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A critical step in the process of olfaction is the arrival at the surface of a chemosensory structure of chemical
signals from the environment. Many organisms use appendages bearing arrays of microscopic hairs to pick up
chemical signals from the surrounding water or air. In this study a general model of fluid flow between neigh-
boring hairs in an array is used to explore the effects of hair size, spacing, and speed on flow near olfactory
hairs. If an array of hairs is moved more rapidly: 1) the volume flow rate through it rises, causing higher mole-
cule encounter rates even though a smaller proportion of the odorants passing through the array have time to
diffuse to hair surfaces, and 2) velocity gradients along hair surfaces become steeper, causing greater sensitivity
to changes in odorant concentration. The more closely-spaced the hairs, the less sensitive they are to these
effects of changing speed.

INTRODUCTION

The first step during olfaction is the arrival at the surface of a chemosensory structure of
chemical signals from the environment. A diversity of organisms, including many
zooplankton, use appendages bearing arrays of microscopic hairs to pick up chemical
signals from the surrounding water or air (e.g., Atema, 1987; Laverack, 1988). The fluid
flow field in the immediate vicinity of a sensory hair determines the rates at which
molecules are captured. However, analyses of how these animals extract information
from odor plumes, and efforts to characterize the kinetics of their olfactory neurons,
will be compromised until we know more about how antennal morphology and
motion determine small-scale fluid flow near (and hence the arrival of odorant
molecules at) receptors. By elucidating basic rules about how morphology affects flow
through arrays of olfactory hairs, we can also provide useful guidelines for the design of
man-made chemical sensors, and for the analysis of other important biological
structures bearing arrays of hairs, such as locomotory, filter-feeding, and gas-exchange
appendages.

Importance of Fluid Motion to Olfaction

A critical step in the process of olfaction is the arrival of chemical signals from the
environment to the surface of a chemosensory structure. This involves 1) the convection
of odorant in the fluid from the source to the region of the sensor, and 2) diffusion from
the bulk fluid to the surface of the sensor (DeSimone, 1981).

Odor plumes in the environment: Turbulent fluid motion on the scale of meters to
centimeters determines the patchy structure of odor plumes in the environment (e.g.
Csanady, 1973; Okubo, 1980), hence chemical signals in the fluid downstream from an
odor source fluctuate (Aylor, efal., 1976; Miksad and Kittredge, 1979; Murlis and Jones,
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1981; Elkinton and Cardé, 1984; Atema, 1985; 1987; 1988; Murlis, 1986; Moore and
Atema, 1988; 1991; Zimmer-Faust, etal., 1988; Moore, etal., 1989; 1991b; 1992; Murlis,
etal., 1992). The behavior of various aquatic and terrestrial animals in odor plumes has
been studied, and the ways in which organisms might use the information in odor plumes
has received much attention (e.g. Bossert and Wilson, 1963; Hamner and Hamner, 1977;
Reeder and Ache, 1980; David, ef al., 1982; Devine and Atema, 1982; Bursell, 1984
Cardé, 1984; McPhie and Atema, 1984; Atema, 1985; 1988; Baker, 1989; Brady, etal.,
1989; Moore, ef al., 1991b; Murlis, ef al., 1992: Willis, et al., 1991; 1994; Willis and
Baker, 1994; Basil and Atema, 1994). However, the ability of a sensor to sample changes
in odorant concentration as it moves relative to a plume depends on small-scale fluid flow
near the sensory hairs, which is still poorly understood.

Small-scale fluid flow in the vicinity of sensory hairs: The number of molecules (N)
captured per unit time (t) by an array of sensory hairs is given by:

N/t = (V/t)CP (1

where V is the volume of fluid moving through the array, C is the number of molecules
per volume in the fluid, and P is the proportion of the molecules in the fluid that are
captured. Both V/t and P depend on the small-scale fluid flow in the vicinity of the hairs.

Reynolds number (Re) represents the relative importance of inertial to viscous forces
for a particular flow situation:

Re = LU/, 2)

where Lis a linear dimension such as hair diameter, U is fluid velocity relative to the hair,
and v is fluid kinematic viscosity. The Re’s of olfactory hairs on a variety of crustaceans
and insects are low: 10~ to 10 (Loudon, et al., 1994). Although inertial effects cannot be
ignored at the upper end of this Re range, the viscous flow near sensory hairs is laminar
(i.e. fluid motion is smooth and orderly, with no turbulent mixing between adjacent
streamlines or random fluctuations in velocity; Happel and Brenner, 1965; Vogel, 1994).

When fluid flows past a solid surface, the fluid in contact with the surface does not slip
and avelocity gradient (boundarylayer) develops in the fluid between the surface and the
freestream flow (Figure 1, A). At low Re’s, such boundary layers are thick relative to the
dimensions of the object. There is no turbulent mixing in a laminar boundary layer,
hence molecular diffusion is the mechanism that moves odorants across streamlines
towards or away from the sensor’s surface. The distance travelled by a diffusing
molecule is proportional to time !/? (Berg, 1993), so molecules in a streamline 10 times
farther from the surface of a sensor than another streamline will take 100 times longer to
arrive at the sensor’s surface by diffusion.

Olfactory antennae often bear arrays of sensory hairs. Fluid can flow through or
around a group of hairs. The leakiness (defined in Figure 1, B) of an array of hairs
determines the volume flow rate (V/t) of fluid through the array (Figure 1, C). A row of
hairs with low leakiness does not process much fluid per time, but the reduction of fluid
velocity between neighbouring hairs allows a longer time for molecules to diffuse onto
the hairs, thereby increasing the proportion (P) of the molecules in the fluid that are
caught (e.g. Fuchs, 1964; Davies, 1973; Pich, 1966; Rubenstein and Koehl, 1977; Murray,
1977; Shimeta and Jumars, 1991). However, although they are good at capturing a large
percentage of the molecules in the fluid, hairs surrounded by thick boundary layers are
insulated from rapid changes in the concentration of molecules in the ambient flow, as
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Figure1 A. Diagram of a laminar boundary layer in the fluid moving with respect to a solid surface, such as
the surface of a sensory hair. Arrows represent fluid velocity vectors at different heights above a point on the
object. This represents the flow seen from the frame of reference of the object, and hence could represent flow
past a stationary structure, or flow relative to an object moving through the fluid. B.“Leakiness” is defined as
the ratio of the volume of fluid that actually moves between a pair of cylinders of unit length in a unit of time
(shown on the left), to the volume of fluid that would move at freestream velocity (Uoso) through a gap of that
width if the cylinders were not there to slow the flow (shown to the right). C. The flow rate (volume per time) of
fluid moving through a leaky row of hairs (diagram on the right) is greater than through a less leaky row moving
at the same velocity (diagram to the left). D. Diagram of a steep (left) and gentle (right) velocity gradient along a
surface. The density of stippling in the fluid indicates the concentration of odorant molecules. In this example, a
patch of light concentration odorant is being carried by in the ambient flow across the surface of a hair that had
been in odorant-free fluid. The only way the molecules can reach the surface through these laminar velocity
boundary layers is via molecular diffusion. Note that the surface with the gentle velocity boundary layer is “in-
sulated” from this odor patch by a layer of slowly-moving “old” water.

illustrated in Figure 1, D. These trade-offs illustrate the importance ofunderstanding the
factors that determine the small-scale flow around sensory hairs if we are to understand
how antennae of different designs sample their fluid environments.

Importance of fluid transport of odorants to olfactory neurobiology: ~ Although many
efforts have been made to characterize the response characteristics (adaptation, flicker-
fusion, dose-response, response threshold) of olfactory neurons of marine organisms such
as crustaceans (e.g. Borroni and Atema, 1988; Voigt and Atema, 1990; Marscall and Ache,
1989: Moore, 1994), our lack of understanding of how small-scale flow affects arrival of
odorant molecules makes these data difficult to interpret. Do the measurements reflect the
properties of the nerves, or of the boundary layer around the sensor? Indeed, Moore, efal.
(1991a) have lamented the lack of proper stimulus control in olfactory electrophysiological
experiments.

While several authors have suggested that the time course of the initial phases of
neural responses to odorants might be determined by the transport of molecules to the
receptor (Getchell and Getchell, 1977; DeSimone, 1981; Nachbar and Morton, 1981;
Getchell, ef al., 1984; Moore, et al., 1989; 1991b), others have argued that molecular
diffusion may not be a limiting barrier to access to odor molecules (Boeckh, et al.,







































