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Introduction

Organisms have developed a wide variety of strategies to
find the source of an odor due to the necessity of locating crit-
ical odor sources (e.g., food or mates). Behavioral studies on
many organisms have been used to investigate tracking mech-
anisms that animals use to find resources in turbulent envi-
ronments (reviewed in Weissburg 2000; Vickers 2000; Zimmer
and Butman 2000; Moore and Crimaldi 2004; Koehl 2006).
Tracking behavior experiments generally consist of placing an
animal in a controlled flow environment, releasing an attrac-
tant odorant upstream or upwind, and observing subsequent
tracking behavior. These studies reveal much about behavioral
response and subsequent locomotory patterns, yet offer little
more than a qualitative idea of the olfactory stimulus expe-

rienced by the tracking organism. Previous studies have
attempted to determine the relationship between stimulus
and behavioral response by examining general properties of
plume structure and correlating these general plume proper-
ties to tracking behavior under similar flow conditions (e.g.,
crustaceans: Jackson et al. 2007 and references therein; insects:
Elkinton et al. 1984; Murlis et al. 1992). However, these gen-
eralizations do not establish the specific plume properties
that are essential for organisms to execute a successful track
through a turbulent chemical plume. Correlation of the
instantaneous plume structure with simultaneous visualiza-
tion of tracking behavior is necessary to determine the rele-
vant plume properties that govern behavioral decisions during
tracking. To accomplish this task, odorant concentration at
the location of the olfactory organs must be measured at spa-
tial and temporal scales that are consistent with organism
sensing abilities. The measurement technique must also be
minimally intrusive because physical probes disturb the flow
(and often collect data only at a single point).

The physical characteristics of passive scalar plumes
released in the atmosphere or aquatic environments have been
measured with a variety of techniques, such as optical methods
using smoke as a tracer (Dinar et al. 1988), flame-ionization
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detectors (Fackrell and Robins 1982), ion detectors (Jones
1983; Mylne 1993), conductivity probes (Bara et al. 1992), and
cold wires (Gulitski et al. 2007). Chemical microprobes also
have been used to measure scalar structure in turbulent
aquatic plumes relevant to chemosensory foragers (e.g., Moore
and Atema 1991). The results of these and other studies have
provided insight to the navigational environments that organ-
isms experience (e.g., Murlis et al. 1992). While these methods
may resolve scalar structure, many are impossible or impracti-
cal to apply in conjunction with behavior, given the large size
of the sensors or apparatus. Chemical microprobes are the
most promising technology, given their small size and spatial
and temporal sampling characteristics; however, they may be
of limited utility in settings requiring multiple measurement
locations. Further, gathering simultaneous information at
neighboring points requires an array of probes, potentially
altering the dynamics of the flow.

Laser-induced fluorescence (LIF) permits nonintrusive
quantitative measurement of instantaneous concentration
fields (Koochesfahani and Dimotakis 1985; Crimaldi 2008),
although the technique is limited to controlled laboratory set-
tings. Laser-induced fluorescence involves the use of low con-
centrations of a tracer dye, or fluorophore, which excites at a
molecular level when exposed to laser light. The odorant
plume is nearly identical to that of the fluorophore as long as
the odorant and tracer diffuse at the same rate and decay min-
imally. In recent years, the planar laser-induced fluorescence
(PLIF) technique has been employed to quantify the concen-
tration distribution in turbulent odorant plumes with param-
eters of ecological relevance (Crimaldi et al. 2002b; Webster et
al. 2003; Rahman and Webster 2005).

A logical progression is to combine laser-induced fluores-
cence with an actively tracking organism to directly correlate
navigational behavior with odorant concentration at olfactory
organs. However, combining traditional PLIF with organism
studies has been restricted by many factors. Shadowing of the
laser by portions of the organism body can create gaps in the
concentration time record at shaded chemosensors. Animals
generally track while shifting the vertical location of olfactory
organs (by moving up and down or by antennule flicking),
which causes them to move in and out of any given planar
measurement field. Further, the olfactory systems of some
arthropods, such as blue crabs, are not limited to a single loca-
tion, such as the antennules, but are distributed across the ani-
mal’s body at multiple elevations. In addition, the intense
laser light used in PLIF can disorient animals and thereby dis-
rupt tracking. For many of these reasons, simultaneous PLIF
measurements during tracking has been restricted to one
study on the stomatopod (Hemisquilla ensiguera californica),
where analysis was focused on chemical cue structure at the
pair of antennules, each with a central aesthetasc array (Mead
et al. 2003). Planar laser-induced fluorescence enabled the
measurement of the concentration field along the aesthetasc
array for wave-driven and unidirectional flow. Only seven

plume tracks (out of ninety) could be used in the analysis due
to problems associated with coordinating PLIF with an
actively tracking animal. Nevertheless, the measurements pro-
vided insights into potential information content of turbulent
plumes that would have been difficult to obtain with other
methods (Mead et al. 2003).

The objective of this article is to describe a three-dimen-
sional laser-induced fluorescence (3DLIF) system for use in a
seawater laboratory flume with an actively tracking blue crab,
Callinectes sapidus. This system generates a three-dimensional,
time-resolved measurement to provide a comprehensive and
useful characterization of odorant plume structure as an ani-
mal tracks to a source. Callinectes sapidus has at least two types
of chemosensory organs that are responsible for orientation.
Odor stimulus at the antennules (located near the mouth
region) apparently is responsible for maintaining upstream
movement (Keller et al. 2003; Jackson et al. 2007). Chemosen-
sors on the legs are spatially separated and allow perception of
a contrast between sides of the crab’s body. Turns are believed
to occur when a bilateral contrast is sensed, a response referred
to as tropotaxis. Since sampling occurs at multiple elevations
and transverse locations, any attempt to quantify the stimulus
patterns experienced by a tracking blue crab would necessarily
have to include measurements from more than a single plane.

Data collected from this system allow us to examine the
relationships between signal input and behavioral output dur-
ing chemosensory orientation, which is necessary to test
hypotheses about orientation mechanisms in any system. In
particular, studying tracking behavior in aquatic environ-
ments will provide insights into the tracking behavior of ter-
restrial organisms such as insects following pheromone trails
(Mafra-Neto and Cardé 1994; Vickers and Baker 1994), as well
as other aquatic organisms. Rapid movement through an
odorant plume is a common trait between blue crabs (i.e.,
aquatic tracker) and moths (i.e., terrestrial tracker) as they
both have to encode information from highly intermittent
odorant filaments relatively quickly in order to find an odor-
ant source. Organisms in both environments orient to the pre-
vailing flow conditions to guide their tracking behavior and
face a tracking problem in three-dimensions, providing addi-
tional common mechanisms between the different fluid
realms. We present initial examples of data that associate spa-
tial and temporal properties of the concentration field with
movements of blue crabs tracking to an odorant source as a
step towards a deeper understanding of tracking mechanisms
of organisms following turbulent plumes in any environment.

Materials and procedures
Laboratory facility—Experiments were performed in the

environmental fluid mechanics laboratory at the Georgia
Institute of Technology in Atlanta, Georgia, USA. The seawa-
ter flume dimensions were 0.76 m wide by 13.5 m long with a
level bed and transparent polyacrylic sidewalls. The transparent
sidewalls in the test section allowed optical access and the use
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of LIF. A polyacrylic sheet was suspended at the water surface
in order to eliminate refraction effects from small waves on
the water surface during experiments and calibration. Flow
conditions replicated those typically found in blue crab tidal
habitats (Finelli et al. 1999; Smee and Weissburg 2006), and
the channel bed was lined with fine sand (d50 = 1 mm). A sim-
ple rectangular weir fixed the flow depth at 21.2 cm to main-
tain a mean flow velocity of 50 mm s–1, which yielded a
boundary layer with roughness Reynolds number of approxi-
mately 3 and a wall shear velocity (u*) of 3.0 mm s–1 (Jackson
et al. 2007).

A mixture of chemical attractant and a trace amount of
Rhodamine 6G was released iso-kinetically (without momen-
tum relative to the flow) through a 4.2 mm diameter nozzle
located upstream of the test section. The release centerline was
positioned 25 mm above the substrate, which is within the
inertial region of the turbulent boundary layer. A streamlined
fairing on the nozzle limited the wake perturbation. A coordi-
nate system was defined with the origin located at the top of
the sand directly below the nozzle tip with positive x in the
downstream direction, y in the transverse (cross-stream) direc-
tion with positive values on the side of the incoming laser
beam, and positive z in the upward vertical direction.

3DLIF System—Laser-induced fluorescence is an established
technique used to measure chemical concentration in a flow
in a relatively nonintrusive manner (Crimaldi 2008). The tech-
nique has been used extensively and the LIF system for this
study is similar to those developed by previous investigators
(e.g., Crimaldi and Koseff 2001; Webster et al. 2003). Three-
dimensional LIF is an experimental technique that builds
upon PLIF and can be used to measure the nearly instanta-
neous three-dimensional concentration field (Tian and
Roberts 2003; Van Vliet et al. 2004). The 3DLIF system was
constructed adjacent to the test section of the seawater flume
(see Figs. 1 and 2). Rhodamine 6G, a commercially available

organic dye, was chosen as the fluorophore due to its resist-
ance to photobleaching (Crimaldi 1997; Larsen and Crimaldi
2006) and peak absorption wavelength of 530 nm, which is
close to the laser light wavelength. The peak fluorescent emis-
sion wavelength is near 560 nm (Arcoumanis et al. 1990). The
Rhodamine 6G solution was added to an attractant solution to
serve as a measurable proxy for the relative concentration of
the stimulant solution that elicits orientation by freely mov-
ing blue crabs. Therefore, we report chemical concentration
relative to the initial source concentration, C0.

The attractant had neutral buoyancy and was created by
soaking 2.21 g of previously frozen shrimp per liter of seawa-
ter (taken from the flume sump) for 1 h. This general prepara-
tion has been used in many behavioral assays involving
aquatic organisms and, in particular, blue crabs have effec-
tively tracked sources of chemical exudates of shrimp in pre-
vious behavioral trials (Keller et al. 2003; Jackson et al. 2007).
The specific concentration of stimulus was chosen as a value
in the middle of the dose-response range of blue crabs. This
created an odorant plume that crabs could follow under con-
tinuous, iso-kinetic release conditions, but where tracking
was not so effective as to obscure relationships between the
stimulus properties and the resulting behavioral response.
The addition of Rhodamine 6G to the shrimp exudates
revealed no significant differences in blue crab behavior trials.
The attractant-Rhodamine 6G solution was nonreactive
within the test section and was transported passively by the
flow. The Schmidt number of Rhodamine 6G is approximately
1250, which is of the same order of magnitude of the Schmidt

Fig. 1. Experimental setup for the 3DLIF system, as seen from the side of
the flume. The horizontal lines represent the sequential locations of the
laser scan. 

Fig. 2. Arrangement for the 3DLIF system and overhead view of mea-
surement area. 
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number of the chemical exudates, so the dye and attractant
filaments can be assumed coincident.

An Argon-ion laser (Coherent Innova 100-10) provided illu-
mination at a power level of 5.0 W and a wavelength of 514
nm. A 4 m focal length lens reduced the 1/e 2 diameter of the
laser beam to approximately 1 mm at flume centerline. The
beam was scanned across the measurement section by a pair
of orthogonally mounted mirrors attached to galvanometers.
The horizontal mirror progressively advanced the laser beam
in the horizontal direction, thereby effectively creating a two-
dimensional sheet of light. At the end of the horizontal laser
scan, the vertical mirror shifted the beam a small vertical dis-
tance prior to the initiation of the next horizontal scan,
thereby sequentially illuminating a three-dimensional mea-
surement volume. Fluorescence emitted by the dye during
each horizontal scan was collected by an overhead digital
camera. The measurement sequence included 20 horizontal
scans separated vertically by approximately 8.4 mm with the
lowest and highest scan positions located at 0.5 cm and 16.5
cm above the channel substrate at flume centerline, respec-
tively. The height of the lowest plane was chosen to enable
sampling at the approximate level of the leg chemosensors of
C. sapidus and the highest plane was chosen to contain the
upper extent of the plume within the measurement volume.

For an iso-kinetic plume released into an unbounded mov-
ing turbulent fluid, the time-averaged concentration ( ) fol-
lows a theoretical decay that is inversely proportional to dis-
tance downstream from the point source (i.e., )
(Albertson et al. 1950). The power law decrease assumes that
turbulence is isotropic and that x is sufficiently downstream
from the source for all ambient eddy sizes to be involved in
mixing. The resulting fluorescence intensity under uniform
illumination decreases significantly with distance from the
source, due to the decrease in concentration. Therefore,
images covering 1 m or more of the plume become dim at the
downstream end of the image with poor signal-to-noise ratio.
Consequently, we used a power law control signal to the mir-
rors to increase the beam residence time in the downstream
(low concentration) region relative to that in the upstream
(high concentration) region. Webster et al. (2003) describe the
use of nonuniform angular speeds of the horizontal mirror in
PLIF experiments for flow and release conditions similar to
this study. In the current experiments, a power law with an
exponent of n = 0.75 was used to control the sweep rate and
yielded the most uniform images (i.e., the voltage signal sent
to the mirror was 

(1)

where E0 and E1 correspond to the start and end voltages,
respectively, and T is the period of the horizontal sweep).

3DLIF data collection and resolution—The overhead camera
(Mikrotron model MC1302) had a 1280 × 1024 array of
complementary metal-oxide semiconductor (CMOS) sensors

with a pixel depth of 10 bits (0 to 1023 grayscale value). The
pixel array size used during experiments was 1030 streamwise
by 480 transverse. These dimensions were set by calibration
limitations and pixel sensitivity concerns near the array
perimeter. An optical filter (Tiffen Orange 21 with a cutoff
wavelength of approximately 560 nm) and a standard hot mir-
ror were placed over the camera lens to pass fluoresced light
while eliminating scattered laser light and protecting the cam-
era sensors. A Fujinon 12.5-mm focal length lens was used to
achieve a 1 mm pixel resolution at an elevation of 50 mm
above the channel substrate. The highest lens aperture (f-stop
of 1.4) was used to maximize the amount of light arriving at
each CMOS sensor. The resulting depth of field allowed an
adequate level of focus for each of the 20 scan elevations.

The camera collected images at 100 frames per second and
coordinated with the scanning mirrors through a National
Instruments multifunction input/output (I/O) board (PCI-MIO-
16E-4) programmed with LabView software. Scanning was initi-
ated after a transistor-to-transistor logic (TTL) signal was trans-
mitted from the camera to the I/O board (i.e., the camera acted
as the timing master). A proprietary computer system devel-
oped by IO Industries Inc. (London, Ontario, Canada) collected
camera image data via Video Savant software with an array of
six 36.6-gigabyte hard drives through a CameraLink cable with
a data rate of 66 MHz (10 bits per clock cycle on 2 channels). As
configured, the recording system had the capacity to collect
continuous data for 14 min. The resulting 3DLIF collection rate
was slightly less than 5 Hz (i.e., 100 fps/20 planes), as timing dif-
ferences between the National Instruments board and the IO
Industries framegrabbers resulted in a blank frame at the end of
each 3DLIF volume set (i.e., the 20 planes required 0.21 s to col-
lect). The laser beam rested to the side of the recording area dur-
ing collection of the blank frames, which were removed during
post-processing of the image files.

The 3DLIF resolution (approximately 1 mm in each plane)
for this study was chosen to be greater than the Batchelor scale
and is a compromise between matching the presumptive sen-
sor resolution of blue crabs and recording a field of view suffi-
ciently large to contain a tracking crab. The Batchelor scale is
a measure of the scale of the smallest spatial variation in the
concentration field for large Schmidt numbers (Batchelor
1959), and is on the order of 0.03 mm for this study. Although
there are sensors on many body regions, major groups of crus-
tacean sensilla are concentrated at certain locations, such as
along the antennules and on portions of the legs. These
chemosensory organs contain sensor arrays that typically
have dimensions on the order of millimeters, but the effective
scalar-detecting resolution of aquatic crustaceans is an open
question. Although the size of an individual aesthetasc is
smaller than the Batchelor scale, chemical information is
believed to be smeared by motion of the appendages (e.g.,
flicking of the antennules, Schmitt and Ache 1979; Leonard et
al. 1994; Koehl et al. 2001) and neurological pooling. Cur-
rent behavioral studies are not sufficient to resolve whether
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sub-millimeter scale information is used in orientation, but do
indicate that spatial comparisons between different
chemosensory appendages are critical for plume tracking
(Zimmer Faust et al. 1995; Jackson et al. 2007). Temporal sam-
pling capabilities also limit detection of small-scale odorant
filament structure. The chemosensory response rate for crus-
taceans is believed to be in the range of 5 Hz (Gomez and
Atema 1996), which is too slow to resolve the time-scales of
concentration fluctuations (Webster and Weissburg 2001).
Further, Crimaldi et al. (2002a) examined the influence of sen-
sor size and sampling frequency on the signal pattern gath-
ered by a virtual antennule in a turbulent odorant plume in
the laboratory. Their results indicate that signal intermittency
is nearly independent of sensor size for sampling frequencies
in the range of 5 Hz. In summary, the data collection rate (~ 5
Hz) and pixel resolution (~ 1 mm) chosen for this study agree
well with temporal and spatial sampling resolutions known to
provide information in our test organism, C. sapidus.

LIF Calibration—System calibration is necessary to generate
meaningful concentration data from LIF. Calibration con-
sisted of scanning the laser through seawater taken from the
flume with fixed, uniform concentrations of Rhodamine 6G.
A transparent polyacrylic tank was centered in the flume and
filled with a known volume of seawater. Flow depth in the
flume was set to the depth used in subsequent experiments
(21.2 cm) to include attenuation effects due to seawater
between the flume and calibration tank walls. A weighed
amount of Rhodamine 6G was mixed uniformly into the sea-
water in the tank and laser scanning was initiated at the same
positions used during data collection. The fluorescent signal
was collected for 100 frames at each laser scan elevation using
10 to 12 concentration levels from 0 to 100 μg L–1.

The calibration images were corrected for attenuation using
the in-situ estimate of the extinction coefficient and the laser
distance to each pixel. With attenuation effects removed
(described below), a pixel by pixel calibration was performed.
For Rhodamine 6G concentrations below 100 μg L–1, the cali-
bration resulted in a linear relationship between concentra-
tion and the camera pixel intensity (Ferrier et al. 1993): c = αcI,
where I is the grayscale value of the camera pixel and αc is a
constant of proportionality including effects of laser power,
laser scan rate, nonuniformities in the flume sidewalls, and
the efficiency and sensitivity of the camera pixels. αc was
determined for each individual pixel from a least-squares lin-
ear fit of concentration versus camera pixel value.

Attenuation of laser intensity occurs due to absorption and
scattering when the beam passes through a fluid medium. The
decrease in power is assumed to follow the Bouguer-Lambert-
Beer law, , where P(ξ) is the laser power at a dis-
tance ξ within the medium, P0 is the initial laser power at ξ =
0, and β is an attenuation coefficient. The attenuation coeffi-
cient is not generally constant with varying concentration
and can be derived from three variables: β = βSW + λc, where
βSW is a base attenuation coefficient due to attenuation from

seawater and other effects, λ is the extinction coefficient, and
c is the concentration of Rhodamine 6G. The extinction coef-
ficient for Rhodamine 6G to laser light at 514 nm has been
reported as –0.00023 μg–1 L cm–1 by Ferrier et al. (1993) and
–0.00021 μg–1 L cm–1 by Brackmann (2000). Rhodamine 6G is
available in different forms from various commercial vendors
and the extinction coefficient is likely to vary.

An in-situ attenuation coefficient was calculated from
the calibration data for this study. Attenuation was deter-
mined from examining the decrease in beam power as indi-
cated by decreasing pixel intensity (10-bit value) for each
calibration concentration. A column of pixels collinearly
aligned with the beam and perpendicular to the flume cen-
terline was analyzed. To isolate attenuation effects, intensity
values within the pixel column were corrected for beam res-
idence time and differences in pixel sensitivity. Laser light
reflected from a scanning mirror passes through the inte-
gration area of a camera pixel sensor at speeds dependent
upon radial distance from the mirrors and horizontal beam
angle (Crimaldi and Koseff 2001). The residence time cor-
rection for small horizontal beam angles is simply the ratio
of the radial distances of a given pixel and the front of the
calibration tank. Pixel sensitivity was determined by finding
the most sensitive pixel, i.e., the pixel with the greatest dif-
ference in digital output between a white and black level
image. Following the procedure of Tian and Roberts (2003),
the remaining pixels were normalized to the maximum.
Each pixel intensity value within the collinear column was
corrected using a normalization coefficient from the black
and white level images. The normalization procedure
allowed the decrease in power to be related directly to
recorded fluorescence intensity by removing the effects of
individual pixel sensitivity. Differences in contiguous pixel
sensitivity were further reduced by averaging a row of 5 pix-
els centered on the laser centerline, i.e., the column was
approximately 5 mm wide. The 3DLIF scan elevation closest
to the mirror level was used to remove effects of vertical
beam angle on distance traveled. An average of the first 5
pixel values, covering a distance of 5 mm into the calibra-
tion tank, was employed as a base power level P0. Plots of
corrected pixel intensity versus distance through the cali-
bration tank displayed an exponential decay as expected
(see Fig. 3). The extinction and base attenuation coefficients
were calculated by fitting the log-transformed data to a
least-squares fit line. The resulting extinction and base
attenuation coefficients were –0.00024 μg–1 L cm–1 and
–0.004 cm–1, respectively.

A grid with spacing of 50 mm by 50 mm was placed in the
flume to determine magnification and refraction effects.
Images of the grid were taken when located at the approxi-
mate elevations of the lowest scan and the water surface. The
effects of refraction and magnification at each elevation of the
3DLIF planes were corrected based on the collected target
images by interpolation to intermediate elevations.

P P eξ βξ( ) = −
0
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Finally, our data analysis corrected for noise present in the
recorded camera signal. The minimum grayscale value Imin for
a single pixel typically fluctuated by roughly 6 to 8 grayscale
units when recording a black-level image. The noise was quan-
tified by determining the maximum fluctuation ΔIBL for a
sequence of 500 frames. Grayscale values below a threshold
equal to the minimum plus the maximum fluctuation (i.e.,
Ithresh = Imin + ΔIBL) were set to zero concentration during filter-
ing of crab track images. For a typical pixel, Imin and ΔIBL were
approximately 28 and 8, respectively, compared to a total
grayscale depth of 1024.

As described above, systematic errors were minimized by
performing the in-situ pixel by pixel calibration for each LIF
plane with constant laser power prior to collecting experi-
mental data and ensuring a linear relationship between pixel
intensity and fluorophore concentration. In addition, our
measurement uncertainty analysis included consideration of
thermal blooming (Wang and Fiedler 2000), lens vignette
(Tian and Roberts 2003), photobleaching (Crimaldi 1997;
Larsen and Crimaldi 2006), local pH or the interaction of the
fluorophore with other chemical species, and other effects dis-
cussed above. The resulting estimate of uncertainty in the con-
centration measurements is ±3%.

Integrating biological and physical visualizations—Blue crabs used
in the 3DLIF trials were either collected from Wassaw Sound in
Georgia, USA, or purchased from Gulf Specimen Marine Labora-
tory in Panacea, Florida, USA. The animals were stored in artifi-
cial seawater tanks interconnected through a filtered recirculating
system and were fed a diet of previously frozen shrimp.

The purpose of performing 3DLIF experiments in conjunc-
tion with animal observations is to determine the instan-
taneous concentration field experienced by the tracking

organism as it approaches a source, hence natural behavior
of the animal is required. Unfortunately, blue crabs demon-
strated an adverse reaction to intense green laser light. This
effect was corrected by reversibly blindfolding the crabs with
electrical heat shrink wrap. Blue crabs were permitted to
acclimate in the laboratory storage tanks for 48 h prior to
blindfolding, and for a minimum of 48 h after blindfolding
prior to performing behavior trials. Preliminary experiments
indicated that tracking behavior of blindfolded crabs was not
significantly different than the behavior of un-blindfolded
crabs. This conclusion is supported by a paired t test assum-
ing equal variances (net-to-gross-displacement-ratio (path
linearity) equaled 0.856 ± 0.144 (mean ± SD) and 0.814 ±
0.101 for untreated and blindfolded crabs, respectively; p =
0.44, N = 20, 13, respectively; walking speed equaled 7.394 ±
2.010 cm s–1 and 5.713 ± 2.612 cm s–1 for untreated and
blindfolded crabs, respectively; p = 0.14, N = 20, 13, respec-
tively). These values are comparable with those observed
over many experiments with blue crabs in similar behavioral
trials (Weissburg and Dusenbery 2002; Keller et al. 2003;
Jackson et al. 2007). Percent success of crabs with blindfolds
was again similar to crabs without blindfolds with untreated
crabs achieving 40% success (see Jackson et al. 2007) and
blindfolded crabs achieving 46% success of finding the stim-
ulus (N = 6 out of 13). Crabs typically removed the blindfolds
(using their claws) within a few days after the experimental
trials with no identifiable adverse effects of the blindfolding
procedure.

Crab kinematic data were calculated by following two light-
emitting diodes (LEDs) in a small backpack attached to the
crab carapace. The coordinates of the marker lights were
located by finding the center of the bright recorded light in
the 3DLIF image. During post-processing, the trajectory of the
marker lights was examined for validity by visually comparing
the trajectory with the raw image data. Crab velocity and
acceleration in each coordinate direction and crab angle with
respect to the flume centerline were calculated based on the
two light locations (time period of approximately every 0.2 s).

The flume area was darkened during trials to increase the
contrast of the emitted light from the fluorescent dye and the
backpack lights compared to the background. The crab was
acclimated in a cage at the downstream end of the test arena
for 10 min. The release of the odorant and fluorescent dye
mixture was initiated during this acclimation period to ensure
that a developed plume was present for both the acclimation
and trial periods. Once the cage door was raised, the crab was
given 10 min to initiate tracking by exiting the cage and an
additional 10 min to complete its motion across the test sec-
tion once it departed the cage. The crab either moved through
the test section and missed or found the odorant source
within this time period, or remained stationary at the down-
stream edge of the test section for the entire time period. No
animal was in the process of tracking at the end of the obser-
vation period.

Fig. 3. Decrease in recorded intensity through the calibration tank on
semi-log plot for 4 sample concentrations. The camera intensity values
have been corrected for laser residence time and individual pixel
response. Every tenth data point and best-fit lines are shown. 
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Assessment

Quantifying the concentration field and crab kinematics—We
have collected simultaneous odorant concentration and blue
crab kinematic data for over 55 successful tracks to the point
source. Two typical tracks are presented and discussed here to
demonstrate the effectiveness of the measurement technique
and its utility in examining chemosensory orientation. Figs. 4
and 5 are example concentration fields of two successful tracks
(corresponding movie sequences are shown in the Appendix,
AVI1 and AVI2). The panels correspond to data collected in
planes located at 0.5 cm and 7.2 cm above the sand substrate,
which were chosen as representative of the concentration
fields experienced by the leg chemosensors and antennules,
respectively. The concentration landscape differs significantly
between the lower and upper elevations for both of these
examples. In particular, there are fewer filaments present in
the upper elevation plane.

Previous behavioral trails and computer simulations have
suggested the function and importance of various blue crab
chemosensory organs. Based on deafferentation trials, Keller
et al. (2003) developed the hypothesis that blue crabs used
chemosensors located on the antennules to mediate upstream
movement. Chemosensors located on the walking appendages
facilitate steering and improved orientation with respect to
the plume, potentially through bilateral contrast across the
crab’s body (Weissburg and Dusenbery 2002; Keller et al.
2003). Hence, the 3DLIF data collected for this study focused
on evaluating concentration data from two primary locations
around the tracking crab: near the antennule region and near
the walking appendage chemosensors.

Despite optical filters on the CMOS camera lens, laser light
reflected from the crab carapace and claws was intense enough
to be recorded by the camera sensors. Light reflected from the
crab body and shadowing effects created a challenge to
develop systematic and consistent methods to determine the
odorant concentration impinging upon the crab’s outer
chemosensors. Mead et al. (2003) encountered similar chal-
lenges with their PLIF data with tracking mantis shrimp.
Descriptions of the procedures employed to extract meaning-
ful sensory data from the 3DLIF fields follow.

Antennules zone—Blue crabs generally oriented their body at
an angle relative to the flow direction when traveling
upstream against a current (Weissburg and Zimmer-Faust
1993; Weissburg et al. 2003). Depending on the crab’s chosen
orientation relative to the flow (i.e., left facing or right facing),
the crab antennules either faced the laser or were obscured in
shadows. Useful information could not be extracted from tri-
als in which the crab body shaded the antennules. Hence,
measurements of the concentration field combined with
behavior observations were limited to those tracks for which
the crab body was facing towards the laser. This corresponded
to crabs with their left claw leading upstream in the experi-
mental setup shown in Fig. 2. There is no evidence that the
orientation of the crab (i.e., left facing or right facing) influ-
enced the tracking behavior or success.

The elevation of the antennules generally changed as crabs
lifted or lowered their thorax as they moved upstream. Three-
dimensional measurements allowed odorant concentrations
around the antennules to be quantified by matching the vary-
ing elevation of the antennules with an elevation of a 3DLIF
measurement field. For each 3DLIF set, the elevation of the

Fig. 4. Example concentration field measurements around an actively
tracking blue crab for a successful search (crab label 1364L). Concentra-
tion fields for two elevations are shown, z = 0.5 cm and z = 7.2 cm, cor-
responding to the approximate elevation of the chemosensors on the
walking appendages and the antennules, respectively. A movie sequence
of the tracking behavior is available in the Appendix, AVI1. 

Fig. 5. Example concentration field measurements around an actively
tracking blue crab for a successful search (crab label 465L). Concentration
fields for two elevations are shown, z = 0.5 cm and z = 7.2 cm, corre-
sponding to the approximate elevation of the chemosensors on the walk-
ing appendages and the antennules, respectively. A movie sequence of
the tracking behavior is available in the Appendix, AVI2. 
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antennules was estimated through visual inspection of the
recorded frames. Each block of images corresponding to the 20
LIF elevations was manually examined, and the image con-
taining reflections from the appropriate carapace region was
identified to determine the height of the antennules during
that 0.2 s period. As illustrated in Fig. 6, the region used to
extract chemosensory data near the antennules was located by
geometry in the identified plane. The angle of crab orientation
(Ψ) was calculated based on the position of the two light-emit-
ting diodes, and a line was projected along the center axis of
the crab by bisecting the lights (dashed line in Fig. 6). The
sampling region was located along the bisecting line immedi-
ately in front of the antennules. The distance from the LED
lights to the sampling region varied from 40 to 60 mm,
depending on the size of the crab. To determine this distance
for each crab specimen, the distance from the LED lights to
the mouth region was adjusted until the sampling region fell
sufficiently far enough in front of the mouth to avoid creating
false filaments based on light reflected off the crab itself. The
size of the sampling region was 25 mm by 15 mm, which cov-
ered the potential reach of the antennules and included all
concentration filaments that may advect past the region
between sequential LIF samples.

Two example time records of crab kinematics and odorant
concentration within the antennule sampling region during a
successful track are shown in Figs. 7 and 8. The variable z
refers to the height of the mouth and antennule region. The
crab (label 1364L) shown in Fig. 7 began relatively high in the

boundary layer (antennules at z = 10 cm) and then lowered
the antennules to between z = 6 and 8 cm. The antennule
region received a sequence of odorant bursts during the first
14 s of the time record (labeled in Fig. 7a), and the crab moved
rapidly (8 to 10 cm s–1) upstream during this period (labeled in

Fig. 6. Location of the sampling zone for the crab antennule region.
Reflected laser light from the right claw can be seen in the upper right
region of the image. Similarly, reflected light from the left claw (although
dimmer) is seen in the lower left region of the image. The two bright dots
in the lower right region of the image are the light-emitting diodes (LEDs)
used to quantify the crab position. Light reflecting from the carapace is
observed adjacent to the antennules sampling region. 

Fig. 7. Example concentration and crab kinematic time records for a suc-
cessful blue crab search (crab label 1364L). Panel A shows the height of the
antennules and the normalized concentration data extracted from the anten-
nule sampling region as a function of time during the search. cmax is defined
as the maximum concentration sample within the antennule sampling zone
and is normalized to the source concentration, c0. Panel B shows the crab
velocity and acceleration in the upstream direction (i.e., x direction). 

Fig. 8. Example concentration and crab kinematic time records for a suc-
cessful blue crab search (crab label 465L). Panel A shows the height of the
antennules and the normalized concentration data extracted from the
antennule sampling region as a function of time during the search. Panel
B shows the crab velocity and acceleration in the upstream direction (i.e.,
x direction). Parameter definitions are identical to those in Fig. 7. 
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Fig. 7b for the first 16 s). The concentration signal in the
antennules region decreased after 14 s as the crab wandered to
the side of the narrow plume structure near the source.
Upstream motion was reduced with a negative acceleration
around t = 16 s and a rapid decrease in velocity that culmi-
nates with the crab coming to a stop (Vx = 0 around t = 18 s).

Crab 465L received several odorant bursts at the antennule
region in the first 5 s (labeled in Fig. 8a). Crab velocity in the
upstream direction during this period was large and increased
until approximately t = 7 s. The crab received minimal chemi-
cal stimulus at the antennule region in the period between t =
5 and 10 s. The crab appeared to respond to the lack of chem-
ical stimulus with a decrease in velocity between t = 7 and 10
s. Just after t = 10 s, the crab abruptly accelerated upstream. The
time record of concentration does not reveal a stimulus burst
in this period, but examination of the concentration field sug-
gests that a strong burst of odorant arrived at the chemosensors
on the upstream claw, possibly inducing the motion. Also note
that the crab lowers its antennule region in the boundary layer
as it proceeds upstream, which is similar to the trend seen in
Fig. 7. Our initial analysis suggests that this is a robust pattern
associated with a general decrease in the elevation of the cen-
ter of the plume structure (Page et al. unpubl. data).

Outer chemosensors—A contrast between left and right distal
chemosensors, usually the legs, could mediate turning
towards the interior of the plume (Zimmer-Faust et al. 1995;
Webster et al. 2001). We aimed to assess the chemical bias
across the crab body to provide insight into whether crabs are
responding to spatial asymmetry in the chemical distribution.
Direct measurement of odorant concentration at outer
chemosensors was not possible due to several experimental
constraints. Shadows cast by the carapace, legs, and claws
obscured the plume structure close to the legs in many
instances. An additional complicating factor was light
reflected from the crab, which could not be systematically dis-
tinguished from intense fluorescence of high concentration
filaments. However, we found that it was possible to estimate
the spatial asymmetry of the chemical signal reaching the crab
by examining the structure of the approaching plume.

A sampling region projected in front of the crab was used to
infer odorant stimulus received by the tracking crab. To prevent
interference from the upstream claw, the sampling region was
moved upstream by a distance equal to the advection distance
over a short time period (i.e., 1 s). Fig. 9 shows an example of
the sampling region placement and relative position in time. As
shown, the sampling region was moved in space and time suf-
ficiently to prevent false signals from crab appendages, espe-
cially the claws. The sampling region size in the streamwise
direction was determined by dividing the relative velocity of the
crab by the sampling frequency (approximately 4.8 Hz). For
example, a crab traveling upstream at 50 mm s–1 yields a veloc-
ity relative to the flow of 100 mm s–1 and hence the sampling
region has a dimension in the streamwise direction of approxi-
mately 21 mm (i.e., 100 mm s–1 / 4.8 Hz). The sampling region

dimension in the transverse direction matched the width of the
crab and varied with crab orientation. For this analysis, the con-
centration field in the lowest LIF measurement plane was used
due to the proximity to the distal appendage chemosensors.

The procedure for extracting the transverse distribution of
stimulus is described as follows. The sampling region position
is initially (at time t0) located near the upstream edge of the
crab, shown at a distance X0 from the crab center in Fig. 9. To
avoid shadowing and other problems, the concentration field
is examined at a period τ earlier (i.e., t = t0 – τ). The position of

Fig. 9. Description of the sampling zone for evaluating the transverse
signal distribution. Due to shadowing concerns, concentration data are
extracted at an earlier upstream location (green box in upper panel) and
assumed to be advected to the chemosensory location (orange box in
lower panel). Note that the bright spots in the lower portion of the
orange measurement zone are crab legs and claws, which demonstrates
the challenge of extracting accurate concentration data near the crab
body. The sampling region position is initially located at a distance X0

upstream of the crab center position, which corresponds to the upstream
position of the crab body (shown in lower image). To evaluate the sam-
pling region location at an earlier time (t0 – τ), the sampling region is
shifted upstream by the advection distance Uτ. Hence, the distance from
the crab center to the sampling zone, Xa , equals U τ + X0 + ΔXcrab (shown
in upper image). The streamwise width of the sampling region, w, is
determined by the advection distance UΔt and the distance that the crab
travels Δx between measurement samples, such that all chemosensory
structure encountered by the crab between samples (Δt ≈ 0.21 s) is
included. The time delay (τ) shown corresponds to approximately 1 s. 
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the sampling region at the earlier time is farther upstream due to
the fact that the concentration filaments within the region are
advected by the bulk flow motion during the period τ. The crab
is downstream at the earlier time and hence does not interfere
with sampling of the concentration field. The concentration
field is sampled at this earlier time, and the filament structure is
assumed to be fixed and simply advected by the mean flow.
Returning to the original reference time, t0, the crab is in its orig-
inal location and the concentration distribution is located in the
original sampling region at the upstream edge of the crab.

As a simple means of quantifying the signal contrast across
the crab body, we compared the transverse locations of the
crab center and centroid of the concentration distribution
within the sampling region. A concentration centroid location
that deviates more than a threshold distance (±0.5 cm) from
the crab center indicates a transverse bias in the chemical
stimulus. We performed an autocorrelation analysis to con-
firm whether the transverse bias was maintained in the sam-
pling region over the advection period. In this case, concen-
tration fields collected without a crab present were evaluated
in order to provide a sufficient number of samples (N = 7800)
for convergence of the statistical calculation and to avoid
shadowing issues. The transverse bias was calculated for a sam-
pling region and for the sampling region displaced upstream
at an earlier time as described above. The data revealed that
the transverse bias remained strongly correlated (correlation
coefficient of approximately 0.8 or greater) for the time peri-
ods (approximately 1 s) and sampling region sizes used in this
study, hence providing justification for employing the
described sampling procedure (Dickman 2008).

Figs. 10 and 11 show the extracted results for two example
crab tracks (labels 1364L and 465L, respectively) that relate crab
center position, the centroid of the concentration distribution
in the sampling region, and the animal’s directional bias. In
both examples, the crabs tend to respond to contrast in the con-
centration distribution. For example, the crab with label 1364L
(Fig. 10) started near the center of the plume, received a strong
signal bias toward the left between 8 and 10 s and subsequently
moved toward the left (i.e., toward negative values of y). The
signal bias switched to the right between 10 and 11.5 s and the
crab followed with movement to the right (starting at approxi-
mately 10.5 s). The signal bias between 12 and 14 s was again
toward the left and the subsequent movement (starting at
approximately 13.5 s) was to the left. Crab 465L reacted simi-
larly (Fig. 11); the stimulus bias was initially toward the left (pre-
dominantly to the left for the time period less than 6 s) and the
crab moved consistently to the left (until approximately 8 s).
The signal bias was toward the right between 6 and 11 s. The
crab started to move to the right at approximately 10 s. For
most of tracks examined, the concentration centroid and plume
centerline began to coincide as the source was approached (as
shown in Fig. 10), indicating the crab was near the center of the
plume. The record for crab 465L (Fig. 11) is unusual as the crab
was located toward the right near to the source.

Discussion

A major hindrance to studying chemically mediated guid-
ance is the difficulty of establishing the relevant signal proper-
ties of chemical stimulus plumes. In auditory, visual, and lateral

Fig. 10. Example time records for a successful blue crab search (crab
label 1364L) comparing the crab position to the concentration distribu-
tion. The crab center is defined as the midpoint between the LEDs on the
backpack and quantifies the transverse position of the crab. The concen-
tration centroid is calculated for the sampling region described in Fig. 9.
Side bias is established based on the difference between the crab position
and the position of the concentration centroid. The bias is marked as left
or right for differences greater than ± 0.5 cm. The crab tends to follow the
transverse bias provided by the plume structure for the track shown. 

Fig. 11. Example time records for a successful blue crab search (crab
label 465L) comparing the crab location to the concentration centroid of
the sampling region described in Fig. 9. All definitions are the same as in
Fig. 10. In this case, the crab loses contact with the plume at approxi-
mately t = 6s, decelerates and stops at approximately t = 10s (the sta-
tionary period appears in Fig. 8). Upstream motion resumes once the crab
receives a strong bias to the right (revealed by the spike in the concen-
tration centroid record). 
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line systems, relating stimulus properties (e.g., frequency, pres-
sure) to neural and behavioral responses has lead to substan-
tial insights about sensory system function (Bradbury and
Vehrencamp 1998). In contrast, the stimulus properties rele-
vant to chemosensory systems responsible for odor-mediated
guidance in turbulent odorant fields remain largely specula-
tive. Unlike microorganisms that experience well-defined
chemical gradients produced by molecular diffusion, turbu-
lent plumes experienced by larger animals such as moths and
crustaceans cannot be characterized easily (Webster and
Weissburg 2009). Here, turbulent fluid motion creates spa-
tially and temporally complex and unpredictable plumes
whose features defy characterization by analytic methods
(e.g., diffusion models) or numerical simulation.

Our current understanding of chemosensory organization
is hindered by the complex, unpredictable, and difficult to
manipulate nature of turbulent odorant plumes. As a result,
we have been unable to firmly link spatial and temporal
properties of chemical signal structure to resulting, specific
animal movements, and the mechanisms used by this sen-
sory system to encode information remain obscure. Estab-
lishing the stimulus patterns that result in given movements
(e.g., turns, upstream movements, etc.) will help define the
necessary properties of the chemosensory periphery
involved in odorant-mediated guidance.

Despite various experimental challenges, meaningful
data on the odorant concentration field surrounding track-
ing animals can be acquired from the described 3DLIF mea-
surement technique. The measurements facilitate direct
examination of the chemical stimulus near the animal to
evaluate hypotheses based on previous behavior and simu-
lation results. The three-dimensional nature of the concen-
tration measurements is particularly important for animals
such as crustaceans, due to the fact that chemical sensory
organs are distributed over the body and the sensory organs
move freely in all coordinate directions. Although this
technique is limited to well-controlled laboratory environ-
ments, it can nonetheless furnish hypotheses about animal
tracking that can lend insights into behavior in the field,
provide inspiration for autonomous chemical tracking
agents, or suggest fruitful avenues for physiological studies.
Additionally, this technique will be useful to examine the
influence of mixing regime, source size, source geometry, or
release rate, etc. in mediating tracking by varying specific
plume properties important for animal navigation. As
noted, we have a general sense of how such variables influ-
ence tracking in some aquatic and terrestrial animals, but
are unable to identify the specific changes in plume struc-
ture that are responsible.

The 3DLIF system described in this paper does have limita-
tions on quantification of the exact chemical stimulus
received by the various blue crab chemosensors. The anten-
nules are smaller than the resolutions used in the 3DLIF sys-
tem and move in and out of the LIF measurement planes.

Flows created by crab incurrents and excurrents or antennule
flicking, and imprecision in the location of the antennules
prevent the extraction of exact chemical concentrations
impinging upon aesthetasc arrays on the antennules. To gain
such detail on the antennules may require a system resolution
closer to the Batchelor scale. This would result in a field of
view of about 2 cm by 2 cm (see Dasi et al. 2007), which is
insufficient to gain simultaneous information on crab move-
ments. Exact chemical concentrations at the outer chemosen-
sors are similarly difficult to quantify using 3DLIF due to laser
reflections, shadowing, and resolution limitations associated
with the appendages. Therefore, the chemical stimulus
received by a tracking blue crab using a practical 3DLIF system
can only estimate the concentration field actually impinging
chemosensory organs. Nonetheless, as discussed below, useful
information can be extracted using quantifiable estimates of
the relative pattern of chemical concentration at the various
chemosensory locations.

Data taken from the sampling region near the antennules of
tracking blue crabs are consistent with the presumed function of
the antennules in maintaining upstream progress. The height of
the antennule region changes in time, which again highlights
the need for three-dimensional data in order to correctly extract
the stimulus characteristics underlying orientation. We observe
a general connection between the presence of bursts of concen-
tration at the antennule region and rapid upstream movement,
whereas an absence of concentration bursts at the antennules
was followed by a reduction in upstream walking speed.

Extracting meaningful concentration data surrounding the
sensors on the leg appendages to test hypotheses about bilateral
steering proved to be more difficult due to shadowing and
reflection issues. The classical concept of contrast between the
left and right leg chemosensors of a tracking crustacean was not
always useful because blue crab body orientation with respect to
the flow vector, and consequently the odorant plume, was at an
angle (illustrated in Fig. 6). In many cases, the left legs were
located directly upstream of the right legs, thereby corrupting a
useful bilateral comparison between the left and right leg
chemosensors. Nevertheless, we were able to develop a proce-
dure to employ the sequences of three-dimensional data to
examine the transverse variation of the concentration distribu-
tion just upstream of the leading legs of the tracking crab. Bias,
or odorant signal asymmetry, in sampling regions upstream of
the blue crab was revealed by comparing the centroid of the
concentration distribution with the crab location. For the two
example tracks discussed, the crabs generally followed the direc-
tional signal provided by the transverse bias in the plume struc-
ture. Thus, even though spatial asymmetry often did not corre-
spond to the left-right body axis, blue crabs seemingly are able
to use spatial patterns in the concentration field to maintain
transverse position within the plume.

The process of combining behavioral studies with direct quan-
tification of odorant stimulus is not limited to LIF. Electrodes or
other sensors can be connected to tracking organisms either
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externally or internally (e.g., Basil and Atema 1994). Leonard et
al. (1994) implanted electrodes capable of detecting odorant
concentrations at the tips of the antennules of lobsters. A con-
centration time record was recorded via an amplifier-transmit-
ter backpack attached to the lobster. Vickers and Baker (1994)
attached an excised antenna connected to an electroantenno-
gram to a moth with unaltered antennae. The attached
antenna required a small wire lead (1.5 m long) that traveled
with the moth as it tracked a pheromone plume in a wind tun-
nel. Using the excised antenna apparatus, Vickers et al. (2001)
recorded electrical output of pheromone stimulus simultane-
ously with tracking in a laboratory wind tunnel for 20 moths.

Collecting time-records at the chemosensory organs of a
blue crab would require multiple sensors and some means of
transmitting the data (i.e., wires) to an amplifier and recorder.
Attachment of multiple sensors to a blue crab, particularly on
the legs, would likely impair movement, distress the animal,
and diminish tracking abilities. While the future development
of minute external chemical sensors with wireless data trans-
mission abilities in the future may resolve difficulties associ-
ated with sensors, laser-induced fluorescence avoids the wires
or backpacks required for external or internal sensors. There-
fore, laser-induced fluorescence, as described herein, is a good
approach because it minimizes the physical limitations
imposed on the tracking crab while providing a non-intrusive
sampling method.

We conclude that our experimental technique is an effec-
tive method for quantifying the chemical concentration field
surrounding actively tracking blue crabs and can be used for a
variety of other animals (e.g., gastropods). Our data facilitate a
direct comparison of the stimulus pattern with crab kinematic
response. The presented (typical) data are consistent with pre-
vious hypotheses about the stimulus patterns that induce
upstream motion and transverse positioning by blue crabs. We
are currently performing detailed analysis to gain further
insights into the stimulus patterns that mediate specific acts,
the role of three-dimensional structure, and the context or
history dependent changes in stimulus response patterns as
crabs track towards the source.
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