The Journal of Experimental Biology 203, 2977—-2990 (2000) 2977
Printed in Great Britain © The Company of Biologists Limited 2000
JEB2623

SNIFFING BY A SILKWORM MOTH: WING FANNING ENHANCES AIR
PENETRATION THROUGH AND PHEROMONE INTERCEPTION BY ANTENNAE

C. LOUDON:* aND M. A. R. KOEHL?

1Division of Biology, University of Kansas, Lawrence, KS 66045, aisi8Department of Integrative Biology,
University of California at Berkeley, Berkeley, CA 94720-3140, USA

*e-mail: loudon@ukans.edu

Accepted 27 June; published on WWW 7 September 2000

Summary

Many organisms increase the air or water flow adjacent of faster air (at 40 Hz) should move between sensory hairs.
to olfactory surfaces when exposed to appropriate chemical Calculation of flow through arrays of cylinders suggest that
stimuli; such ‘sniffing’ samples fluid from a specific region  this wing fanning can increase the rate of interception of
and can increase the rate of interception of odorant pheromone by the sensory hairs on the antennae by at least
molecules. We used hot-wire anemometry, high-speed an order of magnitude beyond that in still air. Although
videography and flow visualization to study air flow near wing fanning produces air flow relative to the antennae that
the feathery olfactory antennae of male silkworm moths is approximately 15 times faster than that generated by
(Bombyx moriL.). When exposed to conspecific female sex walking at top speed (0.023 m3), air flow through the gaps
pheromone, maleB. moriflap their wings through a stroke  between the sensory hairs is approximately 560 times faster
angle of 90-110° at approximately 40Hz without flying. because a dramatic increase in the leakiness of the feathery
This behavior generates an unsteady flow of air (mean antennae to air flow occurs at the air velocities produced
speed 0.3-0.4 nT3) towards the antennae from the front of by fanning.
the male. A pulse of peak air speed occurs at each wing
upstroke. The Womersley number (characterizing the
damping of pulsatile flow through the gaps between the Key words: low Reynolds number, olfaction, insect, antenna,
sensory hairs on the antennae) is less than 1; hence, pulsesbiomechanics, flow, wing, Lepidoptera, silkworBombyx mori

Introduction

The interception of chemical signals from the surroundinga chemosensory structure can affect the velocity boundary
fluid environment (air or water) often occurs in specializedayer adjacent to that structure. The velocity of a fluid may be
structures in metazoans, including noses in mammals arabsumed to be zero at any surface (the ‘no-slip condition’);
antennae in arthropods. A sudden increase in air or wateence, a velocity gradient (‘boundary layer’) develops in the
movement across such a chemosensory structure due ftoid near the surface (see Vogel, 1994). The thickness of the
muscular or ciliary activity on the part of an organism isvelocity boundary layer is usually defined as the distance from
sometimes referred to as ‘sniffing’ and may have either of twthe surface at which the velocity reaches 99 % of the freestream
related effects on the fluid being sampled: (i) faster fluid/alue and is a function of the location on the solid surface,
movement may decrease the depth of the velocity boundaits geometry and a dimensionless number, called Reynolds
layer adjacent to the chemosensory surface, thereby increasimgmber Ré, that represents the importance of inertia relative
the rate of capture of the chemical signal or (ii) sniffing mayto viscosity in the flow:
replace the fluid volume being sampled, i.e. the fluid volume _

. ) i Re= LU/, (1)

enclosed by or immediately adjacent to the sensory surface
(Snow, 1973; Schmitt and Ache, 1979; Atema, 1985; GleesowhereL is a characteristic length (m) is a characteristic
et al., 1993). Either of these functions may occur with a simpleelocity (ms?), andv is the kinematic viscosity of the fluid
increase in velocity of flow that is otherwise steady or with(m?s™1) (see Vogel, 1994). Typically, the larger tRg the
periodic fluctuations in velocity. Periodic pulses of increasedhinner the velocity boundary layer is relative to the size of the
velocity may have additional significance in minimizing thestructure (Schlichting, 1979).
habituation that might otherwise occur in continuously Arthropod antennae vary tremendously in size and shape,
stimulated chemosensory neurons (Dethier, 1987; Vickers armit are often cylindrical or composed of arrays of cylindrical
Baker, 1994). sensory hairs (Schneider, 1964; Kaissling, 1971; Zacharuk,

An increase in the velocity of a signal-laden fluid relative to1985; Romoser and Stoffolano, 1994). Flow past sensory
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hairs on arthropod olfactory appendages is usually Rew- multiple cylinders in a finite row (for a review, see Koehl,
flow (Reof the order of 10 or less, using freestream velocityl995) and of hair-bearing copepod appendages (Koehl, 1995,
for U and the diameter of the sensory hairsifp(Loudon et  1998) also show a transition between non-leaky, paddle-like
al., 1994). At lowRe fluid flow is laminar and there is no behavior at hailRe<0.01 and leaky, sieve-like behavior at
turbulent mixing between adjacent streamlines. In suclRe>0.1, as do the real appendages on living copepods (M. A.
laminar flow, molecular diffusion is the mechanism thatR. Koehl, unpublished data). Within this range Ré the
moves molecules across streamlines (i.e. that movdgansition to leaky behavior occurs at lowRe for arrays of
molecules laterally as the fluid flows forward). If an olfactoryhairs that are widely spaced (i.e. that have lgh whereg
sensor takes up odorant molecules from the surrounding fluigs the width of the gap between adjacent hairscaisdhe hair

then the fluid near the surface can become depleted dfameter) (Koehl, 1995). These results suggest that, in this
odorant. The faster the fluid flow past the surface, the steepgansitionalRerange, an increase in the air or water velocity
the velocity gradient along the surface (i.e. the thinner thencountered by an antenna bearing an array of hairs can cause
velocity boundary layer). When the velocity gradient is steepa substantial increase in the velocity of flow between the hairs,
the distance across which molecules must diffuse betwedhereby increasing the rate of arrival of molecules at the hair
undepleted ambient fluid and the sensor surface is shorteurfaces (Koehl, 1996).

than when the velocity boundary layer around the sensor is Insects commonly make movements with their antennae or
thick. wings that are thought to change the capture rate or

Although sniffing should decrease the thickness of therobability of chemical signal interception by the antennae
velocity boundary layer along a sensory surface, this may neind may be considered to be sniffing (Schneider, 1964).
lead to a proportional increase in chemical signal interceptiofzor example, some adult male moths fan their wings
In particular, for lowRe flow, the rate of mass transfer (i.e. vigorously in the presence of sex pheromone released by a
molecule movement) between a fluid and a solid usually scalesnspecific female. Wing fanning by adult males of the
with Re%, wherea can be of the order £0.3-0.5 for cases of oriental fruit mothGrapholitha molestas correlated with
external flow around spheres, cylinders or flat plates (Welty etuccessful mating, suggesting that wing fanning enhances the
al., 1984). Thus, a doubling of fluid velocity could lead to arlocalization of the pheromone source (Baker and Cardé,
increase of only 20-40% in the rate of chemical signal979).
interception (fora=0.3-0.5). The purpose of the present study was to test whether wing

An early calculation (Adam and Delbriick, 1968) on the ratéanning by moths generates sufficient air flow to cause a
of chemical signal interception by a single sensory haitransition in the leakiness of their feathery antennae and, thus,
(approximated as an infinitely long cylinder) showed suctan increase in the interception of pheromone. We focused on
insensitivity to changes in velocity: a doubling of air speed iradult maleBombyx mor{commercial silkworm moths), whose
the vicinity of the hair from 0.5 to 1 mswas predicted to antennae bear rows of chemosensory hairs (sensilla)
result in an increase of only 40 % in the rate of chemical signgBteinbrecht, 1970, 1992) (Fig. 1). AlthouBhmorirarely fly,
interception (in slower air speeds, the increase would be evewult males fan their wings in the presence of female sex
less; from equation 47 in Adam and Delbriick, 1968). Latepheromone. Another objective of this study was to compare the
calculations by Murray (1977) for the same isolated haiwing kinematics oB. moriduring wing fanning with that of
geometry also predicted a less than proportional increase @ther moth species during flight.
rates of chemical signal interception with an increase in
velocity. Furthermore, Murray pointed out that a sensory hai
in an array is likely to experience slower flow in its vicinity Centra stalk
than is an isolated sensory hair because the resistance to fl s >
flow of the array is greater than that of a single hair. Thus, the:
models suggest that sniffing would have a fairly modest effec
on the interception of chemical signal by structures that ma
be approximated as single cylinders in IReflow.

In contrast, sniffing may have a large effect on chemica
signal interception by a chemosensory structure made up of
array of cylinders rather than a single cylinder. For example
a theoretical treatment of flow through an array of two paralle
cylinders (Cheer and Koehl, 1987b) predicted a transitiol
between the non-leaky behavior seen wRex0.1 and the
very leaky behavior dRe>0.1 (‘leakiness’ is the proportion of
fluid approaching a gap in an array that actually passe
through) Reis calculated using cylinder diameter forand  Fig. 1. Anterior view of the right antenna of a male adult moth
freestream velocity fod). This result was empirically verified (Bombyx moji The two levels of branching can be seen: the sensory
for pairs of parallel cylinders (Loudon et al., 1994). Models othairs (sensilla) are arranged primarily on one side of the branches.

Branch



Materials and methods
Rearing and morphometrics of moths
Silkworm mothsBombyx mori(L.) were purchased from
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Carolina Biological Supply Company, USA. Larvae were
reared in groups in boxes on fresh mulberry leaves using
16 h:8h light:dark cycle at room temperature (21-25 °C). Afte
they had spun cocoons, pupae were isolated in individual mes
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covered paper cups to prevent mating by emerging adults. towing
Morphological variables were measured on 10 male and I  Tom Direction of
female adult moths; these individuals were not used fc wing motion

kinematic z_";malyS|s. BOdY mass was measured to the nea 'Iffd. 2. Diagrams of the morphological and kinematic terms used in
0.001g using an analytical balance (Denver Instruments Ane text. (A) Dorsal view of the left pair of wings removed from a
200DS). The animals were weighed 1-2 days after emergenmale adult mothBombyx moji Wing length (denoted by a broken
from their cocoons. The right and left forewings and hindwingline) was measured from the center of the wing base to the farthest
were removed from each animal, and their lengths weipoint on the periphery. (B) The stroke angle is the angle through
measured to the nearest 0.1 mm using vernier callipers; mewhich the wings move when viewed from the anterior (assuming a
forewing and hindwing lengths were calculated for eaclvertical stroke plane). (C) Side view of a wing moving through the
animal. Wing length was measured from the center of the baair. The angle of attacla] is the angle between the direction of air
of a flattened wing to the farthest point of its perimetemqvemem relativ_e to the wing and the angle of the wing chord axis
(Fig. 2A). Wing plan area (the area of the dorsal surface) w Al its current leading edge.

measured by cutting out and weighing Xerox copies o, _ o
flattened wings. Each wing was Xeroxed and weighed twicdts ventral surface to a wooden cylinder (2mm in diameter).

area measurements were repeatable to the nearéstButh This cylinder was clamped in place so that the moth and its
left and right wing areas were measured and averaged. wooden tether were resting on a horizontal surface covered

Wing loading (in Pa) was calculated for each moth: with black cotton fabric. The edge of the surface was
approximately 0.01 m in front of the anterior of the moth. The

wing loading =mg/S, (2)  probe of a hot-wire anemometer (Thermonetics HWA-103)

wheremis the mass of the moth (ka)js the acceleration due Was placed in front of the moth’s antennae. The distance of the
to gravity (9.8m%?) andSis the total plan area (one side) of Probe’s wire (which was 3.3mm long and|28 in diameter)

all four wings on the moth (8 Wing aspect ratio was also from the antennae was measured on video recordings
calculated for each moth: (described below); the mean distance between the wire and the

antennal bases was 4.7 mm (range 2.8—6.1Nwh5), and the
®) mean distance from the wire to the closest antennal tip was
whereR s the mean length of the four wings on an animal (mB.1 mm (range 0.8-5.1mni=15) during the time of the
(Brodsky, 1994). velocity recordings. The slowest air speed that could be
measured with this anemometer was 10mmsdNo air
Measurement of wingbeat frequency movement was detected in the absence of wing fanning,
The wingbeat frequency of 15 male moths was measurdddicating that ambient room air movements near the moths
within 4 days of emergence from their cocoons. Each maleere less than 10 mmsduring our measurements.
moth began to fan its wings vigorously when a fen@almori The hot-wire anemometer used to measure air flow in front
moth was brought into its vicinity (approximately 0.1 m awayof the antennae had a frequency response range of 0—2000 Hz.
in an opaque cup with a mesh top). The wingbeat frequenchhe output from the anemometer was recorded on a Gould 220
during wing fanning was determined using a stroboscopBrush chart recorder with the paper moving at its top speed of
(GenRad 1531) to ‘freeze’ the wing movements visually125mmsl. The air speeds plotted on the chart paper were
Because stroboscopic illumination using integral multiples oftligitized using a Jandel digitizing tablet (Sigma Scan software);
the true wingbeat frequency will also result in the appearanaen average, 795 points were digitized for 1s of recording for
of motionless wings, half of this frequency was also checkedtach moth (range 513-1268 points) after the chart recorder had
For each moth, five readings of wingbeat frequency were madecelerated to its top speed (after 1s). Therefore, the Nyquist
within approximately 1min; the coefficient of variation of frequency (the highest frequency that can be resolved with a
these five measurements averaged 8% (range 2-118%). given sampling interval; see Denman, 1975) was typically
Wingbeat frequency was measured again in the same way fapproximately 400 Hz. Each chart recorder tracing was digitized
these same individuals after tethering for anemometry. on two separate days, and no differences between results from
separate digitizing sessions were detected. A spectral analysis
Anemometry was performed on the velocity data from each moth using a
After the wingbeat frequency of each untethered male hagrogram (written by N. D. Pentcheff) based on numerical
been determined as described above, it was tethered by gluiraytines from Press et al. (1988).

wing aspect ratio =R&/S,
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Video recordings of wing fanning calculate estimates of velocity profiles between neighboring

A Panasonic Palmcorder (model PV-562) was used to mal&ensory hairs (sensilla, Fig. 1) of silkworm moth antennae.
video recordings (SVHS) of the wing motions of the 15 maleéCalculations of flow through the antenna of a luna moth using
moths described above under the following conditions: (1§ variety of different approaches showed that the model of
untethered; (2) tethered, with the hot-wire anemometer ifrheer and Koehl gave the best match to empirical data for that
position in front of its antennae; and (3) tethered, while smokease (Cheer and Koehl, 1987a). The method of Cheer and
from an incense stick (2.5mm diameter) a few centimeter§oehl (1987a) used a two-step process to deal with the
upwind of the moth was used to visualize the air flow patterngeometric complexity of the two levels of branching hierarchy
generated by wing fanning. All recordings were made at roori€€n in many biological structures, including the antennae of
temperature, which ranged from 22.5 to 24.1°C during théhe silkworm moth (each antenna is composed of larger
recording times. A mirror placed at 45 ° relative to the camer@ranches bearing small sensilla, Fig. 1).
lens allowed simultaneous video recording of front and side First, the mean velocity between the larger branchesias
views of each moth. These recordings were made at standa@8timated as if the sensory hairs were not pre&afor the
speed (30 framesy two fields per frame). whole antennaReantenna Was estimated from equation 1 using

A Kodak EktaPro TR camera was used to make high-spedfe width of the antenna (2mm) forand the mean ambient
video recordings (1000 frame% stwo fields per frame; SVHS) Vvelocity measurementiambient for U. WhenReantennds greater
of one male moth (i) to measure wing kinematics with mordhan 1 (see Results), Darcy’s law provides a good estimate of
precision than was possible using the standard-speed vidéte mean flow velocity between the hairless branake3he
recordings described above and (i) to quantify the movementgakiness(Ks) of the hairless branches is given by:
of air (labeled with smoke from an incense stick approximately Us h3Rexntenna
2cm in front of the moth) in relation to the wingbeat cycle. Both LKg = = ,
air and wing velocities were measured for video sequences Uambient dL?

30 complete downstrokes and 31 complete upstrokes in Whigfnere h is the gap width between the branchdsis the
identifiable irregularities in the smoke plume allowed estimationjjameter of the branches ahds the width of the antenna.

of air movement. A complete downstroke or upstroke could be e then useds as the ‘ambient’ flow velocity encountered
recognized by the reversal of the wing movement at the top aig the small sensory hairs (sensilla) borne on the branches. The
bottom of the wing movement cycle. For this recording, thgre of a sensillum Renai) was calculated usings for U,
tethered male moth was suspended horizontally in the air ar@nsillum diameter (@m) for L and the kinematic viscosity of
recorded only from the side. _ air at 20 °C (1810°m2s7L; Vogel, 1994). The leakinesisKs)

A Peak Performance motion-analysis system (Peak 5) Wg the gap between two sensilla with a gap:diameter ratio of
used to digitize wing and air movements for both the high15 \was estimated for the appropriRiair using the calculated
speed and standard-speed videos. The stroke angle (the anglginess between a pair of cylinders presented in Cheer and
through which the wings move within the stroke planejkoeh| (1987b). The two estimates of leakiness made for the
Fig. 2B) was measured from images on the standard-spe@go successive levels of branching were then multiplied

video tapes. The angle of attack (the angle between the chogghether to estimate the overall leakiness of the structure:
of the wing and the direction of wing movement; Fig. 2C)

was estimated from images on the high-speed video tape ©Overall leakiness £Kg x LKs =
Because the shutter speed on the standard-speed vid Us Ugap Ugap
recording was 1/60s, the wings moved through Uty X = .
. . . . . ambient Us Uambient
approximately 75 % of their total round-trip excursion during
one field. Therefore, on many fields, the two extreme wind he velocity profile between adjacent sensory hairs may be
positions were captured on a single image (obvious from theredicted from an estimate of the mean air speed through a gap
opacity of the image of the moving wings), and these fieldgetween sensillatgap For Rewir<0.1 (corresponding to
were used to measure the stroke angle (to the nearest 5%<0.75ms?), the velocity profile has a particular shape (see
These positions did not differ in location from other fields inFig. 6A) (calculated velocity profiles from Cheer and Koehl,
which only either the top or the bottom of the two extremel987b). That is, the ratio between any two points in the gap
wing positions was visible. may be treated as a constant, and the maximum air speed
The direction of air movement generated by wing fanningentered between the hairs is 1.2 times the mean air speed
was visualized by marking the air with smoke from a burninghrough the gap for this gap:diameter ratio.
incense stick. Because such smoke is positively buoyant in air The morphological characteristics of the antennae used in
at room temperature, the horizontal, but not the verticathe calculations, unless indicated otherwise, were: width of

velocity component of air was estimated by following itsantenna, 2mm; diameter of larger brancheqir®0gap size

(4)

()

movements. between larger branches, 328; sensory hair diameteru#n;
_ _ _ _ and gap between the sensory hairspur80(measurements
Calculation of velocity profiles between sensilla from Steinbrecht, 1970, and from our unpublished

The method of Cheer and Koehl (1987a,b) was used tphotomicrographs). Some additional details of this two-step
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estimate follow in the Results; for more information, consulwhich the molecules are diffusing remains in the immediate
Cheer and Koehl (1987b). vicinity of the sensory hairs, which depends on the velocity
profile of the air moving between neighboring hairs. We used
Calculation of the probability of chemical signal interception our calculated velocity profiles between hairs to estirhgte
Because the sensory hairs are so smalh{2liameter), the we divided the gap between neighboring hairs into 30 discrete
flow around them is laminar, loRe flow. Therefore, the intervals and used the midpoint velocity in each intenvatq
primary mechanism whereby an odorant molecule in thealculate the timetdi) required for a parcel of air in that
airstream passing between sensory hairs can reach the surfaterval to move past a hairpn in diameter tgir=2/u). The
of a hair is by its random thermal motions (these arenolecules entering the gap between adjacent sensory hairs
independent of the bulk air movements). If the distance that amithin a particular spatial interval have a probability of reaching
odorant molecule can travel by diffusion in the direction of aeither hair during that time that can be estimated from the
hair is large relative to its distance from the sensory hair, theproportion of simulated walks that result in a ‘hit’ of either
it is more likely to make physical contact with the hairhair. Whenever a molecule’s random walk carried it across
(Fig. 3A); if the diffusion distance is small relative to its streamlines into a new spatial interval with a differenthe
distance from the sensory hair, then it is less likely to makealue oftgit was adjusted proportionally. Note that the random
physical contact with the hair (Fig. 3B). thermal movements of the molecules parallel to the air flow are
To calculate the probability of an odorant molecule reachinggnored; this is equivalent to assuming that the patch of odorant
the surface of a sensory hair by diffusion once it has entered tigelarge relative to the size of the gap such that, on average, as
gap between adjacent hairs (i.e. crossed the upstream dasheahy molecules diffuse out of the gap as diffuse into it along
line in Fig. 3), we considered the one-dimensional random walthe axis parallel to the flow. These estimates compute the
of odorant molecules perpendicular to the direction of air flowprobability of an odorant molecule reaching any location on the
past the hairs. Probabilities were estimated from computesurface of the sensory hair. Whether an odorant molecule
simulations (written using Maple V mathematical software) ofadsorbs onto the surface of the sensory hair and diffuses on that
an odorant molecule starting at a given location betweetwo-dimensional surface to the pores through the cuticle (Adam
adjacent sensory hairs and randomly taking steps along the agisd Delbrick, 1968; Murray, 1977; Futrelle, 1984) or remains
joining adjacent hairs (the dashed line in Fig. 3). That sequenggimarily airborne before striking a pore is still not resolved.
was terminated as soon as the molecule reached a hair or untilThe one-dimensional method described above for estimating
the set time intervalt{i) had elapsed. The relevant time molecule encounters with sensory hairs is a simple
interval ¢qifr) should be an estimate of how long the air throughapproximation for the actual three-dimensional case.
Convection/diffusion problems in three-dimensional cylindrical
arrays are often treated as two-dimensional because the

dimensional approximation described above for estimating
molecule capture would be useful. Therefore, we compared the
results of our one-dimensional approximation with those of a
two-dimensional simulation for several test cases: cylifder
values corresponding to those of sensilla on silkworm moth
antennae during walkingRe=7.8x10711 based on sensillum
diameter and mean velocity through the gap between hairs),
during wing fanning Re=4.4x108) and at a higheRe
(Re=2x107) than those used by the animals. We calculated the

Fig. 3. The probability of a passing airborne chemical Signa‘ow-Re two-dimensional flow fields from Fuchs (1964:
molecule reaching the surface of a cylindrical sensory hair (seen heéi%]uations 34.2), and then multiplied the magnitudes of ’a"
in cross section) is a function of the magnitude of its random thermal e P 9

movements that allow the molecule to cross the streamlines of the é/i?IOCIIIeS by a Con'stant so that t.he flow between the cylinders
flow. The magnitude of these random thermal movements in the ti atched the Ieakmes;es PrEd'Cte.d from Cheer and Koehl
interval during which the air passes the hair can be large (A) or smd987b). In the two-dimensional simulations, the molecules
(B) compared with the distance of the molecule from the sensoryere allowed to wander as far away as2@Qi.e. 100 cylinder
hair. Thus, the corresponding probabilities of interception are highliameters) upstream or downstream of the cylinder before
(A) or low (B). terminating their random walk. The predicted interception rates

A B cylindrical elements are much longer than they are wide, and
: : : : the velocity component in the dimension parallel to the
! Air flow ! Air flow cylinders’ length can be ignored to a first approximation
: | > : _:_> (e.g. Fuchs, 1964). For most biological filters with complex
! ! ! ! geometries, a complete three-dimensional flow field has not
Moleculeo | [ been determined, although the velocity profile in the gap
! Path of between adjacent cylinders can be estimated using the method
,/: molecule of Cheer and Koehl (1987b). For such cases, the one-
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for the one-dimensional method were within 12 % of the two [
dimensional simulation results for the walking case and withii :
7 % for the wing fanning cas&£500 random walks for each ° ® °
I
I
I
I
I
I
I

case), but differed more from the two-dimensional results fo &~ 0.3 °
the Rethat was higher than those used by the moths (withil
25% for Re=2x107). Therefore, our one-dimensional
approximation gives a reasonable estimate of molecule captu
for the case of the silkworm moth antenna, for which only the
velocity profile between adjacent sensilla is available. 0.1
The step length and frequency for the simulated random wall
were determined from the diffusion coefficiebt,the molecular 0 s s s s
mass of the odorant molecule and the temperature, as explair 0 10 20 30 40 50 60
by Berg (1993). The simulated step length was0$m, and Wingbeat frequency of tethered moths (Hz)
steps were taken every 48 1%s. Flye hundred random walks Fig. 4. The air speed in front of the antennae (measured with a hot-
Wgre used for each 9f the 30 spatial |n.tervals bgtweep SENSGyire anemometer) was positively correlated with the wingbeat
hairs for each velocity and morphological configuration. Thétequency (measured with a stroboscope) for 15 tethered male moths
relevant diffusion coefficienfy) depends on the chemical signal (r2=0.64, P=0.0004). The wingbeat frequencies of the same
molecule, the medium through which it diffuses, the temperatutindividuals prior to tethering were always 35Hz or greater; therefore,
and the pressure. We calculated probabilities usindtifier  the air speed generated by wing fanning in untethered male moths is
bombykol, a 16-carbon unsaturated alcohol that is the primaestimated to fall within the range 0.3-0.4Ths
molecular component of the sex pheromoneBfamori (Mayer
and McLaughlin, 1991). Adam and Delbriick (1968) have
estimated, on the basis of its molecular mass (238¢)rand There was an unsteady component to the air speed measured
chemical functional groups, that the valueDofor bombykol by the hot-wire anemometer in front of the antennae; this
in air at 20°C and a barometric pressure of 101.3kPascillation in velocity corresponded to the measured wingbeat
(Latmosphere) is 2A40°5m?s1, frequency. The amplitude of the unsteady component (half the
peak-to-peak height difference) varied from 6 % (Fig. 5A) to
32% (Fig. 5B) of the average air speed; the mean amplitude
of the oscillations was 16 % of the corresponding mean air
Morphology speed =15). Spectral analysis of the digitized anemometer
Mean wing length, area, loading and aspect ratio for adutiutput for each animal showed that there was a single dominant
male and female silkworm moths are listed in Table 1. Theskequency in the unsteady velocity component; this frequency
values lie within the range for other lepidopteran species thatas the same as the wingbeat frequency for the tethered animal
fly (for a review, see Brodsky, 1994). determined using a stroboscope.

0.2 s

Airspeed (ms

: Untethered range of
, wingbeat frequency

Results

Fanning frequency and air speed Wing kinematics

Untethered male moths in the presence of a female moth Analysis of both standard-speed and high-speed video
fanned their wings at a mean frequency of 42Hz (rangeecordings revealed that the wing movements of a male
35-45Hz,N=15; measured with the stroboscope). Fanning asilkworm moth when fanning were qualitatively similar to
such frequencies generated air flow in front of the antennae #tose of other moths when flying. All four wings moved
speeds of 0.3-0.4m% as measured on the same individualstogether in phase during fanning. Stroke angles measured on
after they had been tethered (Fig. 4). Six male moths showechimals viewed from the front varied with time, but always
a decrease in fanning frequency below this range after tetheringnged between 90 and 110 ° for all the moths during vigorous
(Fig. 4); five of these six had eclosed to adults within 1 day ofanning, whether tethered or not. The tip of the forewing traced
these experiments. Air speed in front of the antennae wasfigure of eight when viewed from the side (Fig. 5). At the top
positively correlated with the wingbeat frequency (Fig. 4,0f the upstroke, the dorsal surfaces of the right and left wings
linear regression:2=0.64,P=0.0004,N=15). were parallel to each other and touched. The right and left

Table 1.Mean wing and body characteristics for male and ferBalmbyx moriadults

Total live body Wing length (mm) Wing area (i Wing loading Aspect
Gender mass (g) Forewing Hindwing Forewing Hindwing (Pa) ratio
Male 0.396+0.0921 21.2+1.00 15.2+0.75 139+15.1 129+19.1 7.2+1.32 2.6£0.14
Female 0.830+0.2012 20.8+1.54 16.0+1.28 154+24.9 125+23.0 14.5+2.32 2.5%0.21

Values are meansso. (N=10).
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A Hot-wire anemometer 0.6
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Fig. 5. (A) Diagram showing the approximate position of the hot-wire anemometer in front of the moth’s antennae as sesewn Bioe
generated air flow reaches the moth’s antennae from an anterior direction. The trajectory traced by the forewing tipB Jthenair épeed
recorded by the hot-wire anemometer was unsteady, with a frequency that corresponded to the wingbeat frequency. Thefahwmlitude o
unsteady component of air speed varied between moths. The two tracings shown here are the extreme examples of 15 recordings.

wings then peeled away from each other as they moveadchmediate slowing of the air passing across the antennae.
posterio-ventrally. The wings then rotated so that their anteridience, they stopped ventilating their olfactory receptors when
margins tipped ventrally, and the wings moved anteriothey encountered a presumably noxious smell. In one case, a
ventrally with a small angle of attack during the rest of thenoth changed its wing movements in a way that reversed the
downstroke. At the end of the downstroke, the wings rotatedir flow: the smoke was blown in an anterior direction at a
so that their anterior margins tipped dorsally, and the wingmean horizontal speed of 56 mm for 0.4 s. Functionally, this
moved upwards and backwards. Although difficult to measureeversal of air flow was like a sneeze, clearing the antenna of
precisely, the angle of attack during the upstroke was clearljpe smoky air.

higher than during the downstroke such that the wings

appeared to be rowing during the first half of the upstroke. Velocity profiles

During the final half of the upstroke, the dorsal surfaces of the For the measured ambient air speed of 0.35'generated

left and right wings were moved towards each other as thdyy wing fanning, we predict a mean air speed between

were moved in an anterior direction. adjacent sensory hairs on an antenna of the order of
. o approximately 0.022mnts  This overall leakiness of
Flow visualizations approximately 6% was estimated by the two-step method

Analysis of high-speed video recordings of smoke track§Cheer and Koehl 1987a,b; see Materials and methods) and
revealed which phases of the wingbeat cycle correlated witls comparable with the leakiness measured directly on luna
which phases of the unsteady air flow produced during fanningnoth antennae (Vogel, 1983Re for the whole antenna,
The horizontal component of smoke velocity was measured fdResntenna Was estimated from equation 1 using the width
the median point in time of each downstroke and upstrokef the antenna, 2mm, fok, and the mean anemometer
sequence digitized. The horizontal velocity component waeseading, 0.35m3, for U. BecauseRentenna exceeded 1
always directed towards the moth, but was significantly fastgiRentennz47), the leakiness of the branches on the antenna
during the upstroke than during the downstroke (one-wayignoring the sensilla) was calculated using equation 4 to be
analysis of variance, ANOVAP=0.009,N=61). 0.25. This results in an estimate of 0.088H $or us

Analysis of the smoke movement recorded in standard0.35ms1x0.25). The leakiness of a Bénh gap width
speed video recordings revealed a consistent pattern of dietween sensilla |2m in diameter for ais of 0.088ms? is
movement around all 15 male moths when fanning. When approximately 0.25 (see Fig. 5A in Cheer and Koehl, 1987b).
moth fanned its wings, the air was funneled from the front and@herefore, the overall leakiness of the antenna is estimated to
sides of the animal into a stream that passed over its dorda# approximately 0.062. Similar calculations for an antenna
midline. Smoke originating from any point on a line passingexposed to an ambient air speed of 23 mhgenerated by
approximately 10 mm in front of the moth was drawn in fromwalking (Kramer, 1986) without wing fanning yielded a
a ‘capture zone’ that extended at least 70° to each side fromuch lower overall leakiness of only 0.002.
the center of the front of the animal’'s body (i.e. a total angle
of 140°); this was the maximum lateral excursion visible on Probability of chemical signal interception
the video recordings, so the capture zone of the animals couldThe probability of pheromone molecules reaching either hair
have been even larger. due to random thermal movements as they pass through the

When the moths drew smoke directly into their antennaggap is a function both of their location in the gap and the air
they changed their fanning behavior. They usually ceasespeed through the gap (Fig. 6B). Note that, in very slow air
beating their wings momentarily, which resulted in anflow (1mms? average air flow within the gap), molecules at
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every position between the sensilla have a high probability diProbstein, 1989; Vogel, 1994). Using the gap width as the
reaching either hair because of the long time that the air takebharacteristic length and the mean air speed through the gap
to pass the @m hair. In contrast, at a faster air current offor the characteristic velocity), P&ap calculated in this
100mms?, only the molecules immediately adjacent to themanner has a magnitude less than 1 for the behaviors occurring
hairs have a high probability of reaching either hair. in this non-flying species (Fig. 6). Therefore, transport of

A dimensionless number that describes the relativ@heromone within the gaps between sensilla is dominated by
importance of bulk flowersusdiffusion for the movement of diffusion during both walking and wing fanning.

molecules is the mass transfer Péclet nuni®&rwhere: Although a smaller proportion of the pheromone molecules
in a parcel of air traveling through the gap between sensilla
Pé=UL/D (6) have time to diffuse to either of the sensilla when the air
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Fig. 6. Calculations for hairsim in diameter spaced 8én apart. (A) Velocity profiles between cylindrical hairs for a given gap:diameter
ratio (here 15:1) have the same shape for a Reynolds nuR®ef, less than 0.1Reis calculated using the mean flow between the hairs for
the characteristic velocity and the hair diameter for the characteristic length).uHgnelocity at a given position normalized byap the

mean velocity between the hairs. (B) In faster ambient air flow, there is a lower probability of any chemical signal moigdnlkeicepted

by either of two sensory hairs as it passes between them. Furthermore, in faster ambient air flow, the probability afrinbecmpgs more
strongly influenced by location between the hairs, with the molecules in the middle of the gap becoming more likely togmasthbdtairs
without interception. (C) In faster air flow, there is a higher overall interception rate of chemical signal moleculestpassginghe gap.
When the flow is fast enough (such as 100 minilsrough the gap), the molecules in the middle of the gap are less likely to be sampled.
(D) The capture rate for the entire gap (by the two adjacent sensory hairs) increases nonlinearly with ambient velodii. (Tinéfarm)
concentration of the moleculesdgmolecules mims).
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velocity is fast than when it is slow (Fig. 6B), faster airas ultrastructural and electrophysiological studies of this and
carries more molecules through the gap per unit time. Thusglated species (Keil, 1982, 1984; Gnatzy et al., 1984,
the anticipated capture rate of molecules increases witBteinbrecht and Gnatzy, 1984; Steinbrecht and Muller, 1991;
increasing air speed despite the declining efficiency oPophof, 1997) have shown that most of the more than 20000
interception (Fig. 6C). The spatial sampling of the air in thesensory hairs on an antenna ofBa mori adult male are
interval also changes with air speed. In air flow ratesylindrical trichodea that are sensitive to sex pheromone
predicted for wing fanning or slower, the gap betweeremitted by the female. Previous estimates of air flow around
adjacent sensory hairs is fairly evenly sampled. In contrasgnd molecule interception by a moth sensillum have assumed a
in faster air flows (e.g. 100mmY, the molecules single infinitely long hair (Adam and Delbriick, 1968; Murray,
entering the gap close to the hairs are far more likely to b&977), although Murray (1977) pointed out that the flow near a
intercepted than are those near the middle of the gagensillum surrounded by others would be slower than around
(Fig. 6C). an isolated cylinder. In contrast, our analysis uses the technique
of Cheer and Koehl (1987a) for calculating velocity profiles
) , between small hairs in a row borne on larger branches in a row
Discussion to estimate the flow between sensilla on the feathery antennae
Effects of wing fanning on sampling of air-borne odors  of B. mori This technique predicted a leakiness of 6% for the
Wing fanning by a male silk motBombyx moridraws air  feathery antennae of the luna mdibtias luna(Cheer and
across the antennae in an anterior-to-posterior direction. As tehl, 1987a), which matches measurements of leakiness for
air approaches the moth and speeds up to 0.3-04juss  antennae of this species (Vogel, 1983).
upstream of the antennae, the streamlines move closer togethemhe effect of the velocity of the fluid impinging on a hair
(principle of continuity; see Vogel, 1994). Therefore, the airarray of finite width on the flow through the gaps between hairs
current produced by fanning is funnel-shaped, permitting tha the array is non-linear (Cheer and Koehl, 1987b; Koehl,
moth to sample an area in front of itself much wider tharl995, 1996, 1998). In the case Bf mori the difference
the span of its antennae. The generation of funnel-shapd&gtween air penetration through the antennae on a moth
‘chemical information currents’ by appendage movements hdanning its wings compared with a moth walking without
also been observed in marine crustaceans (e.g. copepotEning is profound. Although wing fanning produces air flow
lobsters) (for a review, see Atema, 1985). As a male silk mottihat is approximately 15 times faster than that generated by
searches for females, it walks around and turns while it fangalking at top speed (0.023 mtsKramer, 1986), the air flow
its wings (Kanzaki, 1998). Such turning should enable théhrough the gaps between the sensilla is predicted to be
moth to sample funnels of air from different directions as iapproximately 560 times faster during fanning (Fig. 6). This
searches. increase in air velocity near the sensilla leads to a much greater
Our flow visualizations showed that wing fanning did notpheromone interception rate (Fig. 6C,D) during fanning than
mix the air as it arrived at the antennae; therefore, spatiduring walking, even though a smaller proportion of the
heterogeneities in the odor signal are not stirred by fanningnolecules in the air passing between the sensilla have time to
Although early analyses of odor plumes treated them adiffuse to them during fanning (Fig. 6B).
evenly diffusing clouds (see Bossert and Wilson, 1963), In the absence of air flow around a sensory hair, the hair can
measurements of tracer molecules downstream from a releadeplete the air space immediately surrounding it of signal
point have shown that environmental air motion swirls andanolecules if the molecules that diffuse to the hair are removed
deforms filaments of high concentration of odorant rather thafiom the air by the hair. Such removal is probably a reasonable
evenly dispersing odorant molecules (see Murlis and Joneassumption for insect sensilla, since no release of adsorbed
1981; Murlis, 1986; Murlis et al., 1990, 1992). It has beersignal molecules is observed and most signal molecules are
suggested that animals might use the filament structure in odoroken down after transduction (Kaissling, 1998). For
plumes to assess their distance from an odor source (segkample, in still air, a sensory haipu@ in diameter can
Atema, 1996; Finelli et al., 1999). Behavioral evidenceencounter by diffusion enough molecules to deplete a ‘nominal
demonstrates that small-scale (of the order of millimetersyolume’ of air around itself 1jgm thick in just over 1¢s, and
heterogeneities in concentration are perceptible to mothE00Oum thick in 102s (computed for the case of a single
following trails of sex pheromone (Kramer, 1986, 1992;isolated cylinder from equation 5.81, Crank, 1975; ‘nominal
Mafra-Neto and Cardé, 1994; Vickers and Baker, 1997; Bakarolume’ is the cylindrical volume surrounding the cylindrical
et al., 1998). hair that would be filled by the total number of molecules
adsorbed, assuming the initial homogeneous concentration in
Effects of wing fanning on rates of molecule arrival at the ajr). The rate at which a single sensory hair exhausts the
surfaces of sensory hairs on antennae volume around it by diffusion in the absence of flow decreases
The sites of chemical signal interception on the antennae ofver time as the remaining molecules tend to be farther from
moths are the chemosensory hairs (sensilla), which are oftéime hair on average. Unlike a solitary hair, a sensory hair within
borne on rows on larger branches. Detailed morphologican array in still air stops intercepting signal molecules more
studies ofB. mori antennae (Steinbrecht, 1970, 1973) as welkabruptly once its sampling area overlaps with areas already
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o 1c surrounding it on all sides (the ‘no flow’ line in Fig. 7). Hence,
> Depleted to 15 pm depth (no flow) for these short time periods and slow flows, the interception
g 102%¢ rate for the sensory hairs is adequately approximated by

S diffusion alone, and the negligible component due to
o 107 NOﬂ%W /’ — convection between the hairs (dashed lines) may be ignored.
8 /' - ,” However, in less than 1 ms in the absence of air flow, sensilla
& 106c L - 7 ,/ that are 3um apart deplete the spaces between them of
8 L -~ Wing fanmrQ’V\;alk' odorant and do not accumulate any more molecules until they
g 108 o ng diffuse to the sensilla from air outside this depleted volume.
g ’,/ The cessation of molecule capture is indicated by the

1019 : ‘ horizontal line segment in Fig. 7 (the solution for a regular

10° 10 102 1 array of cylinders spaced fén apart in two dimensions). The

Time(s) actual interception rate for a sensillum increases slightly after

the gaps between hairs have been depleted. The time intervals
over which chemosensory hairs integrate the number of
odorant molecules captured is difficult to characterize, but

greatly exceeds the quantity of chemical signal molecules that wouF(Emes of the order of 1‘? are usually assumed (see A_tema’ 1_988;
have passed within a @ gap between hairs in the same time Baker and Vogt, 1988; Dusenbery, 1992). For an integration

interval during either walking or wing fanning (shown by the dashedime of approximately 1s, wing fanning results in odorant
lines; average velocities within the gap are assumed to be 0.039 alfierception rates approximately two orders of magnitude
22mms?, respectively). However, within a short time in the absencéigher than those in still air. In contrast, for an integration time
of flow (approximately 0.1 ms), a perfectly adsorbing hair depletef approximately 1 s, the air flow due to walking has little effect

the molecules to a ‘nominal depth’ of i& in the air completely on the molecule encounter rate of the sensillum.
surrounding the hair (see text). For hairs in a regular array separated

by 30um gaps, this depletion of the air would halt the molecule Comparison of wing fanning and flight

capture (showr_1 here as a horizpntal line). In contrast, t_he air flow Wing motions made by insects that are not flying are
produced by wing fapnlng supplies more molecules passing throug(pommonly called ‘wing fanning’. Many cases of wing fanning
_the gap gfter app_roxw_nately 1ms tha_n would be captured simply bly t ¢ h timuli (Sand 1986
interception of diffusing molecules in the absence of any flow, epresen reSponS?S o pheromone stimuli (San ers’, ’
assuming depletion as described. The initial (uniform) concentratioFl:harlton and Carde, 1990)_’ as we .ObserVEd for Bateori
of the molecules is (molecules mim?). We have been unable to find published measurements of the
kinematics of wing fanning by lepidopterans (although a dorsal
view of wing fanning byB. moriis given by Kanzaki, 1998),
depleted by its neighbors. In the cas®omorisensilla, with  but an illustration of hive-ventilation fanning by honeybees
a gap width of approximately 30n, this abrupt decrease in (Apis mellifera Herbst and Freund, 1962) shows the wing tips
the rate of molecule interception occurs when the ‘nominairacing figure-of-eight paths, as we observed for faniing
volume’ of air around a sensillum that is depleted of odoranmori. For both the silkworm moth and the honeybee, such
reaches a thickness of approximatelyufrd (Fig. 7; the ‘no  fanning produces an air current from the anterior towards the
flow’ line bifurcates, with the lower branch of the line posterior of the animal. The wing motions usedibynellifera
indicating the cumulative molecules captured by a sensillurduring such fanning differ in both stroke plane angle and
in an array with a 3@m gap width between sensilla, as amplitude from those used during flight or during odor
described below, and the upper branch indicating thdissemination (Pringle, 1975; Nachtigall, 1976).
cumulative molecules captured by a solitary hair). Neither male nor femalB. morifly, so we cannot compare
The rates of odorant molecule interception by a sensillurthe wing kinematics of fanningersusflying for this species.
on an antenna in still airersusthe interception from the gap However, we can compare features of the wings of farBing
between hairs due to moving air during walking (atmoriwith those reported for other species of lepidopterans in
0.023 ms1) or wing fanning (at 0.35nT%) are shown in Fig. 7 flight. The wing loading o8. mori (mean value 7.2Pa for
plotted as a function of the time interval over which the numbemales; Table 1) is similar to that of other moths (summarized
of molecules intercepted is integrated. (These rates for walkirig Brodsky, 1994), and the aspect ratio Bxf mori wings
and wing fanning were calculated assuming that the initia2.5-2.6) falls within the range typical for lepidopterans
distribution of odorant molecules in the air is uniform, that thgDudley and Srygley, 1994). The mean wingbeat frequency (42
sensilla do not begin to remove molecules from the air untiHz) of fanningB. mori also lies in the middle of the range
time zero, and that molecules are only captured from the air ieported for other lepidopterans when flying (17-70Hz;
the gaps between neighboring sensilla.) During the fiust 1 Brodsky, 1994). As in flying moths (Brodsky, 1994), the wings
only a small volume of air has time to move between thef fanningB. moritouch dorsally and sweep through a large
sensilla, whether the moth is fanning its wings or walkingstroke angle; at the end of the downstroke, the wings nearly
whereas a hair in still air rapidly takes up the moleculesouch the substratum if the silkworm moth is standing or

Fig. 7. Over very short time intervals (such gss), the cumulative
interception of pheromone molecules by a haipr{2in diameter,
100um long) by diffusion in the absence of flow (the ‘no flow’ line)
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walking, but sweep down even further through a greater strokairs is doubled (from 30 to fn), leakiness increases by
angle if the animal is suspended in the air. Furthermore, thenly approximately 50% LKs increases by approximately
fastest rearward air movement produced by fan@ngnori 50 %; Fig. 5A in Cheer and Koehl, 1987b, wHilég will stay
occurs during the wing upstroke, while the maximum thrustonstant, see equation 5), while the proportion of molecules
produced by flying moths (Wilkin and Williams, 1993) and passing through the gap that are intercepted decreases.
butterflies taking off from the ground (Sunada et al., 1993) alshonetheless, molecule flux to a sensillum is increased if gap
occurs during the upstroke. width, and hence air velocity, is greater because faster air
carries more molecules per unit time through the gap.
Effects of antenna morphology on air flow and molecule However, a doubling of the gap width between sensilla results
capture rates in a halving of the total number of these sensory hairs on an
Several morphological attributes of an antenna are expectestenna of a given area and branch number; therefore, the total
to influence the flow between the sensory hairs arrayed upaapture rate (the sum of the molecules captured by all the
it. For aB. moriantenna, the leakiness should be particularlysensory hairs on the antenna per unit time) is lower for an
sensitive to the magnitude of the gap between the maiantenna with widely spaced hairs than for an antenna with
branches,h, both because it is raised to the third powerclosely spaced hairs, even though the array of widely spaced
(equation 4), but also because that gap size is similar imairs is leakier to fluid flow. In contrast, if the spacing between
magnitude to the diameter of the adjacent branches that creansilla is decreased by a factor of 3, the leakiness is only
the gap. Gap:diameter ratios close to 1 commonly showalved, while the proportion of molecules passing through the
transitional fluid mechanical behavior in empirical andgap that are intercepted increases slightly. However, this
theoretical studies (see Kirsch and Fuchs, 1967; Cheer anglduction in gap width between hairs triples the number of
Koehl, 1987b; Leonard, 1992; Grinbaum et al., 1998). Fonairs on the antenna, thereby increasing overall molecule
example, in the case 8f moriantennae, a twofold difference capture rate. Thus, in thHeerange in which moth antennae
in branch spacing of 100ersus200um between the main operate, if two antennae of the same area and branch spacing
branches (approximately §@n in diameter) makes a 10-fold are exposed to the same oncoming air velocity, the flux of
difference in the predicted leakiness (Fig. 8A,B). Nonethelessnolecules to an individual sensillum is greater for the leakier
this is not expected to translate directly into a 210-foldantenna with more widely spaced sensilla, but the total number
difference in interception rate (Fig. 8D) because more of thef molecules captured per unit time by the entire antenna is
molecules approaching the larger gap are expected to pag®ater for the one with more closely spaced hairs.
through without being intercepted (Fig. 8C). The geometry used for our calculations is a simplification of
The spacing between sensilla has a much smaller effect dimat seen in reaB. mori antennae. Although the gap width
the molecule-interception rate than does the spacing betwebptween the larger branches has a particularly large influence
branches. For example, if the spacing between the sensamp leakiness, branch gap widths Bn mori adult males fall

Fig. 8. The predicted flow between sensory
hairs is particularly sensitive to the distance
between the main branches. (A) Much faster
flow is expected between adjacent sensory hairs
arrayed on branches 2(6h apart than on
branches separated by 100 or {160 (B) The
predicted leakiness between adjacent sensory
hairs increases dramatically (10-fold) for a
twofold change in distance between the main
branches. (C) The proportion of molecules
moving through the gap between adjacent
sensory hairs is expected to decrease by a factor
of approximately 3 when the distance between
the main branches is increased twofold.
(D) The expected capture rate is proportional to
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within a narrow range of approximately 100-180 both  characteristics of other arthropod sensory hairs (see Gomez and
between the antennae of different individuals and among th&tema, 1996).

branches on the same antenna (the branches are not perfectlyVing fanning by any insect has the potential to increase the
parallel, smooth or rigid; Fig. 1). Therefore, we chose arair flow in the vicinity of its antennae, thus modifying the
intermediate value for branch width of 32% for most of our chemical sampling of its environment. The transition from
calculations. The real sensilla are not parallel, but are splayetiffusion-dominated Fé<1) to convection-dominatedPé>1)

apart at their tipsB. mori sensilla are approximately géh  flow in the air spaces between sensory hairs could potentially
apart at their bases (along the longitudinal axis of the brancloccur in any pectinate antenna, although the air speed relative
and can be as much asp apart at their tips (estimated from to the antenna at which this transition occurs is a function of
figures in Steinbrecht, 1970). Therefore, we chose athe antennal anatomy (sensory hair diameter, spacing and
intermediate gap distance of @@ for calculation of the arrangement; branch diameter, spacing and arrangement;
velocity profiles. There are more than two hairs in the reabverall length and width of the antenna) and, hence, may vary
antenna, and they are not infinitely long; therefore, reshmong species. For non-pectinate insect antennae, the
antennae should be slightly leakier than predicted by ouunctional consequences to odor capture of an increase in air
theoretical estimates (Hansen and Tiselius, 1992; Leonarfliow by wing fanning should depend in part on whether
1992; Koehl, 1996). Furthermor®&. mori sensilla are not transitions in fluid behavior (such as the development of
perpendicular to ambient flow but project slightly upstreanmvortices, which is currently under investigation) are triggered
into the flow. However, flows through cylindrical arrays atby the increase in air velocity. Other sources of increased air
these low Reynolds numbers tend to pass by the cylinders ffaw in the vicinity of insect antennae, such as wind, flight or
right angles even if the undisturbed upstream flow is at somentennal movements, may also potentially modify the chemical
other angle with respect to the cylinders (Tamada andampling. In general, an increase in air flow would be expected
Fujikawa, 1959). Adam and Delbriick (1968) suggest that the result in an increase in the rate of chemical signal
interception rate for cylindrical hairs at these low Reynoldsnterception, but this relationship is likely to be highly non-
numbers will be relatively insensitive to their orientation withlinear and dependent on the spatial distribution of the chemical

respect to the ambient flow. signal molecules.
Unsteady flow generated by wing fanning Olfactory antenna design: transitions in leakiness enhance
The discussion above ignores the unsteady component of the sniffing

generated air movement. Whether the unsteady component ofln addition to moths, a variety of other arthropods also
air flow affects the velocity profiles adjacent to the sensorgapture odor molecules from the environment using olfactory
hairs, and hence affects the rate of chemical signal interceptiosppendages that bear arrays of chemosensory hairs. For

is a function of the dimensionless Womersley numiéa, example, many malacostracan crustaceans (such as lobsters,
stomatopods and crabs) flick olfactory antennules bearing
Wo= R\/TW _ E /ﬂ ) arrays of chemosensory hairs through the surrounding water.
v 2 v ' As in the case of moth sensillae, the olfactory hairs on these

crustacean antennules operate within a randeeafalues in
wherelL is the characteristic length in m (aRdis radius or  which changes in velocity or in hair spacing can have profound
half-width in m),f is the frequency of the unsteady componentffects on the flow near the hairs and, thus, on their
in Hz (andn=2rtf is the angular frequency in radsandv is  performance in capturing odor molecules from the surrounding
the kinematic viscosity in s 1. For internal (bounded) flow fluid. Therefore, by increasing the fluid velocity encountered
whenWo<1, the flow is quasi-steady, i.e. the flow will ‘track’ by an olfactory appendage (e.gia flicking in lobsters,
the pressure gradient in time (Womersley, 1955; Vogel, 1994tomatopods and crabs or by wing fanning in moths) or by
Loudon and Tordesillas, 1998). Substituting relevant values fazthanging the hair spacing (e.g. by passive splaying of hairs
B. moriantennae (wherk is the gap width between hairs or during the flick in crabs), the animals can cause dramatic
branches) into equation 7 results in a prediction that the floimcreases in the penetration of ambient fluid between their
through antennae is quasi-steady in the gaps between hairschemosensory hairs and, thus, in the flux of odor molecules to
branches. This means that both the flow rate between adjacéiné surfaces of these hairs (Koehl, 2000).
sensory hairs and the rate of chemical signal interception
oscillates, the latter by as much as a factor of 1.5 at the This research was supported by Office of Naval Research
frequency of 40Hz. However, it is unlikely that the sensoryGrants (no. N00014-90-J-1357 and NO00014-98-0775 to
hairs (or the higher processing centers) are capable of resolviK.), an Erna and Victor Hasselblad Foundation Grant (to
such rapid changes in signal interception rates. Intracellulavi.K. and C.L.), a National Science Foundation Grant (no.
recordings from moth neurons have demonstrated th&ER-9350101, to C.L.), an Eloise Gerry Fellowship from
chemical stimuli delivered up to 10 Hz can still be recognizedSDE Graduate Women in Science (to C.L.), a John D. and
as discontinuous (Christensen and Hildebrand, 1988; Rumii@atherine T. MacArthur Foundation Fellowship Award (to
and Kaissling, 1989), comparable with the temporaM.K.) and a General Research Fund grant from the University
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of Kansas (to C.L.). This material is based upon workDusenbery, D. B.(1992).Sensory Ecology; How Organisms Acquire
supported by the National Science Foundation under Grantand Respond to InformatiolNew York: W. H. Freeman.
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