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Summary

Many crustaceans detect odors from distant sources than during the return stroke and that the velocity
using chemosensory sensilla (aesthetascs) on their gradients are steeper at the aesthetasc tips than at their
antennules. The greater the flow of water through arrays bases. More fluid per unit time flows between aesthetasc
of aesthetascs, the faster the access of odorant to receptorsrows during the outward stroke than during the return
inside the aesthetascs. Stomatopods facilitate odorant stroke, ensuring that odor sampling is pulsatile. During
access by flicking their antennules, thus increasing the flicking, velocity gradients are steeper near adult
relative velocity of the water reaching their aesthetascs. We aesthetascs than near juvenile aesthetascs, and adults
used dynamically scaled physical models to investigate how process more fluid per unit time than juveniles. The
aesthetasc size and spacing and antennule flicking velocity resulting differences in odorant access can be related to
affect flow penetration into the simple aesthetasc arrays of size- and age-dependent changes in stomatopod ecology.
the stomatopod Gonodactylaceus mutatusParticle image
velocimetry of flow fields near models of juvenile and adult Key words: stomatopod, mantis shrimpnodactylaceus mutatus
antennules revealed that velocity gradients around the aesthetasc, antennule flicking, chemosensory, biomechanics, velocity
aesthetascs are steeper during the outward part of the flick gradient, particle image velocimetry, olfaction.

Introduction

Chemoreception in the marine environment antennule motion on odorant access in marine crustaceans.
Many marine crustaceans rely heavily on olfaction to findStomatopods are aggressive, shrimp-like crustaceans that form
food, mates and a suitable habitat and to avoid predatobairrows in mudflats and coral rubble in semi-tropical and
(Ache, 1982; Atema and Voigt, 1995; Zimmer-Faust, 1989)tropical regions and are excellent subjects for chemosensory
Crustaceans gather chemical information from distant odastudies for several reasons. They depend on chemosensory
sources by means of specialized chemosensory sensilla caliefbrmation for several critical aspects of their life history,
aesthetascs located on the antennules (Heimann, 1984cluding feeding, reproduction, investigating burrows and
Hallberg et al., 1993). Successful chemoreception requires thatediating aggressive interactions with conspecifics (Caldwell,
the odorant molecules that make up the chemical signal H979, 1985, 1987; Caldwell et al., 1989). The simple
transported to the aesthetasc surface. Previous studi@asangement of aesthetascs on their antennules (Mead et al.,
examining fluid flow around rows of cylinders suggested that999) facilitates physical and mathematical modeling and
the size and spacing of the cylinders affects fluid penetratiocontrasts with the complex aesthetasc morphologies seen in
(Cheer and Koehl, 1987; Hansen and Tiselius, 1992; Koehtrabs and lobsters (Derby, 1982; Derby et al., 1997; Gleeson,
1993, 1995, 1996a). We hypothesize, therefore, that thE982; Gleeson et al., 1993; Griinert and Ache, 1988; Hallberg
morphology of the aesthetascs, their arrangement on thet al., 1992). Post-metamorphic animals are available in a large
antennules and the movement of the antennules relative to thenge of sizes so that we can examine how antennule design
ambient water motion will affect the flow of fluid containing and function change with size. In this study, we concentrate on
odorant molecules around the sensilla. This, in turn, will affecthe subtidal tropical Hawaiian stomatop@Gmbnodactylaceus
the transport of odorants to the aesthetasc surface and thusratatus
the chemoreceptors within the sensilla.
Flicking, fluid flow and olfaction
Stomatopods are good model systems for studies of flow and Many crustaceans sample their chemical environment by
olfaction rapidly moving their antennules through the surrounding fluid
We use stomatopod antennules here as a model system fiorwhat is generally termed an antennular flick (Snow, 1973;
examining the effects of aesthetasc size and spacing a®&thmitt and Ache, 1979; Devine and Atema, 1982; Gleeson et
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al., 1993, 1996; Hallberg et al., 1997). Since stomatopods flic A
their antennules not just to sample odors but also (albeit qui
differently) as part of their social display (Caldwell, 1979,
1992), we use the phrase olfactory flick to indicate ar~*-
antennule flick with an olfactory function. C

When stomatopods move their antennules in an olfactor
flick, the layer of fluid in contact with the antennular surface
does not slip relative to the surface. This results in th
development of a velocity gradient (boundary layer) in the fluic
between the moving antennular surface and the stationary flu
around it (e.g. Vogel, 1994). The thickness of the boundar
layer can affect odorant capture because the rate at whi
odorant molecules can cross the boundary layer to get to tl
aesthetasc surface (and to the chemoreceptors within t
aesthetasc) depends on the slow process of molecul,
diffusion. Thick boundary layers slow down odorant accessj
while thin boundary layers permit relatively rapid access to th
aesthetasc surface.

Boundary layers, physical models and Reynolds number

We chose to analyze the boundary layer surroundin
aesthetascs inG. mutatus during olfactory flicking by
visualizing flow around dynamically scaled physical models

Fig. 1. Stomatopod antennules and aesthetascs. (A) Front view of a

Thi h facilitates the study of b d | stomatopod showing the position of the antennules and the location
IS approach tacilitates the study of boundary [ayers arour ¢ o gesthetascs on the antennule filament. The solid arrow

small objects, since it is easy to quantify small-scale flow ﬁeldindi(:ates the direction of movement (lateral, caudal) of the rapid,

aroun'd I_arge modgls moving S|0W|Yv and also enablegytward stroke of an olfactory flick, while the dashed arrow shows
combinations of variables not found in nature (see Koehthe direction (medial, rostral) of the slow return stroke of the flick.

1995) to be analysed. To ensure that the ratios of velociti¢(B) Scanning electron micrograph of part of the left aesthetasc-
around the model and the real antennule are the same bearing filament of a large adult stomatopd8orfodactylaceus
analogous positions in the flow field, the Reynolds numbermutatus 55 mm rostrum-telson length). Scale bars0

describing fluid flow around the aesthetascs and antennules

the real animals must also be used in testing the models. T

Reynolds numbeReis a dimensionless number that represent:yl_:Ig 1). Thus, the aesthetasc-bearing fll_ament of stqmatopo S
is homologous to the aesthetasc-bearing lateral filament of

the ratio of inertial to viscous forces involved in a particular : i< simil hat of th
flow situation: decapo_d crustaceans. This arrangement is similar to that of the
_ Malaysian prawmMacrobrachium rosenbergiHallberg et al.,
Re=(pLU)/u, 1) 1992).

wherep is the density of the fluid (here the density of sea water As G. mutatusgrow in rostrum—telson length from 7 to

at 25°C, 1023kgn?), L is a characteristic length (here the 55 mm, aesthetasc length increases from 150 touf50
diameter of an aesthetasd)js a velocity (here the velocity of aesthetasc diameter increases from 10 {m2@nd the number

the aesthetascs relative to the surrounding water as aif aesthetasc rows increases from three to 18 (Mead et al.,
antennule flicks) angi is the dynamic viscosity of the fluid 1999). High-speed video analysis has shown that stomatopod
(here the viscosity of sea water at 25°C, 8MF3Pas) olfactory flicks consist of a rapid outward and lateral stroke
(Vogel, 1994). In generaRe<1 indicates that viscous forces followed by a medial return stroke at approximately half the
are dominant andre>1 suggests that inertial forces arevelocity of the outward stroke. Over the same range of body
important. For a given aesthetasc diameter, a Rejgedicates  sizes, the tangential velocity of the tip of the antennule
that the boundary layer is thin and a srREbuggests that the increases three- to fourfold (Mead et al., 1999). These increases
boundary layer is thick relative ta For an object of giveh, in aesthetasc diameter and antennule velocity with animal size
the greater the value &f, and therefore dRe the thinner the cause thd&Reof the outward stroke to increase from 0.2 to 1.8
boundary layer and, hence, the more rapid diffusion o&nd theRe of the return stroke to increase from 0.1 to 0.9
molecules to its surface. (Mead et al., 1999).

Stomatopod aesthetasc morphology and Reynolds numbers Flow between sensilla at aesthetasc Reynolds numbers

Stomatopod aesthetascs are located in rows of three on theOne functional consequence of a chang®éof a setose
distal dorsal surface of a filament (termed the aesthetasgppendage can be a change in the leakiness of the setal array.
filament) that arises from the lateral antennule filamenteakiness is the ratio of the volume of fluid per unit time



Stomatopod antennule desigv97

Table 1.Dimensions of juvenile and adult physical models of stomatopod antennules

Juvenile Juvenile Adult Adult

animal model animal model
Rostrum-telson length (mm) 11 45
Aesthetasc diameter (mm) 0.01 3.2 0.02 3.2
Aesthetasc length (mm) 0.325 103 0.516 82
Filament diameter (mm) 0.1 32 0.2 32
Number of aesthetasc rows 4 4 16 4
Distance between aesthetascs within a row (mm) 0.01 3.2 0.02 3.2
Segment length (mm) 170 54 170 27
Distance between aesthetascs rows (mm) 0.16 50.8 0.15 23.8
Gap:diameter 10.3 11.3 4.8 5.3
Aesthetasc angle (degrees) 50 45 50 45
Tangential velocity for outstroke (mmi3 25 8 78 50
Tangential velocity for return stroke (mmis 12.3 4 39 25
Refor outstroke 0.27 0.27 1.68 1.68
Refor return stroke 0.13 0.13 0.84 0.84

Re Reynolds number.

flowing through the gap between adjacent cylinders to thkeed us to create new physical models that more closely
volume of fluid per unit time that would flow through a spaceresemble stomatopod antennule structure.
of the same width if no cylinders were present (Cheer and The purpose of this study was to use dynamically scaled
Koehl, 1987). Physical and mathematical models (Cheer arghysical models to measure flow velocity fields through arrays
Koehl, 1987; Hansen and Tiselius, 1992; Louden et al., 1994f stomatopod aesthetascs. Our objectives were to use these
Koehl, 1995, 1996a,b) suggest that, within Résange, a small models (i) to assess the differences in flow through aesthetasc
change irRecan result in a large change in the leakiness of aarrays during the outward stroke and return stroke of the flick,
array of sensilla and in the amount of fluid flowing per unit timg(ii) to quantify the hydrodynamic effects of the morphological
between adjacent aesthetasc rows. differences between juvenile and adult antennules, and (iii) to
We used our measurements of aesthetasc gap:diameteeasure the effects of tHee change between juvenile and
ratio with Re and leakiness values from Koehl (1995) toadult antennules.
estimate the leakiness of stomatopod aesthetasc arrays. These
estimates suggest that the flow patterns through stomatopod )
aesthetasc arrays should be markedly different during the Materials and methods
outward stroke and the return stroke of a flick, and in Physical models
juveniles compared with adults (Mead et al., 1999). The Because we wanted to study how the flow velocity profile
dependence of the changes in flow pattern on flick velocitgurrounding aesthetascs is affected by animal growth and
and animal size suggested that the outward and retuincreases in antennule flicking velocity, we made geometrically
motions of the flick might have separate functional roles andcaled physical models of sections of the aesthetasc filaments of
that juvenile and adult stomatopods might use differenantennules from a juvenile (11 mm in rostrum—telson length) and
odorant capture strategies to sample their chemican adultGonodactylaceus mutat(@isanchester, 1903) (45mm in
environment. However, the mathematical (Cheer and Koehtpstrum—telson length).
1987) and physical (Hansen and Tiselius, 1992) models usedEach model consisted of a section of filament from the left
to generate the graph of leakiness as a function aintennule bearing four rows of aesthetascs with three
gap:diameter ratio andRe in Koehl (1995) differed in aesthetascs per row. The dimensions of the original
morphology from stomatopod aesthetasc arrays in severahtennules and the models are given in Table 1. The models
ways. The two-dimensional mathematical model of Cheewere constructed by wrapping Sculpey modeling compound
and Koehl (1987) consisted of two ‘infinitely long’ cylinders, (S8) around lengths of heat- and pressure-tolerant 0.5inch
while the physical model of Hansen and Tiselius (1992) wagl.27 cm) polyvinylchloride pipe. Aesthetascs made of
a comb-like structure. Both models examined flow betweestainless-steel music wire (3.17mm diameter; Small Parts
cylinders, rather than flow between rows of cylinders, andnc. SMW-125-18) were inserted into the Sculpey at an angle
only the model of Hansen and Tiselius (1992) incorporatedf 45° (Fig. 2), and the model was baked in an oven for
the effect of a supporting filament. Furthermore, the range df5 min at 135°C. Layers of epoxy and silicone were placed
Rethat we particularly wished to examine for stomatopodsround the junction between the aesthetascs and filament to
(Re=0.1-2.0) was between thHee ranges most intensively strengthen the structure, and the model was painted black to
sampled by the two investigative groups. These discrepanciémit reflection.
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Aesthetascs

Aesthetascs
Filament —»|

Filament
Fig. 2. Diagrams of physical models of a section of
the medial antennule filament of juvenile and adult
stomatopods (see also Table 1). Both the juvenile and the
adult models consist of four rows of three aesthetascs 100 pm on juvenile stomatopod
inserted at 45° into part of the left antennular filament. <> 32mm on juvenile model
(A) Side view of the juvenile model. Aesthetasc and
filament measurements were scaled up 317-fold from tEfe
mean measurements ofGonodactylaceus mutatugith
a rostrum—telson length 11 mm. An animal of this size
generally only has four rows of aesthetascs. (B) Top view
of the juvenile model. The aesthetascs are placed on the
rostral edge of the top part of the filament. This becomes
the trailing edge during the outward motion of the flick
and the leading edge during the return motion of the flick. Filament
Within each row, adjacent aesthetascs are approximately
one aesthetasc diameter apart. (C) Side view of the adult
model. Aesthetasc and filament measurements were scaled
up 159-fold from the mean measurementssofmutatus Filament
with a rostrum—telson length of 45mm. An animal of this
size typically bears 16 rows of aesthetascs. (D) Top view
of the adult model. Adjacent aesthetascs are approximately 200 um on adult stomatopod
one aesthetasc diameter apart. <> 35 mm on adult mode

D
Aesthetascs

Experimental arrangement recordings (at 30frames8 of the motion of the model

The towing tank in which we performed our experiments isupport structure and digitizing successive frames using NIH
described by Louden et al. (1994). We carried out our physicéhage software and a Hotronics, Inc. TBC frame grabber. We
model experiments in a 1251 tank (32 cm wide, 46 cm high andreated a 3mm thick horizontal light sheet using two 3V
75 cm long) filled with a 3:1 ratio of Karo light corn syrup to Imatronic laser diodes (LDM145/670/3/40) with cylindrical
distilled water. The density of the diluted Karo syrup wadenses. This light sheet intersected the aesthetascs above the
1280kgnt3, as measured by weighing a graduated cylindefilament (Fig. 3). We recorded the motion of Aréemia salina
containing a known volume of the fluid to the nearest 0.1 mgeysts with respect to the model aesthetascs (at 30 frafpess
The viscosity was 0.13Pas, measured daily to the nearassing a WATEC video camera with a Micro-NIKKOR 55 mm
0.002 Pas with a Brookfield viscometer at 25°C. We seedett2.8 lens mounted on the support that moved the model
the diluted Karo syrup withArtemia salinacysts, which through the tank. Images were recorded using a Panasonic
reflected light and were nearly neutrally buoyant, rising at les¢CR (AG-7350).
than 1.5mmmint. Since most experiments lasted less than The tank of dilute Karo syrup was placed in a temperature-
30s, most particles remained within the light sheet (3mneontrolled room away from windows. Tank volume and
thick) for the duration of the run. The model, oriented such thaemperature were monitored each day to ensure that the density
the filament axis was parallel to the width of the tank and aind viscosity of the Karo solution remained constant. The
an angle of 45 ° so that the aesthetascs were vertical, was towsmution in the tank was mixed and the convective movement
along the long axis of the tank using a Daedal compumotallowed to die out before each run to ensure an even suspension
(LN57-83-MO) controlled by a computer (Texas Instrumentof marker particles. Although the model was towed from one
TM-5000). This enabled us to determine Beof the model end of the tank to the other, we made video recordings only
moving through the Karo syrup by controlling the towingwhen the model was in the center of the tank, minimizing the
speed. We calibrated the towing velocities by making videeffects of the end wall (Louden et al., 1994). Digitization of
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particle tracks indicated that the flow profiles reachec Video camera
equilibrium well before reaching the section of the tank in Towing arm
which video recordings were made. We tested both the adt

and the juvenile models Revalues corresponding to an adult aquarium
flick outward stroke Re=1.68), an adult flick return stroke
(Re=0.84), a juvenile flick outward strok&k¢=0.27) and a
juvenile flick return stroke (Re=0.13Revalues of 0.065, 0.6 ’
and 1.2 were also tested with both models. Since the aesthet: = "‘p
diameter was the same on both models, although it represent
a 10um sensillum in juveniles and a g sensillum in adults,
the juvenile model was towed twice as fast as the adult mod

to generate a giveRe At eachRe the model was run 10 times
in the direction simulating flick outward stroke and 10 times/
in the direction of the return stroke. We videotaped overviews\

‘ Light sheet

Laser
Karo syrup

Model of aesthetasc

spanning almost the entire width of the tank and showing a
four aesthetasc rows, and magnified views showing only 2-
aesthetasc rows.

Model of filament section

Fig. 3. Experimental arrangement. The physical model (here, the

Image capture and particle image velocimetry (P1V) adult version) is suspended in a tank of diluted Karo syrup and is
Seventy-six frames of the most wellit portion of eachtowed by a computer-driven motor (not shown) along the long axis

experimental run were captured and edited to enhance contrOf the tank. A laser illuminates a thin, horizontal sheet of light that
P L . P . intersects the aesthetascs and reflects off neutrally buoyant particles
and minimize shadowing using NIH Image. RunRawalues

suspended in the fluid. The movement of these lit particles through
=<0.27 were sampled at 10frames suns aRevalues of 0.6-1.2  the aesthetasc array is recorded by a camera that moves with the
were sampled at 30framedsand atRevalues of=1.68 the  model.
frames were split into individual fields, doubling the maximum
effective capture rate to 60 frames She enhanced images were
processed using particle image velocimetry software developed Calculation of leakiness and flow rate
by E. A. Cowen (copyright 1997). This software divided each LeakinessA was calculated by integrating the measured
frame of each run into an array of ‘interrogation boxes’ andrelocity profile between two aesthetascs and dividing that by
calculated the most probable displacements of particles ihe product of gap width and antennule freestream velocity.
successive frames using cross-correlational analysis, as descritiéte volume rate of fluid flowFH) between two adjacent
by Cowen and Monismith (1997). This procedure generates meagsthetasc rows was calculated using the following equation:
and root mean square (rms) velocities for each interrogation box. = LL.VASi 5
We used a Mathematica user interface developed by T. Cooper = LakgV/Asind, @
and E. A. Cowen to interpolate mean and rms velocities betweavhere La is the aesthetasc lengthg is the distance (gap)
the grid points of the interrogation boxes and to display the medretween adjacent rows of aesthetagds the velocity at which
velocities as vector fields (Fig. 4). All 10 trials at eldwere  the model was towed in the tank, amds the angle at which
pooled to generate one flow field. To facilitate comparisoithe aesthetascs are inserted into the antennule filament. We
between different experimental conditions, we considered thesed an average of the leakinesses between rows 2—3 and rows
velocity profiles along a line parallel to the long axis of the3—4 in this equation. We also calculated the volume rate of
filament that intersected the middle aesthetasc of each row, fsid flow through the entire aesthetasc array, extending (in the
shown in Fig. 4. These ‘slices’ display the velocity profilesadult) beyond the model, as if the juvenile bore four rows of
around the aesthetascs generated as the model moved througletsthetascs and the adult 16 (Table 1).
tank of Karo syrup. All data presented are converted to the
velocities that would be experienced near aesthetascs of the Statistical analysis of PIV data
dimensions of real stomatopod aesthetascs operating Rethe We compared mean velocities, leakinesses and volume flow
values of the experiment. rates using a minimum-significant-difference statistic that is a
composite of the standard error and the critical value of the
Velocity gradient measurement studentized rang®crit (Sokal and Rohlf, 1995). Although
Velocity gradients were measured by calculating the meabetween 100 and 300 particle displacements were calculated
of the maximum slopes of the velocity profiles to the right ofper interrogation box per experiment (a set of 10 measurements
the aesthetascs in rows 2 and 3. The profiles to the left of tla a giverRe), we were concerned that not all of these particle
aesthetascs were not considered because these regions whksplacements represented independent measurements.
slightly shadowed, resulting in larger errors. Since row 4 is oifherefore, we conservatively used only the number of times
the edge of the array and thus experienced a different floeach model was run at a givBein a given direction (10) as
field, its velocity profiles were also disregarded. N when calculating the standard error and in chooQ&g
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Results

Flow through aesthetasc arrays during olfactory flicking: the

outward strokesersusthe return stroke

Fig. 4. Vector field output from particle image velocimetry (PIV).
(A) In this diagram (and in Figs 5, 6, 12 and 13), the grey circles
indicate aesthetasc position and (by number) location on the
filament. The length of an arrow is proportional to the velocity at the
tail of that arrow. Since the light sheet is horizontal and the model is
at an angle, the light sheet intersects row 4 near the aesthetasc tip,
row 3 in the middle of the aesthetasc and row 2 near the base of the
aesthetasc. Note that the velocity is greater near the aesthetasc tip
than near the aesthetasc base. The thick horizontal line following the
long axis of the antennule filament shows the location of the velocity
profile taken to compare data sets. (B) The velocity profile shown in
A. The velocities are plotted as a function of position along the line
through the flow field indicated by ‘velocity profile’ in A. Values are
means * mean significant difference®=10. Note that the error
bars are greater to the left of the aesthetascs than to their right
because the lighting scheme employed cast intermittent shadows to
the left of the aesthetascs so that fewer tracer particles were
illuminated.

corresponding velocity profiles of an adult stomatopod are
shown in Fig. 6. The overall flow patterns of the outward and
return strokes are similar: the velocity is low near the
aesthetascs and rises to a peak midway between adjacent
aesthetasc rows. In both juveniles and adults, the maximum
mean velocity of the fluid moving through the aesthetasc array
during the outward stroke of a flick is 3—-6 times greater than
during the return stroke, although the freestream velocities of
the two parts of the flickUout and Ureturn) differ only by a
factor of 2.

In both the juvenile and the adult, the ratio of the maximum
mean velocity between aesthetasc rows to the freestream
velocity is greater on the outward stroke than on the return
stroke, and the slopes of the velocity profiles are greater on the
outward stroke than on the return stroke (Figs 5, 6).

The leakiness of adjacent aesthetasc rows in stomatopod
aesthetasc arrays is affected by aesthef@gc by the

Velocity profiles from the outward and return strokes of amorphology of the aesthetasc array and by the position along
flick of a juvenile stomatopod are shown in Fig. 5, and thehe aesthetasc (Fig. 7). Because the velocity of the outward

Fig. 5. Velocity profiles from an olfactory flick of the
antennule of a juvenile. The velocities are plotted as a
function of position along the line through the flow field
indicated by ‘light sheet’ on the diagram. Filled diamond';j?
show flow velocities through the aesthetasc array duri
the rapid outward stroke of a flick, and filled squares sho
flow velocities during the return part of the flick. Theg
freestream velocity (i.e. antennule speed) during thg
outward stroke is indicated bWou; the freestream =
velocity during the return stroke Mreturn Values are
means *1 mean significant differencesN=10. The
horizontal line on the model shows the position of the
light sheet. All velocities and spatial distances are
reported for an antennule the size of a real antennule
rather than for one the size of the model. The grey circles
indicate aesthetasc position and (by number) location on
the filament.

3

Uout 3

1
2 + Outstroke
= Return stroke

4 Light sheet

0.02
Distance along filament (cm)
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= Uqgt 12 o Outstroke
7 3 4 o Return stroke
Light sheet
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Fig. 6. Velocity profiles for an olfactory flick by an adult® 51 X R
antennule. The velocities are plotted as a function X 5
position along the line through the flow field indicated b)b - b %
‘light sheet’ on the diagram. Open diamonds show flog
velocity through the aesthetasc array during the ra@ 37 i 1
outward stroke of a flick and open squares show flow &> Q

l..llllll...lb

velocity during the return part of the flick. The 21

mainstream velocity during the outward stroke is ’I'“'.H Wat
indicated byUou the mainstream velocity during the 14 ; -l"'-.. s, oo -]'
return stroke isUrewrn Values are means % mean .- ..--"'. °
significant differencesN=10. The grey circles indicate 0
aesthetasc position and (by number) location on the 0.01 002 003
filament. Distance along filament (cm)

0.8

Juveni le morphology

J 4
0.6 "
\\S l—- Light sheet

g . 8
% 0.4 - \U§4
g Wught sheet
0.2 Adult morphology
Fig. 7. The effects of aesthetasc
Reynolds numbeReon leakiness.
Filled symbols refer to the
leakiness of the juvenile model, 0 ‘ ‘ ‘ ‘
open symbols to the adult model. 0 } } 05 + 1 15 $ 2
In b_oth cases, circles refer to the 2L % 29 cQ = %
leakiness between rows 3 and 4, § B $ 2 ,g [<] 2 B
and triangles to the leakiness S c ,5) % = w =
between rows 2 and 3. Values are g ° =
means + 1 mean significant = <
differencesN=10. Reynolds number, Re

stroke of a flick is twice as great as the velocity of the returbecause both leakinesses are low; at highewralues, the
stroke, the leakiness of the two parts of a flick differs. For ateakiness ratio is approximately 1 because both leakinesses are
animal of a given size, the leakiness of the outward stroke hgh. Adults also maximize the leakiness ratio of the outward
always greater than the leakiness of the return stroke (Fig. 8nd return strokes at their operatioRa values Reu=1.68,

At their operationaRevalues Reu=0.27,R&etur=0.13), the  Reetwni=0.84) (Fig. 9B). Therefore, both juvenile and adult
ratio of juvenile outward stroke to return stroke leakiness istomatopods operate their antennules Ra values that
2.3-3.2, depending on the distance from the filament (Fig. 9AJnaximize the difference in leakiness between the outward and
At lower Re values, the leakiness ratio is approximately lreturn strokes of a flick. The higher antennule velocity and
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0.7

BProximal outstroke  EDistal outstroke
0.6 . OProximal return stroke O Distal return stroke]
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0.3

L eakiness
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Fig. 8. The effects of body size, flick stroke and aesthetasc
position on leakiness. Black and light grey columns indicate,
respectively, the leakiness during the outward stroke and 011
return stroke on the proximal portion of the aesthetasc, and

dark grey and white columns show the leakiness during the 0

0.2

outward stroke and return stroke, respectively, on the distal Proximal Distal ' Proximal Distal
region of the aesthetasc. Values are mean$ mean 11 45
significant differenced\=10. Animal size: rostrum-telson length (mm)

leakiness during the outward stroke of the flick create volumef a flick would be 2-3 times greater than it is for the adult
flow rates between adjacent aesthetasc rows that are four tinggsometry, and velocity gradients near the aesthetascs would
greater during the outward stroke than during the return strokaore than double (Fig. 12A). Because the return stroke would
(Fig. 10A). The volume flow rate between all the rows of thebhecome nearly as leaky as the outward stroke, the ratio of
aesthetasc array (four for the juvenile, 16 for the adult) iputward stroke to return stroke leakiness would fall to near 1
nearly four times greater during the outward stroke than durin@-ig. 9), and the flow rate ratio of the outward stroke to the
the return stroke (Fig. 10B). Both adults and juveniles flick ateturn stroke would decrease (Fig. 11).

Re values that maximize the ratio of the outward stroke to If stomatopods started life with the adult antennule geometry
return stroke flow rates for their antennule morphologiegi.e. thick aesthetascs in closely spaced rows) but operated at their

(Fig. 11). customary juvenileRe then the peak water velocity between
_ . adjacent aesthetasc rows during the outward stroke of a flick
Flow through aesthetasc arrays of juveniessusadults would be approximately six times less than it is for the juvenile

Both antennule velocity and gap:diameter ratio change witgeometry, and velocity gradients would be more gentle
body size (Table 1) and affect leakiness. Adults flick theii(Fig. 12B). Outward stroke leakiness would decrease more than
antennules more quickly and at a higRerthan juveniles, so return stroke leakiness, so that the leakiness ratio of the two
the maximum velocity of the fluid moving through the strokes would fall to 1 (Fig. 9), and the flow rate ratio of the
aesthetasc array is correspondingly faster and the velocigutward stroke to the return stroke would also decrease (Fig. 11).
gradients are steeper (Figs 5, 6). The increase in leakiness due
to the rise in antennule velocity is counteracted by the decreaskffects of changes in aesthet&eduring ontogeny on flow
in leakiness caused by the fall in gap:diameter ratio (from 11.3 The Revalues describing the motion of aesthetascs through
to 5.3) such that leakiness is held constant over a large rantiee surrounding fluid during olfactory sampling increase
of animal sizes (Fig. 8). Changes in aesthetasc length armgbproximately sixfold from 0.13-0.27 (juvenile return stroke,
antennule velocity result in four times as much fluid per unibutward stroke) to 0.84-1.68 (adult return stroke, outward
time flowing between adjacent rows of sensilla in adults as istroke) as stomatopods grow from 11 to 45mm in
juveniles (Fig. 10A). Since adult antennules bear several timesstrum—telson length (Mead et al., 1999). If stomatopods did
more rows of aesthetascs than juvenile antennules, nearly 80t increase their flickindRe values as they grew, peak
times more fluid penetrates adult arrays than juvenile arrayeelocities, velocity gradients and flow rates between aesthetasc
during both the outward stroke and the return strokeows would be approximately 20 times less than normal
(Fig. 10B). (Fig. 13A), and the ratios of outward stroke to return stroke

leakiness and of outward stroke to return stroke flow rate
Effects of changes in antennule geometry during ontogeny o@ould fall (Figs 9, 11). If stomatopods operated at aBhait
flow values throughout their life histories, juvenile animals would

The antennules ofs. mutatusgrow allometrically: since be exposed to steeper velocity gradients, would have leakier
aesthetascs grow wider as the animal grows larger, the rowsaésthetascs and would process a greater volume of fluid per
sensilla are more closely spaced relative to aesthetasc diametecond. The ratios of both the outward to return stroke
on adults than they are on juveniles. If stomatopods maintaindelakiness and volume flow rate would decrease.
the juvenile antennule geometry of thin, widely spaced
aesthetascs while operating at an aReltthen the peak water Spatial distribution of flow on aesthetascs
velocity between rows of aesthetascs during the outward strokeln both juveniles and adults, the peak fluid velocity is
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Fig. 9. Reynolds numbeRe and the leakiness ratio between the

Asymmetry of the olfactory flick
outward and return strokes of a flick. (A) Juvenile. (B) Adult. _y y _y . i
Leakiness ratios are plotted against fRe of the outward stroke Although their antennule morphologies are quite different,

(Rew) of a flick. In both A and B, circles refer to the leakinessPOth juvenile and adult stomatopods flick their antennules
between rows 3 and 4, and triangles to the leakiness between rowdvth Re values that maximize the difference in leakiness
and 3. Values are meansg tnean significant differencesi=10. between the fast outward stroke and the slow return stroke of
a flick (Fig. 9). This result is consistent with the prediction
of the model of Cheer and Koehl (1987) that, when the gap
greater near the aesthetasc tips than close to the aesthetmsdiameter ratio decreases, the transition from low leakiness
bases (Figs 5, 6). Thus, leakiness between rows at a particutarhigh leakiness occurs at a highe The differences in
Reor for an animal of a given size is greater near the tips déakiness and in antennule velocity enable four times as much
the aesthetascs than near their bases (Figs 7, 8). This effélaid (and any odorants in the fluid) to penetrate the aesthetasc
is particularly pronounced in adults moving at IB®values array per second during the outward stroke as during the
(Fig. 7). As a result, flow rate is greater near the aesthetaseturn stroke (Fig. 10).
tips than near the sensillar bases. This effect of aesthetascOne consequence of this difference in flow rate is that the
position on fluid velocity, leakiness and flow rate is due tovater surrounding the aesthetascs at the end of a flick is
the formation of a boundary layer around the antennuldifferent from the water surrounding them before the flick,
filament to which the aesthetascs are attached. Near the ba&sesuring discrete sampling of odor signals (see also Mead and
of the aesthetasc, this boundary layer affects flow. Farthéoehl, 1999; J. Goldman and M. A. R. Koehl, unpublished
away from the filament, the effect of its boundary layer idata). The fact that both juvenile and adult stomatopods use
minimal. their antennules in a way that maximizes the difference in flow
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9 Juvenile and adult olfactory strategies
Juvenile morphology The differences in flow patterns around juvenile and adult

A Proximal aesthetascs may have functional consequences. The fourfold

o Dista higher flow rate through adjacent aesthetasc rows of large
Light sheet stomatopods should enable them to shed ‘old’ water from their
antennules more quickly and completely than small animals
il can (Fig. 10A), enhancing their ability to take temporally and
5 spatially discrete samples. The high flow rate and steep
velocity gradients near the adult aesthetascs enable odorants
to diffuse to adult aesthetasc surfaces more rapidly than to
juvenile ones. Exposure to rapid flow also increases the
3 molecule encounter rate of the sensillar array (Shimeta, 1993;
Koehl, 1996a). Rapid odorant access increases the ability of
the adult animals to respond quickly to the environment and
makes them potentially more sensitive than small animals to
changes in odorant concentration.
- In contrast, the relatively low volume flow rates and gentle
24 Adult morphology velocity gradients near juvenile mantis shrimp aesthetasc arrays
4 Li A Proximal may mean that the number of odorant molecules captured per

ight sheet . g . . .

o Digtal unit time is low. The longer time required for odorant molecules
to diffuse to the aesthetasc surface is likely to limit the ability
S il of the juvenile to detect rapid changes in odorant concentration.
However, the slower the flow through the sensillar array, the
greater the probability that an odorant molecule in the fluid will
have time to diffuse to the surface of the array. Since odor
filaments move through the juvenile array more slowly (because
juveniles flick more slowly) than through the adult array,

- juvenile sensilla may capture a larger proportion of the odor
r molecules in a sample even though the capture rate is low (e.g.

1

Flow rate ratio between out and return strokes
\l
vy)

Rubenstein and Koehl, 1977; Koehl, 1996a).

1 . . . If capture rates of odorant molecules are low for juvenile
0 f 05 1 15 f > stomatopods, we might expect the animal to allow more time
5 to pass after a flick before flicking again, to maximize the
&9 information gathered per ‘sniff. This may be reflected in the
114 fact that the maximum flicking frequency during a burst of
Fig. 11. Reynolds numbeRe and the ratio of volume flow rates fllc.klng 'r,lcreases with animal size, from 2fIICKéSfOI’ an
between the outward and return strokes of a flick. (A) Juvenile@nimal with rostrum—telson length 11 mm to 7flickstor a
(B) Adult. Flow rate ratios are plotted against Beof the outward 55 mm animal (Mead et al., 1999).
stroke Revuy) of a flick. In both A and B, circles refer to the leakiness This change in odor sampling strategy from a juvenile
between rows 3 and 4, and triangles to the leakiness between rowsigproach favoring less frequent, slow flicks that capture a high
and 3. Values are means tean significant differenceisi=10. proportion of molecules slowly to an adult approach enabling
frequent, rapid odorant access to aesthetascs correlates with
changes in the ecology and behavior of the animal. While
rate between the two strokes of a flick suggests that pulsatitellecting in the field, we noticed that, although juvenile and
sampling is functionally important. adult G. mutatus live in the same flow environment
A second consequence of the asymmetries of the flick is théascillatory flow with a peak velocity of 15cmisat 2cm
the velocity gradients close to the aesthetascs are steeperabove the substratum; M. A. R. Koehl and T. Cooper,
the outward stroke than on the return stroke. When flow ratasipublished data), they occupy different microhabitats.
through a sensillar array are high and velocity gradients at®venile G. mutatuslive in crevices on the coral rubble
steep, newly sampled fluid penetrates near to the aesthetassface, are not territorial, eat slow-moving prey, do not mate
surface. Odor molecules only have to diffuse a short distancand may not, therefore, need to sample odorants quickly or
and the number of molecules captured per unit time by thigequently (Caldwell et al., 1989; Mead et al., 1999). Adult
sensilla is relatively high (e.g. Shimeta and Jumars, 199Mutatusoccupy burrows in coral rubble. As stomatopods
Koehl, 1996a). Less time is therefore needed for odorants grow, competition for burrows and mates becomes more
diffuse to the aesthetasc during the fast outward stroke thamportant, and the speed of their preferred prey increases.
during the slow return stroke. Since many of these interactions rely on the rapid gathering

Re of outstroke

Adult
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flow patterns. (A) Adult outward stroke Reynolds
number Reyywt Shaded diamonds show the flow x
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aesthetascs maintained juvenile morphology 20 B
throughout their life history). Open diamonds show

A

the flow velocity through the aesthetasc array 181 123
during the outward stroke of a flick by an adult 161 4
stomatopod operating at an aduRe (normal

situation). (B) Juvenile outward strok®e Black 14
diamonds show the flow velocity through the~
aesthetasc array during the outward stroke of a fIicg/ 12
by a juvenile stomatopod operating at the juvenil

Re (normal situation). Grey diamonds show the> 10+
flow velocity through the aesthetasc array durin

the outward stroke of a flick by an adult stomatopog
operating at a juvenileRe (the flow pattern if
aesthetascs start off with the adult morphology and
maintain it throughout the life history). Small grey
circles refer to the juvenile aesthetasc position,
large circles refer to that of the adult. Values are
means £ mean significant differencebi=10. Error
bars in B are within the symbolsjuvenile andUaduit N
refer to the mainstream velocities during the 0.01
outward stroke of the juvenile and adult models
respectively. Distance along filament (cm)

0.015 0.02 0.025 0.03 0.03!

of olfactory informationvia the aesthetascs (Caldwell et al., faster odorant access for adults but possibly higher odorant
1989), adults may need to facilitate odorant access by flickingapture percentages for juveniles.
their antennules faster and more frequently than juveniles Our models suggest that animals flicking wile values
(Mead et al., 1999). different from their operationdRe pairs would experience a
smaller difference in leakiness and volume flow rate through
Consequences of ontogenetic changes in antennule  the aesthetasc array between the outward stroke and return
morphology stroke and would therefore be less efficient at replacing
The changes in antennule morphology that occur as th@eviously sampled fluid with new fluid. Pulsatile sampling
animals grow (an increase in aesthetasc length and diametpermits small volumes of water discrete in space and time to
and a decrease in aesthetasc gap:diameter ratio) help to kéepsampled. Such information would be unavailable to animals
leakiness constant and sampling pulsatile throughout the lifdnat cannot efficiently clear their aesthetasc array of previously
history of the animal. Thus, the transition in leakiness betweesampled water.
the outward stroke and the return stroke occurs aRepairs Mismatched antennules and flickife values may also
(i.e. Reyui=0.27,Reetur=0.13) for the juvenile morphology and result in different odor sensitivities. If a stomatopod
at high Re pairs for the adult morphologyR&u=1.68, maintained juvenile morphology while flicking at an adult
Reetwr=0.84). The morphological changes also affect theRe the steeper velocity gradients would speed up odorant
volume flow rate and the steepness of the velocity gradient neaccess to the aesthetasc. But the enhanced leakiness and
the aesthetasc, which both increase with body size, resulting wolume flow rate would cause the odor filament to move
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to the mainstream velocities during the outward stroke @ I._@
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are means £mean significant differenceli=10. Grey 0.01 0.02 0.03
circles indicate the position of the aesthetasc. Distance along filament (cm)

through the array more quickly than normal. This mightvalues might lose sensitivity to transient odor signals, raising
decrease the percentage of odor molecules that would hatree possibility that antennules, like odor receptors (Gomez et
time to diffuse across the boundary layer to the aesthetaat, 1999), may be tuned to the properties of odor filaments
surface before the odor filament was swept away. I€haracteristic of their environment.
chemoreceptors, by analogy with photoreceptors (Barlow, The focus of this paper is on the arrival of molecules at the
1958; Hood and Grover, 1974), require that a thresholdurface of the aesthetasc. Many other processes must ensue
number of odor molecules bind to trigger a response, th@iffusion through the cuticle, the lumen and on the surface of
ability of the animal to detect transient, low-concentrationthe outer dendritic segments) before binding to an olfactory
odors might decrease. receptor occurs and the cascade of events leading to olfactory
Animals that flicked at a juvenilRewhile bearing the adult neural output begins. These processes are also likely to scale
antennule morphology would experience almost no fluichs a function of size. For example, since the average time
penetration of the aesthetasc array. The very low leakiness aratjuired for a molecule to diffuse across a particular distance
shallow velocity gradients would slow odorant delivery to theis proportional to the square of that distance, diffusion times
aesthetasc surface and, therefore, hamper the ability of théthin the aesthetasc will probably be longer for adults than
stomatopod to sample its chemical environment. for juveniles. However, it is likely that adult aesthetascs
These manufactured cases of stomatopod antennule desiggntain more sensory cells than juvenile sensilla, as is the case
and operation emphasize the potential trade-off between rapid the prawnMacrobrachium rosenbergi{Hallberg et al.,
odorant access and high percentages of molecular captul€97) and the crayfis@herax destructo(Sandeman et al.,
They indicate how antennules operating at inappropRate 1998). Similarly, insight into where stomatopod olfactory
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receptors fall within the spectrum of concentration or flux vision at different background intensitiek. Physiol., Lond141,
detectors (Kaissling, 1998a,b; Gomez et al., 1999; Rospars et337-350.

al., 2000) will help us interpret the changes in molecular arrivabest, B.(1995). Scaling and flow dynamics of crustacean antennules:
at the sensillar surface as a function of flick stroke and animal What's flicking all aboutAm. Zool.35, 53A. . .
size. Taken together, information about the scaling of exteridraldwell, R. L. (1979). Cavity occupation and defensive behaviour
and interior events will give us an understanding of how a in the stomatopodsonodactylus festaeevidence for chemically

, . . . mediated individual recognitiodnim. Behav27, 194—-201.
stomatopod’s perception of its olfactory environment Scaleéaldwell R. L. (1985). A test of individual recognition in the
with size. S '

stomatopodsonodactylus festaénim. Behav33, 101-106.

Spatial distribution of flow on aesthetascs Caldwell, R. L. (1987). Assessment strategies in stomatopBdH.
Mar. Sci.41, 135-150.

The fac_t that the leakiness is great_er and the volum_e fIl‘"@aldwell, R. L. (1992). Recognition, signalling and reduced
flow rate is faster near aesthetascs tips than near their baseggyyression between former mates in a stomatooin. Behav.
suggests that odorant access to the aesthetasc surface will bgq 11-19.
more rapid distally than proximally. The relatively large flow Caldwell, R. L., Roderick, G. K. and Shuster, S. M(1989). Studies
rate ratio near the aesthetasc tips indicates that old odor isof predation byGonodactylus bredinin Biology of Stomatopods.
flushed out and new odor sampled most efficiently at the Collana UZI, Selected Symposia and Monograjéd. E. A.
aesthetasc tips. This outer portion of the aesthetasc is the regiofrerrero), pp. 117-131. Modena: Mucchi Editore.
that contains the outer dendritic segments (K. S. Mead arfel€er, A. Y. L. and Koehl, M. A. R.(1987). Paddles and rakes: fluid
T. M. Weatherby, unpublished observations), which is where flow through bristled appendages of small organisinsTheor.
the chemoreceptors are thought to reside. Although juvenil8 Biol. 129, 17-39.

owen, E. A. and Monismith, S. G(1997). A hybrid digital particle
aesthetascs are shorter than adult aesthetascs, they Al cking velocimetry techniquéxp. Fluids22, 199211,

disproportionately Ionge_r relative to_ the filament d_iameterDerby' C. D.(1982). Structure and function of cuticular sensilla of
(Mead et al., 1999). This morphological feature projects the the |ohsteHomarus americanus). Crust. Biol 2, 1-21.

outer-dendritic-segment-containing region of the aesthetasserby, C. D., Cate, H. S. and Gentilcore, L. R.(1997).
into faster flow, facilitating odorant access. Perireception in olfaction: molecular mass sieving by aesthetasc
sensillar cuticle determines odorant access to receptor sites in the

Stomatopod antennule design Caribbean spiny lobstePanulirus argus. J. Exp. Biol200
Our experiments demonstrate the importance of antennule2073-2081.
design. They show that, when operated at the coRedioth  Devine, D. V. and Atema, J.(1982). Function of chemoreceptor
juvenile and adult antennules allow different volumes of fluid organs in spatial orientation of the lobstdomarus americanus
to flow through the sensillar array during the two strokes of the differences and overlagiol. Bull. 163 144-153.
flick, ensuring pulsatile, and thus efficient, olfactory samplingGleeson, R. A(1982). Morphological and behavioral identification
In contrast, antennules with mismatctRevalues (models) do ~ ©f the sensory structures mediating pheromone - reception
not sample discretely and may not be as sensitive to transientrleecze'olt?ln in the blue cralfaliinectes sapidusBiol. Bull. 163
odors as antennules on regl arllmals. The effICIefncy of t. leeson, R. A., Carr, W. E. S. and Trapido-Rosenthal, H. G.
stomatopoq antennule design is also apparept in the h'Q (1993). Morphological characteristics facilitating stimulus access
concentration of olfactory neuron outer dendritic segments in 44 removal in the olfactory organ of the spiny lobstanulirus
the part of the aesthetasc that experiences the steepest veloCityrgus insight from the desigrChem. Senseks, 67—75.
gradient, the highest volume flow rate and the greatest outwagGleeson, R. A., McDowell, L. M. and Aldrich, H. C.(1996).
to return stroke flow rate ratio. Structure of the aesthetasc (olfactory) sensilla of the blue crab,
Callinectes sapidudransformations as a function of saliniGell
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