgroun¢rig. 2A,E). Such preferences vary depending on the precise
The ceiling consisted of a cylinder of dense black cloth, whiclpattern of black-and-white squares used. However, when flying
inhibited an upward phototactic escape response when fliggthin the uniform white visual panorama, flies showed no
were placed in the arena. The dark floor and ceiling alsdirectional preference and spent most of their time flying back
served to form contrasting horizontal edges with the wallsand forth across the center of the arena (Fig. 2B,F).
providing flies with stabilizing cues in all visual landscapes, Introducing an odor source hidden in the floor of the random
including the uniform white surround. To avoid interferencecheckerboard arena resulted in a robust and repeatable shift in
from residual odor stimuli, the visual background patterns anthe spatial distribution of flight paths (Fig. 2C,G). Animals
the floor of the arena were replaced between odor and nospent most of their time flying back and forth over the odor
odor treatments. source, reminiscent of the way they hover over bowls of fruit.
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N=29

. . . . . " . 15 i
Fig. 2. Flies fail to localize the horizontal position of an attractive N Trans_lF
. . . probability
odor source in the absence of textured visual surroundings. Sample 0 I %)

flight trajectories, viewed from above, of flies flying within random
checkerboard (A) and uniform white (B) visual surroundings. Embedding a vial of apple cider vinegar in the floor of thecatma (|
indicated by white circles) resulted in biased flight trajectories for animals flying within the random (C), but not the ()iforeatment.
Average position indicated with 2-D histograms plotted in pseudocolor. Position bins arex50 mm. Number of fliesN) and total flight
time in min €) are indicated for each plot.

Neither the presentation of odor nor the uniform and randorthe duration of motion blur on the retina while reorienting gaze
visual backgrounds qualitatively altered the shape of flighfSchilstra and van Hateren, 1998). Flies also employ saccades
paths (Fig. 2A-D). In the absence of textured visuato steer away from approaching obstacles (Tammero and
surroundings, however, flies were unable to localize th®ickinson, 2002a,b). For the analysis Bfosophila flight
horizontal position of the odor (Fig. 2D,H). trajectories, saccades were defined as peaks in the angular
Whether flying in textured or uniform visual surroundings,velocity of the flight path that exceeded 300deh.3he
the flight trajectories that fulfilled our criteria of being greaterinfluence of odor on the spatial distribution of flight trajectories
than 5s in duration were distributed primarily within the lowermust be due to either a change in flight speed between saccades
region of the arena (Fig. 3A,B). Within individual flight bouts, or changes in the spatial distribution, frequency or magnitude
flies gradually maneuvered closer to the floor, bringing thermof the saccades themselves.
nearer to the odor source over time (Fig. 3C,D). Accordingly, For each saccade, we measured several characteristic
with the presentation of odor, the distributions of trajectorybehavioral parameters. Parameters intrinsic to the flight
altitude (Fig. 3E,F) shift to lower values for both randomtrajectory included ‘saccade anglalefined as the angular
checkerboard and uniform visual conditions (Fig. 3G,H)deviation from the current path at the time of the turn, and
Taken together, the results show that whereas odor localizatiGsegment length’ defined as the total distance between
within the horizontal plane appears to depend upon thsaccades (Fig. 4C). Extrinsic parameters included ‘odor
complexity of the visual environment, localization in thedistance) defined as the distance to the odor at each saccade,
vertical plane may not. This suggests that the behavioratollision distance’ defined as the distance to the arena wall
response to odor comprises separate horizontal and vertiadbng the current heading, and ‘arena heading’, defined as the
components. point on the arena towards which the fly was headed (Fig. 4C).
To determine how the flies’ ability to localize the horizontalln experiments in which there was no odor source, odor
position of an odor source depends on visual landscape, wlstance is defined as the distance to the location within the
further analyzed the flight trajectories exhibited in eacharena where the odor source is hormally placed.
experimental treatmenrosophilaflight behavior consists of Values of saccade angle, velocity, collision distance,
stereotypical sequences of straight flight interspersed by rapggegment length and odor distance throughout a sample
turns called ‘saccades’, which are characterized by a rapidajectory within the random checkerboard arena are plotted in
change in the direction of the flight path (Fig. 4A,B). Flies areFig. 5. As the fly approached the odor source, indicated by
thought to execute saccadic turns during flight for the sam& drop in odor distance (Fig. 5E), it reduced flight velocity
reason that humans use saccadic eye movements — to minima&ed executed short inter-saccade segments (Fig. 5B,C). By



846 M. A. Frye, M. Tarsitano and M. H. Dickinson

contrast, saccade angles remained relatively constant as tihe fly controls velocity over a range of approximately
animal neared the odor source (Fig.5A). The apparer200-700 mmts! (Fig. 6). We found no systematic effects of
detection of the odor source is also indicated by a markeador on flight velocity within any of the conditions we tested;
oscillation of collision distances between low and high valueflies in all treatments exhibited qualitatively similar envelopes
(Fig. 5D). This oscillation indicates a back-and-forth pattern irin flight speed with respect to segment length.

which the animal approached the wall at a close distance whenTo examine whether visual surroundings and odor affect the
heading towards the odor but then flew only a short distandadistance animals fly between saccades, we plotted segment

towards the far wall before turning back. length against odor distance for each saccade. In the absence of
A fly's average flight velocity is coupled to the distance it
flies between saccades, because translational velocity dro A

during the execution of each saccade (see fig. 2C in Tamme
and Dickinson, 2002a). Accordingly, short inter-saccade fligh
segments (i.e. low segment length) are characterized t
reduced mean flight velocity (Fig. 6). As segment lengtl
increases, mean flight velocity spans an envelope within whic
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Fig. 3. Flies respond to odor by flying at lower arena altitudes 270

Sample flight trajectories for visual and olfactory treatments viewec

from the side. (A) random checkerboard, (B) uniform, (C)Fig. 4. Measured parameters from fly flight trajectories. (A) Flies
checkerboard plus odor and (D) uniform plus odor. Probabilityexhibit segments of straight flight punctuated by turns of
histograms show distributions for altitude in (E) randomapproximately 90 (B) Saccades are characterized by rapid increases
checkerboard, (F) uniform, (G) checkerboard plus odor and (Hin angular velocity, therefore easily distinguished in time and space.
uniform plus odor. Location of odor source indicated by white(C) For each saccade, we measured several parameters of flight
circles. Numbers of flies and total flight times are the same as icontrol, including saccade angle, collision distance, arena heading,
Fig. 2. segment length and odor distance.
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odor, segment length shows no systematic variation for animalA,B). These results were expected and serve as a control
that flew within either the random or uniform backgrounds (Figindicating that the visual features of the arena did not bias
segment length between saccades in the absence of odor. Flies
A 300 - exposed to odor executed more saccades near the odor source,

s and these saccades accompanied short flight segments
§ (Fig. 7C,D). To visualize this result better, we calculated the
2 probability distributions and median segment lengths as
§ 150 ¢ functions of odor distance. When flying within both textured
€ and uniform visual conditions, flies saccaded near the odor
3 source with greater probability (Fig. 7E,F). Accompanying this
A shift in saccade probability, median segment length decreases
o* near the odor source in both visual treatments (Fig. 7G,H).
Although the magnitude of this response is greater for flies in
B 550 - the random checkerboard arena, animals in the uniform arena
show qualitatively similar responses.
A To examine how the spatial distributions of olfactory and
£ visual cues within the arena influence where flies saccade, we
\E 300 f plotted collision distance against arena heading for each
5 saccade. In the absence of odor, collision distance shows no
3 systematic variation with arena heading for either random
= . checkerboard or uniform visual conditions (Fig. 8A,B). This
50 * result indicates that the arena contained no feature that biased
the spatial distribution of saccades. By contrast, for flies flying
C 400 in the presence of an odor within the random checkerboard
€ arena, collision distance decreased for flight segments aimed
£ towards the odor source and increased for segments headed
=) away (Fig. 8C). When the checkerboard pattern was replaced
o 200} with the uniform white surround, flies showed a much smaller
> modulation in collision distance. Thus, the influence of odor
= on the spatial distribution of saccades depends upon the
§ 0 characteristics of the visual background.
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Fig. 6. Flight speed between saccades varies within an envelope
Fig. 5. For a sample flight trajectory within the random checkerboaracross segment length. Each point represents the mean velocity
arena, saccade angle (A) does not fluctuate, whereas velocity (Ebetween two saccades. Data plotted from the random checkerboard
segment length (C), and collision distance (D) vary as a fly approachtreatment. Numbers of flies and total flight time are the same as in
the odor source (E). The gray bar highlights low odor distance. Fig. 2.
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ot k ) - , (for details, see Appendix). Random checkerboard (A), uniform (B),
random plus odor (C) and uniform plus odor (D) treatments.
G H Numbers of flies and total flight time are the same as in Fig. 2.
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Homogeneous backgrounds of vertical stripes

During tethered flightDrosophila can learn to recognize
specific elements of a random checkerboard pattern (Dill et al.,
1993). Pattern recognition enables them to ‘recall’ the spatial
ot . - ) orientation of a visual pattern associated with an olfactory
500 0 500 stimulus _(Guo an_d Gotz, 1997)._ These_findings support the
hypothesis that flies match spatially unique elements of the
visual world with the strength of olfactory stimuli and might
Fig. 7. Segment length between saccades is reduced near the ofgPlain why flies in our experiments required a textured visual
source. Segment length plotted against odor distance for ea&trround to localize an odor. To examine this possibility, we
saccade exhibited by flies flying in (A) random, (B) uniform, flew animals against two spatially uniform background
(C) random checkerboard plus odor and (D) uniform backgroungbatterns. The first pattern was composed of three thick vertical
plus odor. A greater proportion of saccades exhibited in odostripes separated by 120This background provides three
treatments occurs near the source, and saccades exhibited ngplious visual landmarks, which are visually indistinguishable
the source follow short segments (gray bars highlight daigom one another (Fig. 1D). The second pattern was composed
p_onnFs Wlthln a 75mm radius of the odor source). I_Drobabllltyof evenly spaced *Svertical stripes (Fig. 1E) and contained
distributions for each saccade were generated by binning Segmfﬁéither salient landmarks nor spatially unique regions.

length according to odor distance: (E) random checkerboa . S . .
background and (F) uniform white background plus odor (red) or When flying within the three-stripe background in the

minus odor (blue). Median segment length was calculated for eadPS€nce of odor, flies approached one stripe, then saccaded
30mm bin of odor distance: (G) random checkerboard backgroun{pwards another in turn, thus exhibiting roughly triangular
and (H) uniform white background plus odor (red) or minusflight trajectories and average transit distributions (Fig. 9A,C).
odor (blue). Numbers of flies and total flight time are the same as Within a panorama of evenly spaced vertical stripes, flies did
Fig. 2. not show such directional preferences and flew more uniformly

Median segment
length (mm)

o

Odordistance (mm)
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Fig. 9. Flies localize odor within backgrounds of uniformly spaced vertical stripes. Sample flight1.5 B  Transit
trajectories from flies flying within arenas of (A) three thick vertical stripes and (B) evenly spaced probability
vertical stripes. Embedding a vial of apple cider vinegar in the floor of the arena (location indicated (%)

by white circles) resulted in biased flight trajectories for animals flying within both three-stripe (G)
and multiple vertical stripe (H) treatments. Average position indicated with 2-D histograms plotted
in pseudocolor. Position bins are 50 k0 mm. Number of fliesN) and total flight time in mint) are indicated for each plot.

throughout the arena (Fig. 9B,D), similar to the pattern in théndividual stripes than between them. Animals flying within
random checkerboard. When an odor was placed near onewi$ual backgrounds containing vertical stripes also saccaded
the three vertical stripes, flies biased their orientation towarddoser to the wall (i.e. lower collision distance) when
that stripe and away from the others (Fig. 9E). This resulted iapproaching the odor source than when flying away (Fig. 12).
a shift in the average transit distribution to the odor source (Fig-he results presented thus far suggest that, whereas flies
9G). Similarly, within an arena of evenly spaced verticalrequire visual feedback to approach and localize an odor
stripes, animals shifted their flight path towards the odosource, they do not rely solely on visual landmarks within the
(Fig. 9F,H). As before (Fig. 3), flies respond to the presenceisual world Instead, feedback generated by evenly distributed
of an odor source on the floor by reducing altitude (Fig. 10)vertical edges alone is somehow sufficient to allow flies to find
Collectively, these results show that flies do not requiréhe source of an attractive odor.

spatially unique visual patterns to localize the horizontal

position of an odor source. These experiments do not exclude Horizontally striped background
the possibility that flies use landmarks for odor localization To examine whether odor localization requires image
under some conditions. motion generated by vertical edges, we flew animals in an

Consistent with results from the randomly textured andirena of evenly spaced horizontal stripes (Fig. 1F). The
uniform visual treatments, animals exposed to odor within angtructure of flight trajectories exhibited by animals flying
arena containing vertical stripes saccaded with greatevithin this treatment is qualitatively different to those
probability near the odor source than they would otherwisproduced in all other visual conditions. In addition to flying
(Fig. 11A,B). Flies also reduced segment length and flightnuch closer to the walls, flies responded to the horizontal
speed so that they tended to stay near the odor soursgipes by flying along curved paths, which seldom crossed the
(Fig. 11C,D). The strength of these odor responses in eadenter of the arena (Fig. 13A,C). Remarkably, when flying in
visual treatment is consistent with the degree to which than arena of horizontal stripes in the presence of odor, flies
mean transit distributions are biased towards the horizontdisplayed the pattern of straight flight sequences interspersed
location of the odor. For example, the shift in odor distancevith saccades that is characteristic of other visual treatments
probability is strongest for animals flying in the three-stripedFig. 13B). However, the mean transit distribution was not
arena (Fig. 11A), the visual landscape in which the animalshifted towards the odor (Fig. 13D).
most effectively localized the odor (Fig. 9). The strength of In the absence of odor, flying within a horizontally striped
odor localization in this visual treatment is likely to bearena, flies maintained lower altitude than when flying within
enhanced because animals tend to spend more time neatbackground of vertical stripes (Fig. 13E,G). Aside from
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changes in the shape and spatial distribution of flighbriented edges is a critical cue both for flight control in general
trajectories in the absence of odor, the effects of odor oand for successful odor localization in the horizontal plane.
altitude, segment length, and collision distance for flies flying

within a horizontally striped arena were qualitatively similar Simulated flight trajectories

to those measured within the uniform visual treatment (Fig. 8). We found no systematic effects of odor on saccade angle,
Within an arena of horizontal stripes, flies responded to odaraccade interval or flight velocity. We did, however, find that
by decreasing altitude (Fig. 13F,H) and flying shorter segmemtdor influenced the spatial distribution and distance flown
lengths near the odor source (Fig. 131,J). Coupled with thelvetween saccades. To test whether subtle modulation of these
failure to localize the horizontal position of the odor sourceiwo parameters alone is sufficient to explain a fly’s ability to
flies within the horizontally striped arena showed only a wealocalize odor, we constructed a simple model based on the
modulation of collision distance with heading (Fig. 13K,L). statistics of free-flight behavior. We selected three components
These results suggest that visual feedback from verticallgf search behavior to simulate — saccade direction, saccade
angle and the distance flown between saccades (i.e. segment
length). Gaussian functions for saccade direction and saccade
angle were fit to probability distributions exhibited by real
flies. Each simulated sequence began with a position and
heading selected at random from these distributions. The
collision distance along the current heading determined
segment length whereas the angle of approach to the oncoming
arena wall determined the probability with which the
subsequent saccade would be directed towards the right or left
(for details, see Appendix).

Given these conditions, the simulation produces individual
trajectories that are qualitatively similar to those of real flies
(Fig. 14A). Each simulated trajectory is composed of 200
saccades. One hundred iterations of replicating an animal
flying in the absence of odor within the random checkerboard
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vertical striped visual conditions. (A—D) Sample flight trajectoriesaccording to odor distance (raw data not shown). (C,D) Median
for visual treatments and odor viewed from the side (odor locatiosegment length was calculated for each 30 mm bin of odor distance.
indicated by white circles). (E-H) Average probability distributionsOdor treatments are indicated in red, whereas non-odor treatments
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Fig. 9). same as in Fig. 9.
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visual surroundings containing vertically oriented edges (odo
location, 270, indicated by broken lines). For each saccade, collisior
distance is plotted against arena heading, with median values
collision distance for bins in arena heading indicated in red an
optimized sine fit indicated in blue (see Appendix). (A,B) Non-odor
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arena produce an average transit distribution centered with
the arena (Fig. 14A, right column). Because we have nc
quantified the diffusion gradient or filamentous distribution of
odor in the arena, we did not attempt to model its physice
structure. Instead, we simulated the effects that increased oc

strength has on locomotor behavior. The influence of odor © (‘)—0‘2
flight trajectory was modeled in two ways. In one case (odc Probability '

influence 1), segment length was reduced by 30% for saccac
occurring within a 75mm radius of the odor source. In the No
other case (odor influence 2), collision distance was scaled | 0.1r odor odor
the sine of arena heading in a manner exhibited by real flie
(for details, see Appendix). For simulations in which segmer
length was reduced for saccades near the odor source (ot
influence 1), the mean transit distribution shifts just slightly
towards the location of the odor (Fig. 14B). For simulations ir 0
which collision distance was modulated as a continuou
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a more robust strategy for odor localization is to maintain
heading when flying towards the odor source and turn sooner
if flying away.

For experimental treatments in which flies localized the odor
source successfully, the transit distribution peak lies slightly
centripetal (towards the center) of the location of the odor
source (Figs 2G, 9G,H). This could result from competing
influences of the attractive odor and the visual expansion cues.
As the fly approaches the odor (and the arena walls), visual
collision cues increase, causing the fly to saccade before
reaching the odor source. Results from the simulations support
this idea. For the simulation in which the spatial distribution
of saccades was determined by an odor-modulated visual
parameter (collision distance, Fig. 14C), the peak distribution
was slightly offset from the location of the odor source.
However, for simulated saccade distributions mediated by both
visual cues and the proximity of the odor source (a visually
independent parameter), the mean transit is coincident with the
odor source.

Discussion

The results of these experiments suggest Bvasophila
melanogasterequire visual feedback to localize the horizontal
location (Fig. 2), but not the vertical displacement (Figs 3, 13),
of an attractive odor source. Consistent with this finding, the
visual cues that flies use to localize odor emerge from vertical,
not horizontal, edges (Figs 2, 9, 13). Odor tracking in the
horizontal plane has two components, an increase in saccade
rate (decrease in segment length) near the odor source and
changes in the spatial distribution of saccades that depend upon
heading. The first is reminiscent of a non-directional kinesis.
Animals fly short distances between saccades if they happen,
by chance, to fly close to an odor source, regardless of the
visual landscape (Figs 7, 11, 13). The second component is a
visually dependent taxis in which flies more closely approach
a textured visual background before saccading away if they are
. . . . . - . flying towards the odor source. Conversely, when headed away
Fig. 14. Flight simulations based on trajectory statistics exhibited b¥r0m the odor they saccade earlier and at a greater distance

real flies show that modulation of segment length and collisio . . .
distance is sufficient to account for odor localization. Individuatlr}rom the textured background (Figs 8, 12). By simulating the

trajectories are composed of 200 saccades, and average spaﬁgﬁgts O_f O_dor_on the distance between sapcades and their
distributions resulting from 100 simulations are plotted inSPatial distribution, we showed that a combination of these

pseudocolor as in Fig. 2. (A) No odor modulation of saccaddehavioral algorithms could explain how flies localize odor
statistics. (B) For saccades that occur by chance near the odor sourddring free flight (Fig. 14).

segment length is reduced. (C) Collision distance scaled as a sine

function of approach angle, as exhibited by real flies (see Appendix). Limitations of the tracking system may underestimate odor
(D) Both segment length and collision distance modulated by odor. responses

Although the flight arena used in this study was nearly

identical to that used by Tammero and Dickinson (2002a),

function of arena heading (odor influence 2), the mean trandgiifferences in the video tracking systems contributed to small
distributions shift more notably towards the odor (Fig. 14C)discrepancies in the data presented in the two studies. For both
For simulations in which odor influenced both segment lengtbtudies, stereo cameras viewed the arena from above,

and collision distance (odor influence 1 and 2), the shift iproducing a cone-shaped viewing area (Fig. 1A). Therefore,

transit distribution is also strong (Fig. 14D). The modeltrajectories near the walls might not be visible if the fly is flying
suggests that, whereas flying short segments when odbigh in the arena. This optical constraint generates fragmented
concentration is high can help an animal remain near a sourdegjectories at elevated regions in the arena as the fly moves in
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and out of the field of view. The off-line tracking system usecthance to approach the odor source respond by decreasing
by Tammero and Dickinson analyzed individual images fronsegment length. To explore whether this strategy could enable
each camera separately, allowing limited 3-D interpolation iflies to localize an odor source over time, we modeled a kinesis
the fly briefly disappeared from one camera’s view. In effectin which simulated trajectories passing within a 75mm radius
the viewable ‘cone’ was wider in their experiments than irof the odor source were assigned a shifted distribution of
ours, minimizing the centering bias for trajectories high in thesegment lengths — the lower 30% values exhibited by real
arena. The tracking system used here was advantageous in tias. Our simulations suggest that a visually independent
it operated in real time at 60 Hz, enabling us to perform moreehemokinesis’ can subtly bias a fly’s average position towards
experimental trials at higher temporal resolution. Howeverthe odor source (Fig. 14B) but the effect is not strong.
this system records the fly’s position only if it appears in both Flies flown in an arena containing high-contrast vertical
camera views, thus it is impossible to improve the spatial biasdges maintain course heading to closely approach the arena
imparted by the camera geometry. walls when they are aimed towards the odor whereas they
Because an analysis of saccades requires a minimusaccade farther from the looming wall when aimed away
trajectory length, we only analyzed sequences greater than §Bigs 8, 12). We modeled this taxis component of odor
This strategy underestimates the magnitude of altitudcalization by scaling collision distance as a sinusoidal
responses to odor since our database contains fewer trajectoffi@sction of arena heading, according to the responses exhibited
near the top of the arena. Nevertheless, the results presentsdreal flies (see Appendix; Figs 8, 12). This simulation of
here show that animals consistently respond to odor by shiftichemotaxis produces a strong shift in the average transit
their altitude towards lower regions of the arena (Figs 3, 1Qjistribution directly over the odor source (Fig. 14C). In
13). Additionally, we performed control experiments on a totatombination, the simulated effects of odor on both segment
of 36 flies with the uniform, random checkerboard and thredength (non-directional kinesis) and collision distance
stripe visual backgrounds using the off-line reconstructior{directional taxis) result in a narrowly tuned average transit
system. The results support the findings of Tammero andistribution, centered over the odor source (Fig. 14D). This
Dickinson (2002a) for spatial comparisons between unifornrmodel is based on a small subset of control parameters and
and textured background and also show shifts in altitude, meaunggests that a subtle modulation of a single output parameter
transit distribution and collision distance in response to odor the spatial distribution of saccades — is sufficient to explain

that are identical to those presented here. how flies locate the source of an attractive odor in flight.
o _ _ _ Our results indicate that the fly’s olfactory system is able to
Kinesis and taxis strategies for odor tracking distinguish whether it is moving towards or away from an odor

An animal tracking an attractive chemical odorant homes isource. There are several features of the odor plume that might
on its source by either modulating its speed or turning rate witbermit such discrimination, such as the spatial and temporal
respect to the strength of an odor cue (kinesis) or bdistribution of cohesive plume fragments and a diffuse spatial
continuously orienting up the concentration gradient in still aigradient in odorant concentration. During walkiBgosophila
(taxis) (Fraenkel and Gunn, 1961) or up the plume in turbulergre able to orient within a gradient in odor concentration
air (Vickers, 2000). In kinesis, the direction that the animatelivered to their two antennae (Borst and Heisenberg, 1982).
turns is selected randomly, but either turn rate or translation&dditionally, flies tethered in the dark maintain a net forward
velocity is proportional to the strength of the stimulus. Thusflight orientation when stimulated with an oncoming odor
the animal’'s average position is maintained near the odglume (Wolf and Heisenberg, 1991). As yet, however, there is
source. In a taxis, the animal turns in the direction of th@o definitive evidence that fruit flies detect spatial gradients in
stimulus and maintains heading, thus directing its locomotiofree flight.
and average position towards the source (Dunn, 1990). A fruit
fly’s average position during flight is determined primarily by The visual estimation of collision distance
where the animal executes saccades (Tammero and DickinsonHoneybees Apis mellifera use the perceived speed of
2002a). Therefore, to understand the behavioral strategies aimlage motion both to regulate their distance to visual
neural mechanisms underlying odor localization in flies, wesurroundings (Kirchner and Srinivasan, 1989) and as a flight
must consider how olfactory cues affect where and when a fiydometer (Srinivasan et al., 199TDrosophila use similar
saccades. visual processes to regulate ground speed and altitude during

The distance a fly covers between saccades (i.e. segmédige flight (David, 1979). At least in theory, an animal moving
length) varies between 50 mm and 400 mm, but, when flies aet known speed can use the apparent motion of the visual world
within approximately 75mm of the odor source, they reducgenerated during straightforward flight to determine the
segment length (Figs 5, 7, 11, 13). A succession of shodistance to an object (Srinivasan, 1993). As shown for bees
segments helps maintain the fly’s position near the odo(Srinivasan et al., 1997), we might expect that flies use patterns
Individuals show this response, to varying degrees, in each of image motion to regulate their distance to objects (i.e.
the visual landscapes we tested (Figs 7, 11, 13). This suggestdlision distance). If this is true, we might expect that flies
that, whereas on average flies may be unable to orient towardsuld fail to estimate distance within a visual background of
the odor without appropriate visual cues, those that happen Iprizontal stripes that generates little apparent image motion.
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Indeed, flies fly much closer to the walls within the horizontafiltered through the activity of just 17 pairs of muscles that
striped arena than in any other visual condition we testedontrol the steering motions of the wings (Borst and Dickinson,
(Fig. 13). In addition, the curved flight paths exhibited in this1999; Frye and Dickinson, 2001). Wherever visual and
visual treatment suggest that flies are not simply lackinglfactory fusion takes place within this sensorimotor cascade,
important stabilizing cues, rather the pattern of horizontait is a crucial process in the control of free-flight behavior in
stripes somehow perturbs fundamental components of fliglkrosophila Odor might directly influence complimentary
control. Flies fly straight trajectories within every other visualvisual processes such as distance estimation, object fixation
condition we tested, including the uniform white surroundand collision avoidance. Alternatively, indirect olfactory
which contains very few stabilizing cues. modulation of the motor circuits that control the distance they

The importance of vertical edges is especially evident fofly between visually elicited saccades might explain how flies
flies seeking the source of an attractive odor. Although they flipcalize attractive odor sources during flight in varied visual
closer to the walls in a horizontally striped arena wherandscapes.
presented with odor (Fig. 13L), flies fail to selectively maintain
their position near the odor source (Fig. 13B,D). These results ,
suggest that flies somehow require feedback generated by the Appendix
motion of vertical edges to maintain and modulate collision Details of the computational simulation of flight trajectories
distance as they search for an attractive odor. As a fly cruises straight across the arena at constant velocity,

Using image motion to control the distance to objectsthe rate of frontal image expansion increases by roughly the
however, is not the only visual behavior that might besquare of the distance to the visual image (defined here as
influenced by olfactory cues in chemotaxis. Another possibilitycollision distance) (Gabbiani et al., 1999). In our simulation
is that flies stabilize their gaze upon a visual object whefimplemented with custom routines written in MATLAB v.6),
headed towards the odor source — in essence ‘ignoring’ globtide initial position and heading were selected at random, and
image motion in order to approach the object. Our results shoflight velocity was constant at 300 mm.s The simulation
that Drosophila does not need to associate a unique visualandomly selected values for (1) segment length between
pattern with the strength of an odor cue, rather they may ksaccades, (2) saccade direction and (3) heading from Gaussian
using only general forms of visual landmarks to maintain theidistributions fit to probability densities exhibited by real flies
current heading if odor cues are strong. (see below).

For the current ) saccade, the length of th& flight

Olfactory influence on orientation and collision avoidance segment () was determined by:

As a fly approaches visual objects during flight, the object’s
image on the retinae expands. The combination of horizontal
and vertical image expansion is a powerful stimulus fowherep is the collision distance at th® saccade, and c is a
collision-avoidance saccades Drosophila (Tammero and constant used to simulate the effects of odor. In response to
Dickinson, 2002a). How then are flies able to override ador, real flies show reduced collision distances when headed
collision avoidance reflex to approach and land on an enticingwards the odor source (e.g. arena angles near 270%)cand
visual object? The answer might lie in the geometry of imageersawhen flying away (e.g. Fig. 8C). We approximated the
motion during free flight as well as parallel neural processesmodulation of collision distance3) as a function of arena
operating within the flight control system. An animal flying heading ¥) with the following periodic equation:
straight through a visual landscape that is infinitely distant .
experiences image expansion radiating from a pole located B(y) = alsin(wy+@)] + O, (A2)
along its heading. In the absence of yaw or side slip, the polgherea represents response amplituaalefines cycle period,
is imaged on the frontal region of the retina. Any simultaneougis the phase, arfd is an offset in collision distance. We used
rotation or side slip will shift the pole of expansion in thea Nelder—Mead nonlinear minimization routine written in
direction opposite to the rotation, towards lateral regions of th®IATLAB to fit a, ¢ andO to the distribution off(y) exhibited
eye (Srinivasan, 1993). IDrosophilg image expansion on by real flies (see blue lines in Figs 8, 12). For the model,
lateral regions of the retina triggers collision-avoidancgparameter values were means of optimized function fits to the
saccades aimed away from the expanding stimulus, whereemdom checkerboard, three vertical stripe and alternating
expansion in the frontal region triggers motor responsegertical stripe data sets.
involved in landing (Tammero and Dickinson, 2002b). For real flies, the direction that an animal saccades is tightly
Olfactory input may modulate the output of these paralletorrelated with the angle between the current heading and a
motor pathways to differing degrees, thus ‘biasing’ an animal’tine perpendicular to the tangent at the interception with the
tendency to maintain heading and approach an expandirgena wall (Tammero and Dickinson, 2002a). For example, a
visual image. fly approaching the arena wall on its left will very likely exhibit

Flight behavior in flies emerges from a vast sensory-toa saccade to its right. Therefore, saccade direction was chosen
motor convergence. Feedback from tens of thousands af random from a probability distribution exhibited by real flies
peripheral sensory and central brain neurons is ultimatelfsee fig. 7 in Tammero and Dickinson, 2002a). The probability

Lj = e, (A1)
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distribution was approximated with a half-Gaussian functiorbunn, G. (1990). Conceptual problems with kinesis and taxisBiblogy of

centered at —£0with ans.p. of 194. Therefore, an approach the Checotactic Responded. J. Armitage and J. Lackie), pp. 1-13.
| f_40 d d he left 80% of th Cambridge, UK: Cambridge University Press.
angle of —40 corresponds to a saccade to the le 0 Of t ﬁraenkel, G. and Gunn, D.(1961).The Orientation of AnimaldNew York:

time. Saccade amplitude was randomly chosen from a normalbover Publications, Inc.
distribution generated with a Gaussian function (meaha@@  FY. S. Bichsel, M., Muller, P. and Robert, D(2000). Tracking of flying
_ insects using pan-tilt camerak.Neurosci. Method$01, 59-67.
S-D-—52)- Frye, M. A. and Dickinson, M. H. (2001). Fly flight: a model for the neural
control of complex behavioNeuron32, 385-388.
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