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Lobster Sniffing: Antennule 

Design and Hydrodynamic 


Filtering of Information in an 

Odor Plume 
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The first step in processing olfactory information, before neural filtering, is the 
physical capture of odor molecules from the surrounding fluid. Many animals 
capture odors from turbulent water currents or wind using antennae that bear 
chemosensory hairs. We used planar laser-induced fluorescence to reveal how 
lobster olfactory antennules hydrodynamically alter the spatiotemporal pat- 
terns of concentration in turbulent odor plumes. As antennules flick, water 
penetrates their chemosensory hair array during the fast downstroke, carrying 
fine-scale patterns of concentration into the receptor area. This spatial pattern, 
blurred by flow along the antennule during the downstroke, is retained during 
the slower return stroke and is not shed until the next flick. 

Many animals use chemical cues in the water 
or air around them to detect mates, competi- 
tors, food, predators, and suitable habitats 
(1-3). Large-scale turbulent flow in the envi- 
ronment carries odorants from a source to an 
animal's olfactory organ (such as an antenna 
or nose), while small-scale laminar flow near 
the organ's surface and molecular diffusion 
transport odorants to the receptors (2, 4). 
Turbulent fluid motion on a scale of meters to 
millimeters (5) determines the patchy inter- 
mittent structure of odor plumes in the envi- 
ronment (6); hence, chemical signals moni- 
tored at a point downstream from an odor 
source fluctuate in terrestrial (7, 8) and aquat- 
ic (9, 10) habitats and in laboratory flumes 
(11-12). Recent attention has focused on the 
relation between the neural output of anten- 
nae and of the brain antenna1 lobe of moths in 
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odor plumes (13) and on the neural process- 
ing of odorant pulses (14). We used lateral 
antennules of spiny lobsters, Panulirus argus, 
to analyze the critical first step in determining 
the spatial and temporal patterns of odor puls- 
es arriving at receptors: the physical interac- 
tion of the olfactory organ with an odor 
plume. P. argus lateral antennules (Fig. 1A) 
bear rows of aesthetascs (hairs containing 
hundreds of chemoreceptor cells) flanked by 
larger guard hairs (15) and thus provide a 
system for investigating the design of hair- 
bearing olfactory antennae (16, 17). 

Fluid flow around a hair in an array de- 
pends on the relative importance of inertial 
and viscous forces, as represented by the 
Reynolds number (Re) (18). Because the flu- 
id in contact with the surface of a moving 
object does not slip relative to the object, a 
velocity gradient develops in the flow around 
the object. The smaller or slower the object 
(that is, the lower its Re), the thicker this 
boundary layer of sheared fluid is relative to 
the size of the object. If the boundary layers 
around the hairs in an array are thick relative 
to the gaps between hairs, then little fluid 
leaks through the array. Hair arrays undergo a 
transition between nonleaky paddlelike be- 
havior and leaky sievelike behavior as Re is 
increased (19-21). Although flow velocity 
has only a small effect on the rate of molecule 
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Fig. 1. Video frames of a Lobster antennule flicking in a turbulent plume 
of fluorescent dye illuminated by a vertical sheet of Laser Light parallel to  
the flow direction in a flume. Image height, 31.4 mm. The aesthetasc- 
bearing Lateral filament of the antennule is visible in (A) but not in (B 
through D), in which an optical filter eliminates wavelengths other than 
the light fluoresced by the dye. The lighter the dye in (A), the higher the 
dye concentration. Concentration is coded by color in (B) through (D) 
(see scale in Fig. 2). The plume 1 m downstream from the source is 
composed of fine parcels of high dye concentration interspersed between 
layers of clean water. Recognizable features in the plume are carried 

downstream (that is, they move Left) in sequence (B) through (D), which 
shows the antennule during a return stroke (B) and the next flick 
downstroke [(C) and (D)]. During the rapid flick [(A)and (C)], water 
carrying fine strips of dye penetrates into the array of hairs on the 
antennule. Because the ambient current transports dye along the anten- 
nule as it flicks, dye becomes spread along the antennule by the end of 
the downstroke (D). During the slower return stroke (B) and stationary 
pause, dye captured during the flick is trapped between the hairs, 
whereas dye in  the ambient current does not penetrate into the array. 
Trapped water and dye are shed during the next rapid flick (C). 

interception by an isolated hair (4), our work 
with arrays of hairs showed that changes in 
velocity can have a profound impact on odor- 
ant encounter rates in the Re range in which 
the leakiness of the array is sensitive to speed 
(2, 22, 23). 

Various crustaceans flick their olfactory 
antennules in the critical Re range for their 
particular aesthetasc spacing in which leaki- 
ness changes with velocity (17, 24, 25). 
High-speed kinematic analysis (25) and dy- 
namically scaled physical modeling (1 7) of 
P. argus antennule flicking revealed that wa- 
ter flows through the aesthetasc array during 
the rapid flick downstroke but not during the 
slower return stroke. Flicking has been de- 
scribed as "sniffing": a mechanism of en- 
hancing odor penetration into the receptor 
area, as measured when isolated antennule 
preparations are hit with pulses of rapid flow 
(2628). Although many modelers of odor 
tracking focus on.the average properties of a 
turbulent plume, treating it as a diffusing 
concentration gradient (29), other investiga- 
tors suggest that the fine-scale spatial patterns 
of concentration in a plume might provide 
information animals can use to locate the 
odor source (3,8,30). Whether animals have 
access to that information depends on how 
their olfactory organs disrupt plume struc- 
ture. We studied how the hydrodynamics of 
antennule flicking in turbulent plumes phys- 
ically alters the spatiotemporal patterns of 
concentration arriving at the aesethetascs. 

We programmed a mechanical lobster to 
flick real P. argus antennules in a flume (31) 
in water flow with small-scale turbulence 
similar to that found in natural lobster habi- 
tats (25,32). Fluorescent dye slowly released 
from the substratum 1 m upstream from the 
antennule mimicked odor leaching from a 
benthic source (33). High-speed videos of 
antennules flicking through a laser-illuminat- 
ed plane in the dye plume (34) showed that 

flkk fIikk flick 
h i 
0 time (s) 3.53 

Fig. 2. Spatiotemporal map of dye concentration encountered by the aesethetasc-bearing portion 
of an antennule. The ~osi t ion alone the antennule is dotted on the vertical axis. and time is i lotted 
on the horizontal axi;; concentratLn at each positidn at each time is indicated by color (y~ l low is 
1% of concentration at the plume source; purple is 0%). A horizontal streak of color indicates that 
concentration at a position was not changing with time. When a rapid flick downstroke occurred 
(arrows), the spatial pattern of concentration along the antennule changed, but the new pattern 
was retained during the slower return stroke and the stationary pause. 

Table 1. Mean temporal variance of concentration (% of source) measured at the midpoint of the 
aesthetasc-bearing section of an antennule for a duration of 44 ms midway during a flick, return, or pause 
(n = 83 flicks) (35). 

Flick Return Pause 
(%z x (%z x (%z x 

Real antennule 
Virtual antennule 

the plume was composed of intermittent fine 
(-1 rnm thick) parcels of dye that only pen- 
etrated into the aesthetasc array during the 
flick downstroke (Fig. 1, A and C). By mea- 
suring in each video frame the dye concen- 
tration along a transect through the aesthetasc 
array parallel to the length of an antennule, a 
spatiotemporal map of the concentrations en- 
countered by the aesthetascs along the anten- 
nule was constructed (Fig. 2). Such maps 
showed that the spatial pattern of concentra- 
tion along an antennule changed during the 
leaky flick but not during the slow return 

stroke and stationary pause when the aes- 
thetasc array was much less leaky. Thus, the 
antennule took a water sample during the 
flick downstoke and then retained it in the 
hair array (Fig. 1B) until the next flick (Fig. 
1C). In addition, the maps revealed that high- 
frequency fluctuations in concentration were 
encountered in the hair array during the 
downstroke, whereas concentration remained 
relatively steady during the return and pause 
(Fig. 2 and Table 1). 

To test whether the temporal pattern in 
concentration variation encountered by the 
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Table 2. Mean spatial variance of concentration (% of source) measured at 210 evenly spaced points 22. C. Loudon, M. A. R. Koehl, j. Exp. 8/01. 203, 2977 


along the aesthetasc-bearing section of the antennule at the instant midway during a flick, return, or 
pause (n = 83 flicks) (37). 

Flick 
(%' X 

Real antennule 390 
Virtual antennule 540 

aesthetascs was due to changes in leakiness 
of the hair array, we compared the temporal 
variance of concentration at the midpoint of 
an antennule with that encountered by the 
midpoint of a virtual antennule that had no 
physical structure but that swept through the 
same portion of the plume at the same veloc- 
ities as the antennule (34). Unlike the real 
antennule, the virtual antennule experienced 
high temporal variance in concentration dur- 
ing the return and pause as well as during the 
flick (Table 1). The temporal variance of the 
real and virtual antennules was similar during 
the leaky flick (35), indicating that the fine 
details of the plume structure did enter the 
hair array. In contrast, the temporal variance 
of the real antennule was much lower than 
that of the virtual during the nonleaky return 
and pause (34 ,  indicating that the fluctua- 
tions in plume structure that occurred during 
those antennule behaviors were not sampled. 

By the end of a flick, the hair-bearing 
lateral filaments of P. argus antennules had 
blurred the fine-scale structure of the odor 
plume. This blurring was due to shearing of 
the water in the aesthetasc array rather than to 
molecular diffusion (36). Even leaky arrays 
of hairs retain and shear some water near hair 
surfaces (2, 19-24). Because some dye was 
retained around the aesthetascs where parcels 
of dye flowed through the array, and because 
the ambient current transported those parcels 
of dye along the length of the antennule as it 
flicked (Fig. 1, B through D), dye from each 
parcel was spread along the antennule during 
the course of the downstroke. Therefore, by 
the end of the flick, the fine-scale spatial 
patterns of concentration in the plume had 
been smeared out in the sample within the 
aesthetasc array (Fig. ID). The instantaneous 
spatial variance in concentration along the 
length of the antennule at mid-flick was much 
higher than at mid-return or mid-pause, 
whereas the spatial variance for the virtual 
antennule was always high (Table 2) (37). 

Whether animals can use the fine-scale pat- 
terns of concentration in a turbulent plume to 
locate an odor source (3, 7, 30) depends not 
only on neural filtering of that information but 
also on the fluid dynamics of their olfactory 
organs. The physical interaction of an olfactory 
antennule with the surrounding fluid is the fist 
step in filtering the spatial and temporal 
of in the environment. Because 
P. argus flick their antennules in the Re range 

Return Pause 
(%' X lo-=) (%2 x 

9 32 
3 70 770 

in which the leakiness of their aesthetasc array 
is sensitive to velocity, not only do they sniff 
(17, 25-28), but they also take samples of 
plume structure that are discrete in space and 
time. Fine-scale high-frequency structures of a 
plume enter the receptor area only during the 
rapid downstroke but become blurred by the 
end of the downstroke. The blurred sample is 
then retained between the aesthetascs until the 
next flick. The duration of the downstroke is 
-100 ms (25); although chemoreceptor cells in 
the anntenules of another species of lobster can 
respond to very brief (50-ms) pulses of odor, 
they must be exposed to a pulse for at least 200 
ms in order to measure odorant concentration 
(38). Thus, although it is now clear how the 
hydrodynamics of an antennule filters the spa- 
tiotemporal map of concentration arriving at the 
receptors, which aspects of that information the 
lobsters use are still unknown. 
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32. We created a laboratory-scale odor plume within a 
turbulent boundary layer along the bed of a recircu- 
lating free-surface flume as described (5. 39). The 
free stream velocity for this unidirectional flow was 
10 cmls; a 4-m-high constant-head tank produces 
constant and repeatable flow conditions in the test 
section. The boundary layer, which was "tripped" by 
a 3-mm-diameter rod spanning the flume floor, de- 
veloped over a 2.2-m distance before encountering 
the plume source. The flow depth in the test section 
was approximately 0.25 m, the turbulence levels in 
the free stream [defined as root mean square (rms) 
turbulent velocity divided by free stream velocity] 
were approximately 2%, and the test section (3 m 
long by 0.6 m wide) was free from secondary flows. 

33. Fluorescent dye, rhodamine 6G, was used as an analog 
of a dissolved odorant. A solution of the dye of 20 parts 
per million was pumped at 0.05 mVs from an "odor 
source" designed to mimic a diffusive-type release of a 
scalar from a flush bed-level source. This source was a 
hole (1 cm in diameter) in the flume floor filled with 
porous foam to provide a uniform flow across the 
source exit, as described (5). The dye was visualized 
using a planar laser-induced fluorescence technique, as 
described (5). The apparatus consisted of a Coherent 
lnnova 90 argon-ion laser and optics for focusing and 
scanning the laser beam across the image area. We used 
vertical laser scans, positioned parallel to the flow on 
the centerline of the flume. The focused laser beam 
(0.28 mm in width) was scanned across the image area 
(thus creating a light "sheet") with a moving-magnet 
optical scanner. The laser sheet entered the water 
through a thin glass plate on the free surface of the 
water and was reflected up from the bottom of the 
flume by a mirror. Because rhodamine 6G has a centrat 
emission (fluorescence) wavelength of 555 nm, a 540- 
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to 570-nm notch filter was used on the video camera 
(described below) to eliminate wavelengths other than 
the fluoresced light. We used the calibration technique, 
as described(S),to relate the brightness of the pixels on 
the video images to actual dye concentration. 

34. Videos of the antennules were made (framing rate, 
250 Hz; shutter speed, 0.004 s) through a 55-mm 
macro lens (field image, 3.62 cm by 3.16 cm) in a 
high-speed video system. Videos were analyzed with 
NIH Image 1.62 software. In each frame, a transect 
was run through the aesthetasc array parallel t o  the 
lateral filament of the antennule; the brightness of 
each pixel was measured and converted to dye con-
centration. A transect of the same length, shape, and 
orientation was made for a virtual antennule at a 
position 2.6 mm below the tips of the guard hairs, 
where the dye was not affected by the antennule. 
Because the structures in the dye plume were ad-
vected downstream at 7 cmls at the height of the 
antennule within the benthic boundary layer, the 
transect for a virtual flick was made 1.4 mm up-
stream and five frames earlier than the transect for 
the real antennule with which it was compared. 

35. An F test for equality of variance was done to compare 
the temporal variance of concentrations encountered 
by the midpoint of the realversus the virtual antennule 
for each flick, each retum, and each pause (P < 0.05, 
n = 11 frames). During the leaky flick downstrokes, 
there was no difference between the variance of real 
and virtual antennules in 48% of the flick, the variance 
of real was greater than that of virtual antennules in 
27% of fl ick, and the variance of virtual was greater 

than that of realantennules in 25% of flick. Incontrast, 
during the nonleaky retum strokes and pauses, when 
the aesthetasc array held the water sample that had 
penetratedthe array duringthe flick, the variance of the 
virtual antennule was greater than that of the real 
antennule in 96 and 98% of the cases, respectively, 
which were significantly more than expected under the 
hypothesis of independence (chi square test, post hoc 
cell contributions, P < 0.05). Similar patterns were 
shown by all antennules tested (n = 3). 

36. Peclet number (Pe) characterizes the importanceof fluid 
motion (advection) relative to molecular diffusion in a 
mass transport process. For hairs in an array, P6 = LUID, 
where L is hair diameter, U is peak water velocity 
midway between adjacent hairs, and D is the diffusion 
coefficient When PC is -1, advection and molecular 
diffusion are equally important; when P4 is large, advec-
tion dominates. For P. argus, PC's during a flick down-
stroke and upstroke are 1300and 100, respectively (25); 
thus, advection is much more important than diffusion 
in transporting odorants or dye in the aesthetasc array. 
During the pause, when ambient currents do not pen-
etrate the aesthetasc array of an antennule pointing 
upstream (Fig. 1). P6 is close to zero, and molecular 
diffusion is the dominant transport mechanism. The rrns 
displacement of molecules by diffusion during a pause 
of 0.4 s is 33 pm; hence, the spatial distribution of dye 
filaments within the hair array is altered little, yet there 
is ample time for molecules in the water trapped be-
tween hairs to diffuse to the aesthetasc surfaces (25). A 
model of advection and diffusion of odor filaments 
through the aesthetax arrays of flicking stomatopod 

antennules also showed little diffusive spread of odor 
filaments on such a time scale (23). 

37. An F test for equality of variance was done to  com-
pare the spatial variance of concentrations encoun-
tered along the real antennule versus that along the 
virtual antennule for each flick, each return, and each 
pause (P <0.05, n = 210 positions). Duringthe leaky 
flick downstrokes, the variance along the real anten-
nule was significantly less than that along the virtual 
for 59% of the fl ick, was greater in 31%, and was the 
same in 10%. In contrast, during the nonleaky return 
strokes and pauses (when the aesthetasc array held 
the water sample that had been blurred during the 
flick), the variance along the virtual antennule was 
greater than that along the real in 83 and 81% of the 
cases, respectively, which were significantly more 
than expected under the hypothesis of independence 
(chi square test, post hoc cell contributions, P < 
0.05), whereas virtual was less than real in 6 and 8% 
of the cases, respectively, which were significantly 
fewer than expected. Similar patterns were shown by 
all antennules tested (n = 3). 
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