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Abstract

There are many different antennal morphologies for insects, yet they all have the same functional role in olfaction. Chemical
signals are dispersed through two physical forces; diffusion and fluid flow. The interaction between antennal morphology and fluid
flow generates a region of changing flow velocity called the boundary layer. The boundary layer determines signal dispersion
dynamics and therefore influences the signal structure and information that arrives at the receptor cells. To investigate how the
boundary layer changes the information in the signals arriving at receptor cells, we measured chemical dynamics within the boundary
layer around the bee antennae using microelectrodes. We used two types of chemical signals: pulsed and continuous. The result:
showed that the boundary layer increased the decay time of the chemical signal for the pulsatile stimuli and increased the peak
height for the continuous data. Spectral analysis of continuous signals showed that the temporal aspects of the chemical signal are
changed by the boundary layer. Particularly the temporal dynamics of the signal are dampened at the slowest flow speed and
amplified at the intermediate and fast flow speeds. By altering the structure of the chemical signal, the morphology will function
as a sensory filtedd 1998 Elsevier Science Ltd. All rights reserved.

Keywords:Antenna;A. melliferg Chemoreception; Fluid flow; Olfaction

1. Introduction physical processes in the dispersion of chemical signals
is described by the Peclet number (Pe). In environments
The insect world has many different antennae mor- with Pe numbers greater than one, flow is the dominant
phologies. At one end of the morphological spectrum, physical dispersal mechanism and in situations with Pe
there is the highly complex pectinate structure, which is numbers less than one, molecular diffusion is the domi-
branched and has a large surface area, as in the motmant force.
(Actias lung (Borror et al., 1989). At the other end of At macroscopic scales, the dispersion of chemical sig-
the spectrum is the relatively simple geniculate-like nals is dominated by flow, which is usually turbulent.
structure that has a dimpled surface as in the honeybeeTurbulent forces determine the magnitude of fluctuations
(Apis melliferg (Borror et al., 1989). Although immense that occur within an odor plume, and thus determine the
diversity is seen in the antennal morphology of insects, temporal nature of signals that are available for the ani-
they all serve the same function in chemoreception, mals to use for information. Odor plumes generated
which is to enhance the detection of molecules from under different turbulence regimes will have different
the environment. chemical fluctuations (i.e. spatial and temporal profile of
In chemoreception, the dispersion of the signal is dis- a chemical signal, Moore et al., 1994; Murlis et al.,
tributed by two physical processes; fluid flow (Vogel, 1991). These fluctuations in concentration and patchi-
1983) and molecular diffusion (DeSimone, 1981; ness of the distribution constitute a part of the infor-
Futrelle, 1984). The relationship between these two mation within a chemical signal.
The information contained within a chemical signal
has been described as having four aspects; quality, inten-
* Corresponding author. Tek: 1-419-372-8556; Faxt 1-419-372- sity, spatial and temporal distribution (Ache, 1988). Dis-
2024; E-mail: pmoore@bgnet.bgsu.edu persal forces in a given flow regime affect the latter three
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parameters of the chemical signal. Therefore any changeing into the local receptor environment. In comparison,
in these physical forces or their ratio during dispersion a previous study by Schneider et al., 1997 looked at the
will change the information contained within a chemi- effect of an elaborate antennal design that the male and
cal signal. female moth . sexta had on the incoming chemical
Antennae morphology plays a critical role in mod- signal.
ifying the flow patterns. As fluid flows over a solid sur-
face such as in insect antennae, the fluid ‘layer’ in direct
contact with the surface does not flow (the no-slip con- 2. Materials and methods
dition, Vogel, 1994). In this region, there is a velocity
gradient where the fluid velocity is zero at the surface, 2.1. Modeling air flow in a water medium
and extends out from the solid to 95% of the freestream
velocity (Schlichting, 1987). This region of reduced flow  To use current electrochemical technology to measure
around the solid surface (e.g. antenna) is referred to aschemical signals (IVEC-10), we used water instead of
the boundary layer. As the velocity changes within the air as our medium of flow. Since air and water are both
boundary layer, the dynamics of signal dispersion also fluids, either can be used to model fluid flow if the flow
changes. There is a change from flow-dominated disper-dynamics are the same for each medium (Vogel, 1983,
sion away from the antenna to diffusion-dominated dis- 1994). The patterns of flow in a system can be described
persion near the antenna. by the Reynolds numberRg = ul/v), whereu is the
By altering the dynamics of signal dispersion, the relative velocity,l is a characteristic length scale, and
boundary layer will change the chemical signal structure. is kinematic viscosity of the fluid. If the Reynolds num-
This change in structure affects the information con- ber of an antenna in air is identical to the Re number of
tained in the chemical signal, acting as a sensory filter an antenna in water, then the flow patterns of both situ-
by altering the information of chemical signals arriving ations are identical and water can be used to model flow
at the receptor cells (Moore et al., 1991; Schneider etin air (Vogel, 1983, 1994).
al., 1997). Since the spatial and temporal structure of We have taken the diameter of the antennae .1
the chemical signals are determined by the interaction 10 m) as the characteristic length scale and the kinem-
between fluid flow and molecular diffusion, the bound- atic viscosity of air was 1.5 10°m?s™ at 20C. Typi-
ary layer can have a profound affect on the chemical cal flight speeds foA. melliferaworkers ranged from
signal structure. 1.5m st to 3.5 ms* (Nachtigall and Hanauer-Thieser,
Previous work on flow through sensory appendages1992). Thus, the antennae on a flying worker bee have
has shown that changes in flow velocity and hair spacinga Re number of 21 at 1.5 ms 35 at 2.5 m g, and 49
can dramatically alter flow patterns (Cheer and Koehl, at 3.5 m s* respectively.
1987; Koehl, 1993, 1995, 1996) and that these changes To equate both the flow patterns and forces of an
in flow patterns can alter chemical signal dynamics antenna in air to an antenna in water, Vogel (1983) used
(Moore et al., 1992). Schneider et al., 1997 found that a 28-fold reduction of velocities in water and an increase
the boundary layer around a moth’Mgnduca sextp in temperature to 5Z. Consequently, we used water
antennae changes different aspects of the chemical sigvelocities of 0.05, 0.09 and 0.12 mtdo correspond to
nal. Particularly the flux of chemicals, signal onset and the air speeds of 1.5, 2.5 and 3.5 my gespectively.
decay time of the chemical signal were altered by the It was also necessary to match the chemical dispersion
morphology of the antennae. Moore et al. (1992) also dynamics of a system in air to a system in water. The
found that the boundary layer around the lateral anten- Peclet number indicates the relative contribution of fluid
nule of the lobster Homarus americanys drastically flow and molecular diffusion in chemical dispersidPe(
affects the incoming chemical signal as it arrives to the = ul/D,,), whereu is the relative velocity| is a charac-
receptor cell surface. Studies on the spiny lobster haveteristic length scale, anB,, is the diffusion coefficient.
produced similar results (Gleeson et al., 1993) As theseFor D,,,, we have taken the diffusion coefficient of bom-
studies show the boundary layer around chemoreceptivebykol (0.025 cms™; Adam and Delbik, 1968). The
organs affects the incoming chemical signal. The changerelative velocity and characteristic length scale were
in dispersal forces due to the boundary layer acts as aidentical to those used above. Using these values, we

physical filter on the incoming chemical signal. calculate a Pe number for a worker bee in air as 126
In this study we measured tracer chemical dynamics at 1.5 ms*, 210 at 2.5 m< and 294 at 3.5 m3$. The
in the boundary layer of the honeybe® (melliferg with electrochemical detection system used dopamine as the

microelectrodes to examine the effect that the boundarytracer molecule, which has a diffusion coefficient of 2
layer around a simplified antenna has on chemical signalx 10° m2 s in 20°C water. To approximate the disper-
structure arriving at receptor cells. This study is designed sion dynamics (and Pe number) of a bee antennae in air
to look at the role the relatively simple antennal mor- with one in water, we increased the temperature of the
phology of A. melliferahas on the chemical signal com- water as stated above. The diffusion coefficient of the
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molecule changes with temperature according to the controlled with an electric motor (Security Universal
relationshipD,, = T*f (Adamson, 1973)f is a function model # U-116) with a 4-blade prop (blades’4®rmal

that describes the relationship between temperature ando the shaft), and a variable transformer (Staco Erergy
diffusion. The diffusion coefficient of dopamine isX model # 3PN1010). Flow speeds were determined by
10°m?stat 293 K. By increasing the temperature 32 K averaging twenty neutrally buoyant particle velocities at
to 325 K, the diffusion coefficient of dopamine increased set transformer voltages.

to 2.2x 10°m?s™. Under these conditions, the Peclet A single A. melliferahead and thorax were held in
numbers of the bee antennae in water were 4772, 8590place with a 28 gauge needle. The needle pierced
11454 at 0.05ms, 0.09 ms* and 0.12 m¢d, respect-  through the thorax normal to flow. The legs and abdo-
ively. While the Peclet numbers in water were an order men were cut off each subject. The needle and honeybee
of magnitude greater £ 40-fold) than those in air, both  were mounted onto a micromanipulator (Stoelting MM
situations indicate a flow-dominated dispersion system. 33) to move the antennae to the fixed recording electrode
The temporal dynamics of signals recorded during thesein the working section of the flow tank. The electrode
larger Peclet conditions will be slightly higher in fre- tip was placed on the surface of the right antennae at an
guency than normally encountered by the antennae. angle of 58 (Fig. 1).

2.2. Animals and flow tank 2.3. Recording techniques

Dr E. Erickson of the USDA-ARS PWA Carl Hayden Since the introduction of micro-electrochemical tech-
HoneyBee Research Center (Tucson, Arizona) providedniques, developed to record neurotransmitter concen-
the bees. The animals were live-caught (9.25.96) andtrations within the CNS tissue (Gerhardt et al., 1984,
shipped in 95% ETOH. The animals used had an 1987), to aquatic applications, it has become possible to
antennal diameter of 2.4 10* + 2 x 10°m (meanzt quantify chemical distributions at biologically relevant
S.E.M.). spatial scales and with high temporal resolution (Moore

The experiment was conducted in a recirculating flow and Atema, 1991; Moore et al., 1989, 1991, 1992, 1994).
tank (0.13 mx 0.14 mx 0.90 m) constructed with 4 inch  The IVEC-10 recording technique is now a standard
PVC pipe (see Fig. 1 in Schneider et al., 1997). The odor practice for these applications and has been used in stud-
source was delivered from a Pasteur pipette 8 cm up-ies similar to the present study to measure chemical
current from the antennae and electrode for the continu-dynamics within other sensory appendages (Moore et al.,
ous and pulse odor signals. Water was obtained from a1989, 1991; Schneider et al., 1997). This technique has
hot water tap adjusted to 32 + 1°C. The flow tank was  several advantages for chemosensory applications:
drained and refilled after each trial. To maintain the flow which include small electrode sizes (diameters of
tank at 52C, TygorY tubing (1.27 cm ID) was wrapped 30 microns to 150 microns) comparable to receptor hair
around the return pipe and hot water was circulated dimensions, fast temporal sampling (up to 200 Hz), and
through it. The odor signal was stored in a water bath the ability to place electrodes within sensory structures
at 52C to ensure the water in the flow tank and odor without compromising electrode operation (Moore et
signal were at the same temperature. Flow speeds wereal., 1989).

Recordings were made at a sampling rate of 10 Hz
— using the IVEC-10 (In Vivo Electrochemistry Computer
Electrode System; Medical Systems Corp., Greenvale, NY). Each
100 ms epoch for the 10 Hz sampling rate was composed
of a 50 ms epoch at 0.55 v (oxidation) followed by a
50 ms epoch at 0.0 v (reduction). The recording elec-
trodes were sampled every 50 ms with analog-to-digital
\/ conversions of the samples occurring at 4 kHz. These
data were averaged for the 50 ms time epoch. Further
details of recording and digitizing are explained else-
where (Moore et al., 1989).

The electrodes were composed of a 30 micron diam-

eter carbon fiber and calibrated in solutions of dopamine.

Electrode

Top View

fntemna Electrodes exhibited linearity over a concentration range
of 0.5 to 100 micromolar (correlation coefficient »
I:l“'>ﬂ 0.95). The electrodes actually measure chemical flux in

that they are detecting the number of molecular encoun-
ters with the electrode’s surface per unit time. For the
Fig. 1. The arrangement of the electrode on the antenna detailed. Sake of simplicity, we use the term ‘concentration’ to
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describe the calibrated signal from the electrodes. A All significant differences were determined usipg<
more accurate description in flowing systems may be 0.05.
‘molecular encounters per unit time’ or chemical flux. A spectral analysis was used to analyse the continuous
Since chemoreceptors also integrate molecular eventsdata using the Fast Fourier Transform method by a com-
over some time unit, the electrodes and chemoreceptommercial program (Statistica by Statsoft). The spectral
cells detect chemicals in a similar manner. analyses of the odor profiles were run on the three
Chemical signals for the continuous odor plumes and sequential 85 s intervals of the total 4.25 min. Sub-
single odor pulses were measured at the middle of thesequently, the three spectral analyses were averaged
antennae. In addition, the chemical signals were across the six bees, and normalized to the maximum
recorded at three different flow speeds: 0.G85 value within the spectral analysis. This method resulted
0.004 m s, 0.09+ 0.004 m st, and 0.12+ 0.004 m s, in the best estimate of the frequency spectrum, but also
Six bees were used in the experiment and were subjectednclude some loss in frequency resolution (Moore, 1994;
to 6 min trials at each of the three flow speeds for the D. Mountain, pers. comm.). The frequency graphs were
continuous odor plume and ten pulse signals. constructed by subtracting the experimental analysis
The trials were done in a dark room with the antennae results from the control spectral analysis. Thus the
illuminated with a Dolan-Jenner Fiber Lite 1990. The graphs were difference plots which indicated the aspects
trials were videorecorded with a Panasonic wv-CL350 of the chemical signal that were amplified (positive
camera, onto a Panasonic ag-1980 VCR displayed on avalues) or filtered (negative values) by the physical mor-
Sony PVM-1351Q trinitron video monitor. phology.

2.4. Chemical signal
3. Results

The odor source was 4 mM dopamine, 2 mM ascorbic
acid, and 0.05 mM fluorescein. The continuous odor sig-
nal was stored in a 11 Pyrex reservoir connected to a3.1. Pulse signal
Pasteur Pipette delivery system. The chemical signal was
gravity fed at rate 60 ml$ into the center of the flume  3.1.1. Effect of flow on control pulses
through an in-line flow meter (Manostat #2). For the control odor pulses, both the peak height and

To deliver pulses, a small volume valve (General onset slope significantly decreased as flow velocity
Valve 3-111-900) was controlled by a single output increased (Fig. 2; one-way ANOVA) < 0.05). Peak
stimulator (Grass S48) which opened the valve for 350 height decreased from 76 0.3uM (at 0.05 m s?) to
milliseconds. Pulses were manually triggered after the 6.7 =+ 0.4uM (at 0.09ms?) to 6.0 £ 0.3uM (at
previous pulse had been flushed from the boundary layer0.12 m s'). ANOVAs showed that each of these means
of the antennae by the flow as measured by IVEC. Tenwere significantly different from each other (one-way
pulses were recorded for each antennae and flow speedANOVA, p < 0.05). Onset slope decreased significantly
Controls were measured by removing the antennae androm 39.5+ 3.9 uM s (0.05 m s?) t0 33.2+3.9uM s
measuring the odor signals with the electrode in the (0.09 m s?) to 27.4+ 3.3uM s (0.12 m s?) (one-way
center of the working section under identical conditions, ANOVA, p < 0.05). There was a significant difference

i.e. working distance, and electrode angle. between the slope values of slowest flow speed com-
pared to the intermediate and fast flow speeds. In
2.5. Data analysis addition, the decay time decreased significantly as the

flow speed was increased. The decay time at the fastest

Different aspects of the temporal profile of the chemi- flow speed (1.04: 0.04 s) was significantly shorter than
cal signal were analysed using a lab designed BASICthe decay times at the intermediate and slowest flow
program. Signal parameters analysed included peakspeeds (0.9 0.05s and 0.7% 0.04 s, respectively;
height, slope of the signal, peak length (Moore and one-way ANOVA, p < 0.05). The pulse shape was
Atema, 1988) and decay time of the signal (Schneider etreduced in concentration and in slope, and decayed in a
al., 1997). These parameters were chosen as those moshorter period of time as the flow velocity was increased.
relevant to the encoding of information by sensory neu-
rons (Borroni and Atema, 1988; Gomez et al., 1994). 3.1.2. Effect of worker bee antennae morphology on
Further details on the other definitions and discussion of pulse signal parameters
their relevance can be found in Moore et al. (1994). One- The peak height was not significantly different for the
way ANOVA with Tukey-HSD post hoc test were used antenna compared to control values (Fig. 2Aest,p >
to determine differences between flow speeds within the 0.05). The onset slope was not significantly different
control data. The-tests were used to determine changes within the boundary layer of the honeybee antennae at
in pulse parameters between boundary layer and control.any of the speeds tested (Fig. 2B). The decay time was
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Fig. 2. Changes in pulse parameters in the boundary layer surround-Fig. 3. Changes in pulse parameter in the boundary layer of the
ing worker bee antennae at three different flow speeds for single pul- antenna during turbulent plume presentation. (A) Peak height for con-
ses. (A) Peak for control (black bar), and worker bee antennae (white trol (black bar), and worker bee antennae (white bar). (B) Onset slope
bar). (B) Onset slope for control (black bar), and worker bee antennae for control (black bar), and worker bee antennae (white bar). (C)
(white bar). (C) Decay time of the chemical signal for control (black Length of chemical signal for control (black bar), and worker bee
bar), and worker bee antennae (white bar). Points represent mean ( antennae (white bar). Points represent meai$(E.M.) for 7.6 min for
S.E.M.) for 10 pulses each for six antennae. THests were used five antennae. Thetest was used to determine significant difference.

to determine significant difference. Asterisk) (ndicates significant ~ Asterisk () indicates significant differences when compared with con-
differences when compared with contl< 0.05 for all tests. trol p < 0.05 for all tests.

significandy longer within the bounda_lry layer of the slowest and intermediate flow speeds for the worker bee
honeybee antennae than th_e decay time of the controlantennae compared to control values (Fig. B4est, p
plume for_ all three speeds (Fig. ZC).' T'h.e boundary layer 0.05). The onset slope was not significantly different
surroundlng the worker antenna significantly increased at the three flow speeds for the honeybee antennae when
the decay time as compared to control values. compared to control values (Fig. 3Btest,p < 0.05).
The peak length was significantly higher for the worker
bee antennae when compared to control only at the slow-
3.2.1. Effect of flow on control odor plumes est flow speed (Fig. 3Gstest,p < 0.05). The boundary
The peak heights at the slowest and intermediate flow layer around the worker bee antennae significantly alters
speed were significantly higher than the fastest flow the peak height of the environmental chemical signal and
speed (Fig. 3; one-way ANOVAp < 0.05). The onset  increased the length at the slowest speed.
slope significantly decreased as the flow speed was .
increased. Peak length for the fastest flow speed was sig3-3. Spectral analysis of odor plumes

nificantly shorter than the slowest and intermediate flow _ _
speeds (one-way ANOVAp < 0.05). The results of the spectral analysis of the odor signal

at the slowest flow speed for the honeybee antennae

3.2.2. Effect of the honeybee antennae morphology on shows a strong reduction in energy of the chemical sig-
turbulent odor plume parameters nal in a narrow frequency band (0.1-2.5 Hz) (Fig. 4A).

Within the micro-environment around the bee At the intermediate flow speed the spectral results show
antennae, the peak height was significantly higher at thean amplification of the chemical signal of the entire odor

3.2. Continuous signal



682 R.W.S. Schneider et al./Journal of Insect Physiology 44 (1998) 677-684
Z 0.6 The continuous signal results show that the peak
2 04 height of the chemical signal significantly decreased
5 0.2 ] with speed (Fig. 3). The differences in the peak height
= 0.0 S within the boundary layer of both antennae and the
£-02] W’V" environmental signal suggests that the boundary layer
2.-0.4 ] significantly altered the spatial and temporal structure of
A 6] : - : : . . the chemical signal perceived by the organism within a
(a) turbulent odor plume.
2 06 The results show that the boundary layer surrounding
% 0.4 1 a honeybee antennae will act as a physical filter by alter-
Ao 024 ing the temporal and concentration dynamics of odor sig-
= 0.0 5 nals as they are transported from the environment to the
S 024 receptor cells micro-environment. For honeybees, the
(] 9 . P . .
= -0.4 4 bounqlary Iayer resulted in an amplification of 'Fhe chemi-
-0.6 —T T T T cal signal in a broad frequency band for higher flow
(b) speeds, but dampened the signal at lower flow speeds
2 06 (Fig. 4). The temporal dynamics of the chemical signal
a 04 1 are directly due to the type of flow patterns and, to a
o 02 smaller degree, the interaction of molecular diffusion
— 00 L and fluid flow near the antennae. The boundary layer
5 021 changes flow patterns and the forces that shape the tem-
8, 044 poral structure of the chemical signal. Depending upon
06 — 1 1 I | the exact interaction between flow and morphology, it

' 5 .
© o ! 2 3 4 may extract or enhance different temporal aspects of the

Frequency (Hz) chemical signal.
These results can be compared directly to the Schne-

Fig. 4. Spectral density plot of the chemical signal near the worker :
bee antenna at the flow speed of 0.05™(#), 0.09 m s* (B), and ider et al.,, 1997 study with the mOtrM( sext_e). That.
0.12 m s}(C). Spectral plots are averages for all six bees. The differ- study showed that the morphology-fluid flow interaction

ence plot was created by subtracting the spectral analysis from theSignificantly increased the peak height, onset slope and
control odor plumes from the spectral analysis of the boundary layer decay time. The spectral analysis showed differences in
inmt,er}cteh% occ:]cg n?itl;?ess'eztcilsjirtuiqvew\;]ailllge:eindti'cates Iamplificatior:hoft thatt the temporal dynamics of signals recorded in the bound-
gf;hg spoctrum is ﬁhefe i gative vaiue means thal palt 3y |layer around female and male moths. The mor-
phology of the male and female antennae functions to
extract different frequencies from the same odor plume.
plume, with the strongest amplification in the 0.1-2 Hz The moth results showed enhancement of odor fluctu-
range (Fig. 4B). At the fastest flow speed the signal ations within discrete frequency bands (Schneider et al.,
shows an amplification, with a unique amplification pat- 1997). This specific type of enhancement was com-
tern of peaks in the 0.1 and 2.0 Hz range (Fig. 4C). This pletely missing from the honeybee results. It was clear
amplification is less than the amplification at the inter- that the morphology-fluid flow interaction acted as a
mediate speed. physical filter by altering the temporal dynamics of odor
signals. The differences between the spectral results
from the previous study and this study can be related
4. Discussion to the differences in antennal morphologies of the three
organisms; male moth, female moth and honeybee.
Our results show that the boundary layer structure Each of these organisms has many ecologically
determined by the morphology of the honeybee antennaeimportant chemical signals that are critical to repro-
significantly altered the temporal dynamics of the pulsa- duction. In some species of moth, the males use a point
tile chemical signal arriving at the micro-environment of source sex pheromone plume to locate a calling female.
the receptor cells. The onset slope of the chemical signalA male’s fitness is directly related to the speed and effec-
near the honeybee antenna was significantly increased ativeness by which it locates a female. The female moth
the slowest flow speeds (Fig. 3A). Due to the boundary uses odors from a host plant to locate a suitable place
layer, the decay time of the chemical signal was signifi- for oviposition. It is equally as important for other
cantly longer near the honeybee antennae than the coninsects (i.e. honeybees), to be able to orient to a food
trol signal (Fig. 2C). The pulsatile chemical signal com- source. It has been demonstrated empirically that the
ing into the micro-environment of the antenna was temporal dynamics of odor plumes can change even with
significantly slowed by the boundary layer. subtle changes in the hydrodynamics (Murlis et al.,
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1991; Westerberg, 1991; Moore et al., 1994). These Smith, pers comm.). Both of these behavioral adjust-
three olfactory situations (host plant vs single female vs ments during orientation will alter the thickness and
a single flower or patches of flowers) are drastically dif- structure of the boundary layer, which in turn will
ferent in terms of the fluid dynamics that causes chemi- change how the boundary layer alters the dynamics of
cal dispersion. The difference can be demonstrated byincoming chemical signals. If there is sensory feedback
calculating the Reynolds number for each of these situ- that is connected to either the motor output that controls
ations. Each of these situations has a change in theflight speed or antennal orientation, the honeybee may
characteristic length scale used in Reynolds number cal-be able to control the filtering performed by the bound-
culations which indicates the changes in flow patterns. ary layer around its antenna. This may allow the hone-
With typical length scales, there is an order of magnitude ybee to actively ‘match’ the boundary layer thickness to
change of the Reynolds number between a calling the environmental stimulus to maximize the sensory
female, host plant and patch of flowers. As a result of information.
the differences in signal dispersion, there will be a differ-  Examples of control of chemosensory input through
ence in the spatial and temporal fluctuation of chemicals the manipulation of physical filters have been proposed
within the three plumes. The differences in chemical for other organisms. Crustaceans for example, can gov-
fluctuations are also a difference in the information ern the boundary layer by controlling the fluid motion
within the plume. Organisms with a sensory system and boundary layer thickness around its lateral anten-
tuned to the relevant temporal fluctuations of infor- nules. This is done by flicking their antennules (Snow,
mation in their respective environments may have a 1973), which serves to increase local fluid velocities,
reproductive advantage. Thus, there may be a strongdecrease boundary thickness and increase chemical sig-
selection pressure for sensory properties, either physicalnal transport (Moore et al., 1991). Some fish also control
or biological, that are tuned to the biologically relevant fluid flow over receptor appendages which allow them
information within odor signals. to control chemosensory input (Dgving et al., 1977).
This idea of different amplification patterns combined  Although our study was done on only a single orien-
with Wehner’'s (1987) matched filter concept, suggests tation, at three set flow speeds, on fully developed
that antennae morphologies can function to extract rel- boundary layers, the data presented here provides a look
evant information from a chemical signal. Perceiving the at the spatial and temporal profile of the chemical signal
environment through a matched filter ‘frees up the CNS near the micro-environment of the receptor cell. These
from intricate computations to extract information results show how fluid flow around the honeybee
needed for fulfilling a particular task’ (Wehner, 1987). antennae can alter the spatial and temporal dynamics that
This allows the organism to remove irrelevant infor- are available to receptor cells. This study can provide
mation arriving to the peripheral nervous system and some insight into the structure of chemical signals as
process only relevant environmental signals. Just asthey are transported from the environment to the micro-
receptor cells are ‘spectrally-tuned’ to biologically rel- environment around receptor cells. The interaction of
evant chemicals within the environment, the boundary fluid flow with the antenna’s morphology does function
layer structure may be ‘temporally tuned’ to those as a physical filter for chemical signals. The boundary
chemical fluctuations that are most prevalent or behavi- layer alters the chemical signal into a new spatial and
orally relevant within the environmental odor signals. temporal profile as it arrives to the receptor cell, this
Examples of physical tuning can be found in other sen- physical filter may be ‘temporally tuned’ to the relevant
sory systems. Denny (1993) and Land (1981) discuss thechemical signal fluctuation&. melliferaexperience.
optics of eyes and morphological differences in the
relation to differences in the organism’s environmental
media. Denny (1993) also discusses differences in soundAcknowledgements
transmission in air and water, and the differences in
physical design of auditory organs. Finally, Deva- This project was initiated after discussions on this
rakonda et al. (1996) discusses differences in sensornytopic with Dr B. H. Smith. The authors would like to
performance of mechanosensory hairs in air and water.thank Dr T. Keller and R.A. Zulandt for early revisions
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