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Summary

Many marine animals track odor plumes to their chemosensory organs (antennules) while it tracked the
source. Although studies of plume-tracking behavior have plume. We simultaneously measured behavior and the
been performed in unidirectional flow, benthic animals high-resolution odor signal at the spatial and temporal
such as crustaceans live in coastal habitats characterized scale of the animal. We found that the navigating animal
by waves. We compared signal encounters by odor-plume- encountered odor filaments more often in wave-affected
tracking stomatopods (mantis shrimp) in wave-affected flow than in unidirectional flow. Odor filaments along the
and unidirectional flow in a flume. Stomatopods are small animals’ antennules were significantly wider and of higher
enough that we can study their natural behavior in a concentration in waves than in unidirectional flow.
flume. They sample odors by flicking their antennules. A
thin sheet of laser light illuminating an odor plume labeled
with dye [planar laser induced fluorescence (PLIF) Key words: mantis shrimpHemisquilla ensiguera californica
technique] permitted us to measure the instantaneous stomatopod, chemosensory, plume-tracking, PLIF, wave-affected
odor concentration encountered by the animal's flow.

Introduction

Many marine crustaceans use water-borne chemical cueslaser induced fluorescence (PLIF) techniques have shown that
ecologically critical activities such as finding food, mates anador plumes in water are filamentous (Crimaldi and Koseff,
suitable habitat, detecting predators and communicating with001; Webster and Weissburg, 2001; Crimaldi et al., 2002).
conspecifics (Caldwell, 1979, 1982; Ache, 1982; Atema an#oehl et al. (2001) have shown how odor filaments are
Voigt, 1995; Zimmer-Faust, 1989; Weissburg and Zimmerencountered by a real antennule swept through a realistic
Faust, 1993, 1994; Weissburg, 2000). The act of following aplume by computer-driven motor attached to a stationary
odor plume to its source is called ‘plume tracking’. In turbulentobster carapace. Our study examines odor encounter by
environments, odor plumes consist of fine filaments containingntennules of a live, odor-plume-tracking stomatopod.
high concentrations of odor molecules interspersed with the In addition, earlier plume-tracking investigations focused on
surrounding fluid (Murlis and Jones, 1981; Moore and Atemaynidirectional flow. While some species inhabit environments
1991; Moore et al.,, 1994; Weissburg, 2000; Crimaldi andxposed to unidirectional flow (e.g. crabs and crayfish), many
Koseff, 2001; Webster et al., 2001; Crimaldi et al., 2002)others live in coastal habitats and thus experience wave-affected
Crustaceans sample the fine structure of the odor filaments Bgw. Understanding plume-tracking algorithms requires accurate
moving their antennules through the filaments (Koehl et alinformation about the odor signal encountered by the animal’s
2001). We are interested in discovering how mantis shrimpensors as it tracks a plume in an environmentally relevant flow
(and by extension, other crustaceans) use the informatidield. Our goal in this paper is to answer, for the first time, the
contained in odor filaments to find the source of the odorantfollowing question: what is the instantaneous, fine-scale chemical

Initial studies of plume tracking relied on descriptions ofsignal encountered by the mantis shrimp as it tracks an odor
plumes as slowly diffusing clouds of chemicals rather than aglume in wave-affected and in unidirectional flow? This
filamentous, intermittent and dynamic structures. By recordinghformation, correlated with behavior, is the critical first step in
at a point, later investigators showed that odor plumes ameducing the algorithms used by odor-plume-tracking animals.
intermittent (Zimmer-Faust et al., 1988a,b, 1995; Moore and
Atema, 1988, 1991; Atema et al., 1991; Moore et al., 1994; Mantis shrimp as model systems
Consi et al., 1995; Dittmer et al., 1995). More recently, planar We use mantis shrimp (also called stomatopods) as a model
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system for examining the ability of crustaceans to track odor Plume structure
plumes. Stomatopods are excellent subjects for chemosensoryseveral parameters affect the structure of an odor plume and,
studies because they depend on chemosensory information fats, how the plume is encountered by navigating animals.
several critical aspects of their life history, including feeding\when the source is low momentum and flush with the bottom,
reproduction, investigating burrows and mediating aggressive plume is shaped and transported exclusively by the ambient
interactions with conspecifics (Caldwell, 1979, 1985, 1987flow (Fischer et al., 1979). Characteristics of the plume’s odor
Caldwell et al., 1989). In addition, they occur in many coastafijlaments in time and space therefore depend on such flow
habitats, with and without waves. The external and internaonditions as the mean velocity, the turbulence level and the
morphology of their chemosensors (located on theigradient of flow speed above the substratum (the current
antennules) has been measured (Mead et al., 1999; Mead aiflindary layer).
Weatherby, 2002). We ustemisquilla ensiguera californica  The presence of surface waves changes the free stream
because they are active at a cool room temperature, engage/élocity so that it varies in time. The superposition of waves
tracking behavior in the flume and are relatively easy to CO”Eijer the current also affects the bottom shear stress and'
and maintain in the laboratory. Their small size (12-20cnherefore, the shear velocity,}, which is a surrogate for the
rostrum—telson length) relative to the flume (7.2m) means thahear stress at the bottom boundary and an indicator of
H. ensigueracan carry out normal searching and plume-tyrbulence levels in the water column. For a wave-affected
tracking behavior in the flume without being cramped. flow, the time-averaged shear stress increases over a rough
) boundary (Grant and Madsen, 1979), but the effect of the
Stomatopod chemosensory sampling waves on flows over a smooth bottom is more complex (Kemp
Stomatopods (Mead et al., 1999), like many crustaceangd Simons, 1982). Specifically, Kemp and Simons (1982) did
(Snow, 1973; Schmitt and Ache, 1979; Reeder and Achgot observe an increase in time-averaged shear stress over a
1980; Devine and Atema, 1982; Gleeson et al., 1993, 199€mooth bottom, but rather periodic increasesuin which
Steullet and Derby, 1997; Hallberg et al., 1997), sample theéxceeded the time-averaged mean by a factor of two at times.
chemical environment by flicking their second preoralFurthermore, they found that maximum turbulence levels in the
appendages (antennules) through the surrounding fluid. IRater column occurred after the peaks in shear velocity. The
stomatopods (and some lobsters), the asymmetry of the fligipact of this periodic behavior on the dispersal of odor
ensures that already-sampled fluid is cleared out, so that n@){umes has not yet been fully established. We chose to study
odor-containing fluid can come into contact with the animal’sa flow with a smooth bottom initially for two reasons: first, we
chemosensors (Mead and Koehl, 2000; Goldman and Koetelieved it was important to start with the physically simpler
2001; Koehl et al., 2001). The stomatopod chemosensogase; second, we needed to provide the digital camera with
sensilla (termed aesthetascs) are long, slender cuticulgptical access from below the tank. Crimaldi and Moore are
structures located in rows of three on the distal dorsal surfaggirrently studying a similar problem with rough boundaries (J.
of a filament that arises from the lateral antennule fllamerp Crimaldi and P. A. Moore; persona] Communication).
(Mead et al., 1999; Mead and Koehl, 2000). Thus, the To date, all plume-tracking behavioral experiments have
aesthetasc-bearing filament of stomatopods is homologous feen performed in unidirectional flow or in stationary flow
the aesthetasc-bearing lateral filament of decapod crustacea@gh jets (Devine and Atema, 1982; Atema, 1985, 1988; Moore
The aesthetascs are heavily innervated with bipolar sensognd Atema, 1991; Moore et al., 1991, 2000; Weissburg and
neurons [14-20 per aesthetascdonodactylaceus mutatus zimmer-Faust, 1993, 1994; Consi et al., 1995; Finelli et al.,
another stomatopod species (Mead and Weatherby, 2002000). While crustaceans living in estuaries or streams do
Depending on the size of the animal, the region of th@xperience unidirectional flow, the water motion at many
antennule covered with aesthetascs ranges from approximatelyastal sites is affected by waves. Therefore, the flow
3mm to 10mm long (K. S. Mead, unpublished data). encountered by most coastal benthic organisms is wave-
Flicking also facilitates odor molecule arrival at the sensorgffected, with flow speed and direction changing on the time
(Stacey et al., 2002). When a mantis shrimp flicks itsscale of seconds (e.g. Koehl, 1977, 1982, 1984, 1996). Odor
antennules, the boundary layer surrounding the aesthetasfigmes in these environments may behave differently to odor
thins, so that odor molecules need only diffuse a short distanggumes in unidirectional flow. The present study examines how
before encountering the aesthetasc surface (Mead and Koeslpmatopod chemosensors encounter odor filaments as the
2000; for other taxa, see also Louden et al., 1994; Koehl, 1998himals track plumes in both wave-affected and unidirectional
Koehl et al., 2001). In addition, more odor-containing fluidf|oy.
moves through the array of aesthetascs during the flick
outstroke than at other times. As molecule capture is greatest Imaging odor plumes
and fastest during the flick outstroke (Stacey et al., 2002), we Previous work on odor plumes dispersing in benthic
confined our analysis to the signal encountered by theoundary layers has involved making single point
aesthetasc-bearing portion of the antennule during flicks onlyneasurements of fluctuating concentrations downstream from
When tracking odors, mantis shrimp increase their flicking ratéhe source (Zimmer-Faust et al., 1988a,b, 1995; Moore and
to 2-4 Hz as long as they are within the plume. Atema, 1988, 1991; Atema et al., 1991; Moore et al., 1994;



Odor tracking by mantis shrimps183

Consi et al., 1995; Dittmer et al., 1995; Consi et al., 1995)ate to 60frames$ The burrows were located in gently to
Point measurements cannot record the instantaneous spati@derately sloping sandy mud substrata at 10-20 m depth in
structure of the plume or the temporal evolution of specifi®Villow Cove, off the island of Santa Catalina, CA, USA. The
features. Both of these factors are likely to be important inideotapes were digitized using NIH image software. Water
chemotaxis. By contrast, a new method for visualizing flowyelocities were measured for 1-10 min per burrow.
PLIF, uses a light sheet and dye that emits light when it is
stimulated by a laser to generate a large two-dimensional slice Stomatopod collection and handling
of the flow. PLIF allows for the collection of concentration H. ensiguera californicavere collected from Willow Cove
information seen by the entire array of sensors along they SCUBA divers. Animals were maintained in large
animal’s antennules. This makes it possible to follow thecontainers of artificial seawater (‘Instant ocean’) at 17°C, were
evolution of specific plume structures over time and to monitofed mussels and crabs twice per week, and were subjected to
the plume dynamics near the animal. For example, PLIR 16 h:8h light:dark cycle. Prior to experiments at the Stanford
images reveal if times of zero concentration at the sensdétecirculating Wave-Current Flume (RWCF), the animals were
reflect parcels of clean fluid within the odor plume or aacclimated to 20°C.
meandering of the plume to the side of the sampling volume.
In this study, we take advantage of the high spatial and Pilot experiments to determine odor source, concentration,
temporal resolution available with PLIF to determine the dye mixture and effect of laser
instantaneous chemical signal encountered by mantis shrimpAttractive odor substances and concentrations were
as they track the odor plume to its source. determined through extensivémaze experiments. The-
maze consisted of a deépshaped channel (60cm long
Odor signal characterization 13cm deepx 10cm wide) leading to a fork where two
As there is almost no published chemosensonadditional channels (same dimensions) branched off at 30°.
neurophysiology on mantis shrimp, we do not know whichSeawater was gravity fed into the tips of the two branches
signal characteristics are important to stomatopods. Bwhere it flowed through collimators made of banks of straws,
analogy to lobsters, it seems likely that stomatopods detentsulting in a 1cnrg laminar flow through the arms of the
peak odor concentration and odor pulse duration (Gomez amdaze. The animal was placed in the base of the maze, just
Atema, 1996a,b; Gomez et al., 1999). We use filament widthpstream of the flow outlet. During experiments, an odor
as a spatial analogy of pulse duration. In addition, models arahd/or dye mixture was added to the incoming water in one of
experiments suggest that sensory cells can distinguighe two arms (chosen randomly) without altering the flow rate.
between different rates of increasing odor concentratioAll experiments were done in the dark, with no visual, acoustic
(onset slope; Moore, 1994; Kaissling, 1998a,b; Zettler andr hydrodynamic stimulation. The experimenter was hidden
Atema, 1999; Rospars et al., 2000). We therefore characteribehind a screen. Trials were videotaped using a digital low-
the odor filaments encountered by stomatopod antennuléight-sensitive camera (Sony DCR-TRV9). At the start of the
during flicking in terms of their maximum and meanexperiment, a partition blocking the animal’s access to the
concentration, their width and their spatial sharpness, maze was removed and the mantis shrimp was allowed to
parameter that we introduce as a spatial surrogate for onswvigate upstream. A successful find required that the animal
slope. navigated up the correct branch to the collimators. 75 trials
We will characterizéd. ensiguera californicador sampling  were performed on 1H. ensiguera californicaanging in size
in wave-affected and unidirectional flow focusing on thefrom 93mm to 123 mm rostrum—telson length using mussel
following elements: maximum and average odor concentratioand squid extracts as attractive odors. The extracts were
along the antennule, filament width along the antennule amatepared by homogenizing fresh mussels or squid in seawater
filament sharpness. and filtering out solid material. Protein concentrations were
determined by the Bio-Rad Standard Protein Assay (Bio-Rad
. 500-0112). TheY-maze trials tested the ‘attractiveness’ of
Materials and methods squid and mussel protein concentrations fror046mg mt?
Field flow measurements to 103mgmf?, with and without rhodamine or fluorescein
Hemisquilla ensiguera californicEOwen 1832) lurk at the dyes (161%-10“4mol I-1).
mouths of their burrows sampling passing odors with their In other preliminary tests, the stomatopods were exposed to
antennules 0.01-0.03m above the substratum. To estimdtee laser light sheet used in the flume.
water velocities near the animal’s antennules, water velocities
near 11H. ensiguera californicburrows were measured by The experimental facility
videotaping (Sony CCD-TR-700, Quest Pro-shot housing; The plume-tracking experiments were conducted in the
30framess!) particles suspended in the water moving pasRWCF located in the Environmental Fluid Mechanics
measuring tapes on the substratum in line with théaboratory at Stanford University (Fig. 1). The flume is 1.22m
onshore—offshore axis and perpendicular to that axis. Eashide and 12.50m long, with a test section length of 7.32m.
frame was split into two fields, effectively raising the framingThe depth of water was 0.41m for the unidirectional flow
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Fig. 1. Flume set-up. The experimel Top camer
set-up consisted of the Recirculat sid
Wave-Current Flume (RWCF) set € camera

produce either 5cnt} unidirectiona Flow Weter surface Odor plume
flow or 0.5Hz waves with a veloci / 732 m

range of -5cmd to 9cms? at @ /

height of 2cm, the height of t
stomatopod antennules. A laser li [“—— 7\
sheet fluoresced the rhodamine-sp LAV ~ e~

odor plume, so that the structure of w “’“'\‘ /
odor plume could be recorded by 1.22m
two planar laser induced fluoresce Odor source Laserlight Stomaopad

(PLIF) cameras filming through t shed

t_)ott_om of the flume and Ehe top carr Bottom camera(PLIF)
filming through the water’s surface.

condition and 0.383+0.012m for the wavy condition. Ais 1250 for the dye and 1000 for the amino acids in the mussel
variable-frequency drive (VFD; Mitsubishi FR-E520-7.5K- extract. The similar Schmidt numbers ensure that when we
NA) controlling a pump [Johnston Pumps 10 PO 1 stagémage the dye filaments, we are imaging the actual odor
propeller driven by US Electrical Motor H11902, 10 Hp filaments as well.

(7.4kw)] allowed us to set the mean velocity. Vortical

structures produced by the pump were broken up in the Planar laser induced fluorescence (PLIF)

expansion section and upstream using a series of grids andTo generate images of the thin slice of the odor plume at
PVC pipes. The wave maker, located at the upstream wall d¢iie height of the mantis shrimp’s antennules, we illuminated
the flume, consisted of a flexible 9.5mm thick polycarbonat¢he dyed plume with a thin sheet of laser light and recorded
plate fixed 53.9cm below the mean water level for themages of the fluoresced light (PLIF). The luminescence
unidirectional or wave-affected flows, respectively. Aintensity recorded by the camera is directly proportional to the
servomotor and linear actuator attached at the top of the platencentration of the dye, and thus to the odorant
moved the paddle back and forth according to a 0—10V analagpncentration. The apparatus used to collect the PLIF data,
input signal, generating surface waves. Additional informatiorillustrated in Fig. 1, was based on the experimental set-up of

about the flume is reported in Pidgeon (1999). Crimaldi and Koseff (2001). The light sheet (2.5mm thick)
- was created by sweeping the beam of a laser (Coherent Innova
Flow conditions 90 Argon lon; Coherent, Inc., Santa Clara, CA, USA; 0.84 W,

The VFD and wave maker were able to produces14.5nm wavelength) in a plane parallel to and 2cm above
hydrodynamic conditions near the tank floor similar to thoséhe flume floor using a moving magnet optical scanning mirror
found in theH. ensiguera californicénabitat off the coast of (Cambridge Technology model 6800 HP; New Methods
Southern CaliforniaSpecifically, we used 0.5Hz waves with Laser, Largo, FL, USA) controlled by a LabView-generated
a velocity range of —0.05m% (upstream) to +0.09m%  analog signal. The sweeping of the beam acted as a shutter
(downstream) at a distance of 0.02m (an average antennudgstem for the CCD cameras (Silicon Mountain Design model
height) above the flume bottom. We also ran experimentSMD-1M15 and 1M30; Uniforce Sales and Engineering,
without waves, using a unidirectional flow speed of 0.05Ims Milpitas, CA, USA; 1024 pixebs1024 pixels) positioned
This water velocity is experienced by some stomatopod specieglow the tank. When the dye/odor mixture in the water was
living in sheltered habitats, and is also similar to that used ifluminated by the laser, the CCD chip recorded the
some previous studies of plume tracking in other crustaceafisiorescence as a 12-bit gray scale intensity. A narrow-

(e.g. Weissburg and Zimmer-Faust, 1993). bandpass optical filter (center wavelength of 557nm,
bandwidth of 45nm) restricted the luminescence available to
The source the chip to the emission wavelengths of the rhodamine

The plume was created by ‘oozing’ a neutrally buoyan{555nm, 40 nm bandwidth).
mixture of fresh mussel extract (0.3-0.75mgmptotein)
marked with 10p.p.m. rhodamine 6G dye through a sponge  Flume experimental protocol and data collection
(0.025 m thick, 0.01 m diameter) flush with the floor of the tank. Each animal tested in the flume (six animals, 144 trials, 90
This low-momentum source was designed to mimic a diffusingf which resulted in plume-searching and/or plume-tracking
odor source on the ocean floor, such as a dead, partially buribdhavior) was unfed during the 48 h prior to an experiment and
fish or an open stomatopod burrow (Crimaldi and Koseffwas placed in the flume the night before the experiment. Each
2001). The dimensionless Schmidt number, which is the ratianimal was exposed to the tested flow regime (unidirectional
of the kinematic viscosity of water &s?) to the coefficient of flow or wave-affected flow) in the dark for one hour before the
molecular diffusion of the dissolved element in watet<m), experiment. Each animal was only used once per day of
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Fig. 2. Stomatopod in flume.
(A) An image of Hemisquilla
ensiguera californicanavigating an
odor plume recorded by the
overhead camera. (BJ. ensiguera
californica plume tracking within
the field of view of the downstream
Odor plume planar laser induced fluorescence
(PLIF) camera recording from
below. Both images are from
successful searches in wave-
affected flow.

was used to record antennule
position from the side of the
tank. If the animal passed over
one of the PLIF cameras
(centered at 0.47m and 0.76 m
downstream of the source), we
collected 10s of images at
15Hz. This time period, limited

by computer RAM, was

generally adequate to record
the animal passing through the
entire field of view

(0.18x0.18 m). As stomatopods
carry the aesthetasc-bearing
portion of their antennules
(5-10mm long, depending on
the size of the animals tested)
1-3cm above the substratum,
and as stomatopods flick
mostly in a horizontal plane
while plume tracking, almost
all of the observed flicks were

~ Antennule in the plane of the light sheet.
aesthetasc array Out of the nearly 200 flicks

\ recorded by the PLIF camera,

\ only two or three were out of

\ the light sheet (and were thus

out of focus). We continued
recording with the overhead
Stomatopod camera until the animal
encountered the source or
aborted the search.

Fig. 2A and Fig. 2B show
examples of images taken with
the overhead camera and a PLIF
experimentation to minimize learning and other effects otamera, respectively. The PLIF camera chips pixel arrays
previous exposure. provide spatial resolution of 18®n in the plane of the sheet.

Once the source was turned on, the animal was releas@&tiis is smaller than the smallest length scale for turbulent
away from the plume approximately 2.4 m downstream. Wetructures (630Qm; the Kolmogorov microscale) at the height
recorded searching behavior with a stationary overhead videx§ the animals’ antennules but is larger than the theoretical
camera (Sony DCR-TRV9; 0.80#0.80m field of view). smallest scales for the plume filaments (the Batchelor scale,
When possible, a second video camera (Sony CCD-TR1020um).
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Image correction and calibration Calculations

Background images taken without the presence of the We determined the number of flicks per track and the time
plume and animal were used to correct for the backgrountthat the antennules were in the field of view of the PLIF
fluorescence and dark response of the camera, variationsdameras by counting frames from the below-flume camera. The
light sheet intensity from attenuation by background dye anthstantaneous velocity was calculated as the change in position
other cross-stream non-uniformities, as well as differentiabf an animal between successive frames divided by the framing
pixel responses to luminescence by the CCD chip (Crimaldite (30 frames$). We averaged the instantaneous velocity of
and Koseff, 2001). We minimized photobleaching by chosingn animal over all frames of the plume-tracking event to
rhodamine 6G as the fluorescing dye, because it exhibits ggnerate an average speed. We calculated the net-to-gross path
much as 62-fold less photobleaching than fluoresceitength ratio (a measure of the straightness of the animal's
(Crimaldi, 1997), and by using a low source concentration abcomotory path) by dividing the distance traveled in the
dye. Approximately 0.001% of the pixels in the camera chiglirection of the source from the starting position by the total
do not function properly. These pixels were assigned distance traveled. Average speed and net-to-gross path length
concentration value interpolated from their adjacent pixelstatio were calculated from the longer movies taken with the
To reduce shadowing and scattering of laser light by movingverhead camera using only the segments that corresponded to
particles, we kept the water well-filtered and the tankhe short PLIF movies obtained from the camera below the
covered. Flat field Micro-Nikkor camera lenses were selecteflume.
to reduce curvature effects around the edges of the images.Once we determined the concentration along the animal’s
The laser beam sweep was restricted to 20 ms to reduce imaa@ennules during flicks in the PLIF movies, we calculated a
distortion caused by the moving fluid. Further details ofhumber of different signal characteristics, which are described
image correction are described in Crimaldi and Kosefbelow. Unless noted, all of our concentration measurements
(2001). were normalized by the source concentration. We automated

Luminescence intensity recorded as a 12-hit value by theur calculations with programs in Igor.

PLIF cameras was converted to rhodamine concentration by ) ]

imaging jets of known concentration. We were able to Available signal

distinguish concentrations as low as 0.1% of the source The available signal is a measure of the amount of dye
concentration (equiva|ent to an odor concentration ofnear’ the animal (Wlthln the field of view of the camera). We
0.3-0.75.g protein mt1fluid) from non-odored background used the available dye signal as a way to (1) monitor the
fluid. Our concentration resolution was 0.01% and 0.04% ophysical variability of the plume, (2) compare plume

the source for the wave-affected and unidirectional track$tructure in wave-affected and unidirectional flow and (3)
respectively. normalize the amount of dye and odor protein available near

_ _ the animal during tracking events. These calculations enabled
Image interrogation us to compare tracking events with lots of odor and dye near
To quantify signal characteristics at the animals’ antennuleshe animal (high available signal) with tracking events when
we determined the location of the base and tip of thé¢here was less odor and dye near the animal due to plume
aesthetasc-bearing filament in all of the frames in which thmeander or imperfect alignment with the light sheet (low
animal was flicking. Recall that physical and mathematicahvailable signal). We calculated both mean and maximum
models suggest that mantis shrimp sample fluid only duringvailable signal. We determined the mean available signal by
antennular flicking (Mead and Koehl, 2000; Stacey et al., 200Zveraging the pixel intensity of all the pixels not covered by
see also Koehl et al., 2001 for lobster antennules encounteritige animal or in the animal’s shadow in each frame of the
odor filaments during flicking). We chose pixel locations alongelow-flume (high-resolution) movies. The mean available
the instantaneous upstream portion of the antennule. For tegnal per frame was then averaged over all frames of the
wave-affected flow, we chose pixels on the side of thérack. The maximum available signal was calculated by
aesthetasc-bearing filament that was encountering flow (eithezcording the maximum pixel intensity per frame and then
upstream or downstream, depending on the motion of the wataveraging the maximum pixel intensity over all frames. Both
and of the antennule). We determined these locations and matie mean and the maximum available signal were used to
subsequent calculations with user-written programs in Igocompare plume structure in unidirectional and wave-affected
(WaveMetrics, Inc., 4.0, Lake Oswego, OR, USA). flow (Fig. 5), but only the mean available signal was used to
In our discussion of signal characteristics, we distinguismormalize the filament concentration (Fig. 7). Unlike our
between physical characteristics of the pluper seand other measurements, the available signal takes into account
characteristics of the sampled plume, which are functions natl of the signal near the animal (see Fig. 2B). By contrast,
only of the plume but also of the size, shape and flickingur other parameters (such as maximum and average
motions of the antennules and the location of the animal. Weoncentration, filament width and filament sharpness)
use the phrase ‘plume characteristics’ to refer to the plummeasure some aspect of the signal as it is encountered by the
itself, and the words ‘sampled plume’ to refer to characteristicedge of the aesthetasc-bearing portion of the mantis shrimp’s
of the signal at the animal’s antennules. antennule (Fig. 3).
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Percentage of flicks encountering signal above background

As stomatopods appear to sample odors only during flicking
we determined the percentage of flicks that encountered sor
signal along the antennule at concentrations above backgrou
(the lowest level of rhodamine detectable by the camera) fc
each track to see if there was a difference in the frequency wi
which signal was detected between unidirectional and wav
affected flow. Any amount of signal over background was
considered to be an encounter.

Filament concentration

To further quantify the concentration signals encountered b
the antennules, we determined: (1) the concentration of the
brightest pixe| a|0ng the antennule (maximum Concentratiorl:ig. 3. Signal characteristics. Fc, filament concentration: the
and (2) the mean of the concentrations of all the pixels alormaximum concentration per filament. Fs, filament sharpness: the
the antennule (mean concentration). These maximum qimaximum concent_ratlon of a fllamer_1t divided I?y the distance fr_om
mean concentrations were measured for each frame durincthe e.dge of the f”amen.t to the point of maximum concentration.
flick outstroke and were normalized by the sourcEFW’ fllamept V\{Idth: the distance along the antennule over which the

. _concentration is above background.
concentration. These values were averaged over all the flic
in an entire movie, so that each tracking event gave rise to o
(mean) maximum concentration and one (mean) mea,. o ) )
concentration (Fig. 6). We also normalized the concentratiol’Portance of contrast in vision (Schmidt-Nielsen, 1990),
data by the available signal to account for the differences ifiament sharpness may be important in plume tracking.
the plume among experiments (Fig. 7). Filaments that were Statistics

thinner than the pixel width appeared to have an artificially low o o
Standard deviationss.0.) were calculated within Excel

concentration value, as the camera integrates intensity over a- A
pixel. (Microsoft, 1997). Model Il analyses of variance (ANOVAS)

were calculated using Statview (v. 5.0, SAS Institute Inc.,
Filament width Cary, NJ, USA).

We defined the width of an encountered odor filament as the
spatial distance along an antennule over which the
concentration remained above the background value of the )
interspersed water. There were often multiple odor filaments Field flow measurements
along the antennule in a single flick. Filament widths were Atthe height of the antennules (approximately 1-3 cm above
averaged over an entire movilN=26-69 per movie). the substratum), the flow along the substratum under the waves
Filaments that were thinner than the pixel width appeared to/as roughly oscillatory, with peak velocities of approximately
be artificially wide, as the camera integrates intensity over th@.07 ms* (K. S. Mead and M. O’'Donnell, unpublished data).
pixel. Filaments could also have been recorded as artificially

Results

wide depending on how they intersected the 2.5 mm thick light Preliminary investigationsY-maze studies)
sheet. The most successful attractant was“bdg mi! mussel
extract, which elicited a response during 76+31% of the trials,
Filament sharpness with the mantis shrimp being able to correctly find the source

Filament sharpness was defined as the ratio of the maximuofi the attractant in 78+19% of the trials that elicited a response
concentration (normalized by the source strength) to the spati@hean £s.0.; N=6 animals, 3—20 trials per animal). Furtier
distance from the edge of the filament to the point of maximurmaze experiments showed that the presence of rhodamine did
concentration (normalized by the source diameter). Thigot stimulate the stomatopods to begin searching and did not
parameter, which quantifies the increase in concentration asrapair the ability of the stomatopods to find the attractive
function of space, bears a close relationship to filament onsebmpound in the mussel extracts. In addition, Yhmaze
slope, which is the increase in concentration as a function @xperiments showed that the ability to find the odorant did not
time. Previous studies suggest that onset slope may be emprove with experience. Our other tests showed that exposure
important navigational cue (Moore and Atema, 1991; Mooreto the laser light sheet did not affect the stomatopod’s behavior
1994; Atema, 1995; Gomez and Atema, 1996a,b; Kaisslingn any visible way.
1998a,b; Rospars et al., 2000). The measurement techniques
used in these earlier studies did not make it possible to examine Plume-tracking behavior in the flume
fine spatial features along the antennule. PLIF enables us toMantis shrimp exhibited plume-searching/tracking behavior
quantify filament sharpness for the first time. In analogy to th@én 90 out of the 144 times that they were placed in the flume.



188 K. S. Mead and others
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Out of these 90 trials by six animals, only seven plume-tracking Common features of plume-tracking events

events [four in wave-affected flow (all from two individuals) |n all seven plume-tracking events analyzed with PLIF, the
and three in unidirectional flow (all from one individual)] had mantis shrimp tracked the odor plume to its source. The
portions that extended into the field of view of the PLIF cameragjuration of the entire tracking event, length of time that the
contained odor/dye filaments in the same frames within the fielghimal’'s head and at least one antennule were visible, number
of view of the PLIF camera, showed flicks within the laser lightof flicks per track, number of flicks per second, mean animal
sheet during the 10s that we were able to store per trackiRgpeed, and net-to-gross path length (a measure of path
event, and were in sufficient focus to analyze quantitativelyeurviness) were indistinguishable between the tracks in wave-
Only one portion of the track was analyzed per plume-trackingiffected flow and the tracks in unidirectional flow (Table 1).
event. All of the track segments presented in this manuscript

were within the field of view (0.18%9.18m) of the camera Fine-scale odor structure

centered 0.76 m downstream of the source. While the sampleFig. 4 shows the fine-scale odor structure along the
size of tracks analyzed with PLIF is small, we believe that thesentennules during a plume-tracking event in wave-affected
seven tracks are representative of a much larger number fidw (Fig. 4A) and in unidirectional flow (Fig. 4B). Each
plume-tracking events recorded by the overhead camera. vertical bar shows the odor concentration as a function of
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Table 1.Summary information about plume-tracking events in wave-affected and unidirectional flow

Tracks in Tracks in
wave-affected flow unidirectional flow ~ ANOVA
(N=4) (N=3) P values

Number of flicks 27.0+6.6 27.7+8.1 0.91
Flicks per second 3.3+0.5 3.2+0.7 0.85
Time at least one antennule in close-up field of view 8.1+1.0s 8.8+2.2s 0.62
Time of entire track (overhead camera) 34.3+145s 48.8424.0 s 0.41
Reached source (overhead camera) 100% 100% N/A
Average speed (overhead camera) 1.4+0.54¢ms  0.90+0.36 cmst 0.22
Net-to-gross path length ratio (overhead camera) 0.25+0.19 0.31+0.06 0.65

distance along the antennule during a flick. When stimulate@&vents analyzed here resulted in the stomatopod successfully
H. ensiguera californicgample at approximately 2—4flickds finding the source of the odorant.

but can flick in short bursts of up to 10flick Note that the

antennules operate independently. The odor signal can be quite Available signal

sparse, so that many flicks fail to intercept a filament. Even Fig. 5A shows the maximum available signal concentration
when a filament is encountered, it only covers a small portio
of the aesthetasc-bearing portion of the antennule, especia

in unidirectional flow. Nonetheless, all the plume-tracking A Maximum concentration long antennule
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Fig. 5. Available source concentratio@a(ailabidCsourcd- (A) The  Fig. 6. Odor concentration along the antenn@g iformalized by
maximum available source concentration as a function of the tracsource concentratiolCéourcd. (A) The maximum concentration along
(B) The mean available source concentration. Tracks in wavethe antennule as a function of the track. (B) The mean concentration
affected flow are shown in bars with black diagonal stripes (mean @long the antennule. Tracks in wave-affected flow are shown in bars
all four wave-affected flow tracks in black bar), and tracks inwith black diagonal stripes (mean of all four wave-affected flow
unidirectional flow are shown in bars with gray diagonal stripestracks in black bar), and tracks in unidirectional flow are shown in
(mean of all three unidirectional flow tracks in gray bar). Values arbars with gray diagonal stripes (mean of all three unidirectional flow
means +s.0. The number of flicksN) for each track is shown in tracks in gray bar). Values are meansot The number of flicksN)
parentheses above the bar. for each track is shown in parentheses above the bar.
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(a measure of the amount of dye ‘near’ the animal; i.e. in thpossible to collect such data for a living animal engaged in
field of view of the high-resolution camera) in all the trackstracking, and the first time such data have been collected for a
and Fig. 5B shows the mean available signal concentration plume in waves.

all the tracks. Both graphs demonstrate the variability of the

plume over time. In general, the maximum available Characteristics of odor plumes in unidirectional and wave-
concentration is similar in unidirectional and wave-affected affected flow

flow. By contrast, the mean concentration available to animals Previous models of odor plumes (e.g. Bossert and Wilson,
tracking plumes in wave-affected flow is greater than that963) assumed a cloudlike, gradually dissipating Gaussian
available to mantis shrimp tracking plumes in unidirectionaktructure. Our experiments confirmed that odor plumes are

flow.

Flicks encountering signal

actually sparse and extremely intermittent in time and space
(Crimaldi and Koseff, 2001). Odor plumes in both
unidirectional and wave-affected flow consist of very thin

When stomatopods track a plume in wave-affected flow, &laments of high concentration interspersed with clean water.
greater percentage of the flicks (85+784 plume-tracking The maximum available concentration is similar in both flow
events) encounters some signal than when the stomatopoztnditions, but the mean available concentration is greater in

track a plume in unidirectional flow (63+9%=3 plume-

wave-affected flow than in unidirectional flow. This suggests

tracking eventsP=0.01). Furthermore, stomatopods in wave-that filaments in wave-affected flow are wider on average than
affected flow encounter more filaments than stomatopods

in unidirectional flow (39.3+6.4ersus21+6.9,P=0.02).

Odor concentration along the antennules

When the odor concentration is normalized by divic
by the source concentration, both the maximum an
mean odor concentration along the antennule are g
in wave-affected flow than in unidirectional flow (Fig.
However, when the odor concentration is hormalize
the available concentration, the maximum and n
concentrations along the antennule in unidirectional
wave-affected flow are indistinguishable (Fig. 7).

Filament width along the antennule

Odor filaments encountered by the antennule appt
be wider, on average, in wave-affected flow thal
unidirectional flow (Fig. 8). However, the gree
variance of filament width in wave-affected flow indice
that there is a greater range of widths in the filamer
wave-affected flow.

Filament sharpness

The filament sharpness (a measure of the incree
concentration as a function of space) in wave-affecte:
unidirectional flow was not statistically different (Fig.
If we assume that the turbulence is isotropic (show
directional preference) at the level of the antennules
that filaments do not evolve significantly over short 1
scales, then this suggests that onset slopes do not
significantly in wave-affected and unidirectional flc
There may, however, be some difference that we ci
detect with our spatial resolution.

Discussion

Our experiments show what an odor plume looks
on the scale of the antennule. This is only the seconc
that such a data set on the level of an antennule ha:
created (Koehl et al., 2001). It is the first time it has |
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Fig. 7. Odor concentration along the antenn@enormalized by available
signal concentrationQavailabld. (A) The maximum concentration along the
antennule as a function of the track. (B) The mean concentration along the
antennule. Tracks in wave-affected flow are shown in bars with black
diagonal stripes (mean of all five wave-affected flow tracks in black bar),
and tracks in unidirectional flow are shown in bars with gray diagonal
stripes (mean of all three unidirectional flow tracks in gray bar). Values are
means *s.b. The number of flicks N) for each track is shown in
parentheses above the bar.
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Filament width along antennule Fig. 8. Filament width\\Y) along the antennule. Tracks in wave-
28) affected flow are shown in bars with black diagonal stripes (mean
(26) of all four wave-affected flow tracks in black bar), and tracks in
(35) (19 unidirectional flow are shown in bars with gray diagonal stripes
(mean of all three unidirectional flow tracks in gray bar). Values
are means £.0. The number of flicksN) for each track is shown
in parentheses above the bar.
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flow is more turbulent than the wave-affected flow,
supporting the observation of thinner filaments in the
unidirectional flow. However, when we phase-averaged the
@éﬁ @éy wave-affected velocity signal at 10° increments, the values
Track for u, varied from Ocms! to 0.5cms?, with maximum
values occurring at times when a high positive streamwise
filaments in unidirectional flow, which is consistent with ourvelocity was induced by wave motion. We are currently
comparison of filament widths as encountered by stomatopaghdertaking a detailed analysis of our hydrodynamic data, and
antennules (Fig. 8). we hope to address the issue of the turbulence characteristics
The thinner filaments of lower odor concentration observedf the wave-affected flow and the impact of the periodic
in the unidirectional flow condition are consistent with a morechanges in turbulence levels on dispersing odor plumes in a
turbulent flow, as compared with the wave-affected casduture manuscript.
Plumes in more turbulent flow experience higher strain rates
as the eddies stretch odor-containing fluid into thinner, longer General features of how animals encounter odor plumes
elements. The resulting increase in contact area betweenThe way in which animals encounter odor plumes is a
odored and non-odored fluid enhances mass transport fynction of both the plume’s physical structure and the animal’s
molecular diffusion as compared with plumes in less turbulerttehavior. It has previously been assumed that animals in an
flows. Therefore, flows with higher levels of turbulenceodor plume are exposed to odor molecules nearly continuously.
support thinner filaments with lower concentration peaks. Thislowever, due to the sparseness of the plume, the fact that
trend was observed by Moore et al. (1994). To compare levesdomatopods sample odors with discrete flicks and the small
of turbulence in the two flow situations, we collected velocitysize of their sensor$]. ensiguera californicaan pass several
records in both flow conditions with a two-dimensional laserseconds without encountering signal, even when they are in the
Doppler anemometer (Dantec LDA operated in forward scatteniddle of the odor plume and there are filaments nearby (Figs 2,
mode with the same laser used for the PLIF data). Records wi). Despite the relatively low frequency of odor encourtier,
200000 velocity measurements were made at 63.5Hz for trensiguera californicdocated the odor source successfully in
unidirectional flow, and with 120000 points at 75.8 Hz for theevery trial N=7) analyzed in this study. In addition, there is
wave-affected flow. We calculatad (the shear velocity; a extreme variability in both time and space in the arrival of signal
measure of the turbulent fluctuations in velocity near that the sensors. For instance, stomatopods can encounter a large,
substratum), based on the slope of the logarithmic velocitiiigh-concentration filament during one flick and then encounter
profile, to be 0.25cnt$ for the unidirectional flow and no signal on the next flick less than 0.2's later (Fig. 4). Similarly,
0.13cm stfor the time-averaged velocity profile for the wave- stomatopods can experience a large signal on one part of the
affected flow. This suggests that, on average, the unidirectionahtennule, while a neighboring segment of the antennule
receives no odor. There is also great variability in the
signal itself in terms of both peak odor concentration of
the filaments and in the filament width.

Filament sharpness along antennule

0.3
(35
(26)

8 024 Fig. 9. Filament sharpness along the antennule. Filament
3 sharpness is defined as the ratio of the maximum
2 o018 concentrationC (normalized by the source streng@sourcd
E/ sy (29 22) to the spatial distance from the edge of the filament to the
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2 ?? (19) source diameteDsourcd. Tracks in wave-affected flow are
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~ /ﬁ a7 ﬂ’ 7 %‘% ] \‘\\ wave-affected flow tracks in black bar), and tracks in
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stripes (mean of all three unidirectional flow tracks in gray
bar). Values are meansstb. The number of flicksN) for
each track is shown in parentheses above the bar.
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