
Webster and Weissburg 2001; Crimaldi et al. 2002). From
a spatial perspective, the plume consists of a highly
convoluted filament surrounded by odorantless fluid. From
a temporal perspective, the signal erratically fluctuates as
the filament structure moves past a sensor.

Many aquatic predators move quickly through plumes,
strongly suggesting that the time-averaged structure is not
practically useful as a source of information because the
time period needed to acquire reliable estimates of average
local concentration is too long (Webster and Weissburg
2001). Rapidly mobile benthic consumers, therefore, are
thought to require information present in the filament
structure produced by turbulence to navigate to an odorant
source (Moore and Atema 1991; Weissburg and Zimmer-
Faust 1994; Webster and Weissburg 2001). Increased
turbulent mixing increases the homogeneity of chemical
plumes, thereby altering the filament structure and
degrading tracking performance (e.g., slower speed, in-
creased stopping, indirect trajectories) of blue crabs
(Weissburg and Zimmer-Faust 1994). Alternatively, Moore
and Grills (1999) and Ferner and Weissburg (2005)
observed that the performance of crayfish and whelks,
respectively, improved with increased turbulence. However,
it is important to note that the range of turbulence
parameters over which tracking performance has been
studied is small, particularly compared to what is seen in
the field.

Blue crabs (Callinectes sapidus) are crustacean predators
with two sets of chemosensors that are responsible for
regulating different aspects of the organism’s tracking
behavior (Keller et al. 2003). Chemosensors on the
antennae, which are elevated on the crab’s body, control
the forward movement of the crab via odor-gated-rheotaxis
(a strategy whereby odorant arriving at these sensors is
coupled with mechanosensory information to induce
upstream motion toward the odorant source). Chemosen-
sors on the crab’s legs, which are spatially separated and
near the benthos, are believed to mediate turning relative to
the plume structure. The combination of information
gathered by these two sets of sensors induces an upstream,
zigzag motion that allows the crab to stay within the
odorant plume until it is at a distance from the source
sufficient to initiate a near-source search behavior (Weiss-
burg and Zimmer-Faust 1993, 1994; Keller et al. 2003). The
combination of sensors at different heights in the water
column coupled with upstream motion means that blue
crabs can acquire time-varying, three-dimensional (3-D)
information about their environment. Prior research has
relied on coupling behavior to two-dimensional (2-D)
information (at best), thereby creating a significant gap in
our understanding of the sensory basis of tracking
behavior.

Quantitative examination of plumes has demonstrated
that the concentration field varies with bed roughness.
Rahman and Webster (2005) noted that the distributions of
the fluctuating and time-averaged concentrations in the
vertical (z), transverse (y), and streamwise (x) directions are
influenced by bed roughness. Hence, we hypothesized that
variation in turbulent mixing due to bed roughness would
affect tracking behavior in crustacean predators by altering

the signal structure at different heights in the water column
and by altering the width and homogeneity of the plume.

The objective of this study was to examine the effects of
environmentally induced turbulence on predatory tracking
behavior. The large range of substrates encountered by
naturally foraging benthic organisms motivates the need to
specifically examine the connections among substrate
properties, plume signal structure, and chemosensory
navigation. Here, we quantify the effects of bed roughness
on the chemical signal structure and examine the effects of
roughness-induced changes in signal structure on the prey-
finding ability of a generalist predator, the blue crab
(Callinectes sapidus). We also explore the possibility that
sensors on different appendages of the organism may have
properties that allow them to function best under the
specific environmental conditions in which they generally
operate. Sensors that are matched in this way to prevailing
conditions of a specific stimulus have been said to be
‘‘tuned’’ to their sensory environment (Atema 1985; Keller
et al. 2003). Because particular chemosensory appendages
are placed at different heights in the water column, the
simultaneous chemical signals available to each appendage
vary substantially within the same plume. We suggest that
the 3-D structure of plumes is an essential determinant of
tracking. Hence, we used different substrate roughness to
create plumes with different vertical plume structure, and
we examined the signal structure at a series of vertical
locations within the plume to determine the consequences
of vertical variation of the concentration field on C. sapidus
tracking behavior.

Methods

Flow environment—Experiments to visualize C. sapidus
behavior were carried out in a 12-m 3 0.75-m recirculating
saltwater flume (Keller et al. 2003). The bulk flow velocity
in the channel, determined using an electromagnetic flow
meter that monitored volumetric flow rate in the delivery
pipe, was steady at 5 cm s21, which is within the range of
in situ flow speeds encountered by C. sapidus (Smee and
Weissburg 2006). Turbulence level was varied in separate
flume trials by using four substrate materials to line the
flume bed (fine sand, d50 5 1 mm; small gravel, d50 5
2.5 mm; pea gravel, d50 5 11.5 mm; large gravel, d50 5
21 mm, where d50 represents the average grain diameter of
the substrate material), representing a range of sediments
that C. sapidus naturally encounters (Meise and Stehlik
2003; van Montfrans et al. 2003). The flow depth was
0.25 m in all trials.

Parallel experiments to quantify the plume structure
were conducted in a 24.4-m 3 1.07-m flume (Fig. 1). The
bed substrate matched that of the behavior trails except for
the smoothest bed treatment, in which fine sand was used
for the behavior observations to allow the crabs to walk
normally, and a smooth polyethylene sheet was used in the
concentration measurement experiments. The water depth
was H 5 0.20 m, and the bulk flow velocity was 5 cm s21 in
these experiments.

We verified that the flume used for behavioral observa-
tions generated similar boundary-layer characteristics as
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turbulence created by smoother substrates. The intermit-
tency factor in all vertical profiles is greatest near the
elevation of the release (z/H 5 0.125). The intermittency
factor decreases with increasing bed roughness due to
increased dilution of the chemical filaments to concentra-
tion levels below the absolute threshold. In all cases, the
intermittency factor decreases with increasing distance
from the source; the probability that the concentration
exceeds the absolute threshold is reduced as the filaments
become more dilute with downstream evolution.

Figure 7 shows the vertical profiles of the intermittency
factor with a threshold defined by the local time-averaged
concentration. An intermittency factor with this threshold
would equal 0.5 if the distribution were symmetric; that is,
half of the samples exceed the average in a symmetric
distribution. Hence, the intermittency factor based on
a threshold of the time-averaged value provides a simple
measure of the distribution skewness as well as the
probability of a concentration sample that exceeds the
local mean. Webster and Weissburg (2001) demonstrated

that the distribution of the instantaneous concentration
value is not symmetric in the plume; hence, we anticipated
that the intermittency factor would differ from 0.5. At the
x/H 5 1.0 location, profiles for all bed-roughness
treatments are fairly uniform in the vertical direction with
a value of roughly 0.2; thus, 20% of the samples exceed the
local time-averaged value (shown in Fig. 4), independent of
the vertical position and the bed roughness. As the plume
evolves downstream, the intermittency factor for the two
rougher bed conditions is greater than the intermittency
factor for the smoother bed conditions; the probability that
a sample exceeds the local time-averaged value is greater
for the rougher beds. The profiles also become less
vertically uniform with larger intermittency factor closer
to the bed. For the two rougher bed profiles near the bed at
x/H 5 4.0, the intermittency factor is closer to 0.5, and the
distribution is trending toward symmetry. Taken together,
these results indicate that plumes evolving over smoother
substrates are characterized by more intense, but less

Fig. 6. Vertical profiles of the intermittency factor based on
a threshold of 2% of C0 (Cth 5 0.02C0) on the centerline at four
downstream locations. Note the change in axis scale. H is the
channel water depth and equals 0.2 m. The gray bands denote the
approximate elevations of the leg and antennule chemosensors.

Fig. 7. Vertical profiles of the intermittency factor based on
a threshold of the time-averaged concentration (Cth 5 c̄) on the
centerline at four downstream locations. H is the channel water
depth and equals 0.2 m. The gray bands denote the approximate
elevations of the leg and antennule chemosensors.
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numerous odorant filaments. At the height near the source
release (z/H 5 0.125), the plume is characterized by less
frequent bursts of concentrations above the local mean, but
they are large relative to the initial source concentration.

Transverse variation of the concentration field—The
transverse (across the width of the plume) integral length
scale, L, provides a measure of the plume width and
homogeneity (Webster et al. 2001). The integral length scale
is calculated by integrating the area under the normalized
transverse correlation function of instantaneous concen-
tration samples:

L ~

�?

0

(cocy=coco)dy, where cocy ~
1

T

�T

0

c(0,t)c(y,t)dt ð2Þ

Bed roughness increases the integral length scale because
the plume width and homogeneity increase with rougher
substrates (Fig. 8). The change of the integral length scale
with respect to downstream distance (dL/dx) increases
around x/H 5 2.0 for the smooth and d50 5 2.5 mm gravel
beds. Conversely, dL/dx decreases beyond x/H 5 2.0 for
the two rougher beds. The difference in the trends of L
likely results from differences in the range of turbulent eddy
sizes and turbulence intensity among the bed treatments.

The transverse correlation function (cycyzL=coco) at four
downstream locations for each bed roughness is presented
in Fig. 9a for two sensors with fixed spacing equal to L.
The normalized correlation function varies between 0 and 1
(defined in Webster et al. 2001). High values of the
correlation function indicate that the sensors perceive
similar concentration fluctuations, whereas low correlation
values indicate a contrast between the sensor signals. The
location of the inner sensor (the one closer to the
centerline), y, is normalized by s, which is a parameter
based on the time-averaged concentration field. As
presented in Rahman and Webster (2005), transverse
profiles of the time-averaged concentration follow a Gauss-
ian distribution shape, and, hence, the half-width of the
profile is quantified by the standard deviation (s) of the
profile shape. Rahman and Webster (2005) provided the
values of s used for the normalization in Fig. 9. In Fig. 9a,
the curves collapse onto the same trend irrespective of the
bed roughness or downstream location. This indicates that
the scales chosen for nondimensionalization, the transverse
integral length scale for the correlation spacing and the
time-averaged plume width for the position of the inner
sensor, correctly characterize the transverse correlation
(and contrast) of the intermittent plume structure. Al-
though not shown here, evaluations of the correlation
function with spacing using an integer multiple of L also
demonstrated collapse of the profiles, again confirming the
scaling.

Behavior trials—Contingency table analysis demonstrat-
ed that percent tracking success of crabs varied significantly
across the test conditions (Table 2; G 5 28.7, df 5 10,
p,0.001). Control crabs never navigated to the stimulus
nozzle, regardless of bed conditions. However, increasing

bed roughness and decreased source concentration both
diminished tracking success for animals exposed to odorant
(G 5 8.3, df 5 3, p,0.05; G 5 15.5, df 5 1, p,0.05 for bed
roughness and concentration, respectively), and there was
a strong indication of a substrate–concentration interaction
(G 5 11.28, df 5 6, p 5 0.082). The source of this
interaction appears to have been related to the observation
that tracking success was less affected by substrate
roughness when source concentration is high. Crabs
tracking the more concentrated source were only minimally
affected over the first two roughness conditions, whereas
tracking success declined greatly over these two treatments
for crabs exposed to the dilute stimulus. Test statistics of
this analysis and the subsequent analysis of kinematics are
presented in Table 3.

The effects of substrate per se on locomotion were not
consistent with changes in behavior during odor tracking
(see below), strongly suggesting that the changes we
observed during odor tracking were specific responses to
the odorant environment. Analysis of the kinematic
performance suggested that animals in the no-odorant
controls performed similarly to animals not tracking to the
source (Fig. 10), which is consistent with numerous other
studies (e.g., Weissburg and Zimmer-Faust 1994; Keller et
al. 2003). We confirmed this using a two-way ANOVA,
which demonstrated no significant difference in the NGDR
(arcsine transformed to meet assumptions of normality)
and speed of no-odorant control and nontracking animals
(NGDR: F2,219 5 1.46, p 5 0.23; speed: F2,219 5 0.0038, p
5 0.99) as functions of odorant level. For the no-odorant
control and nontracking animals, substrate had significant
effects on both speed and NGDR (F3,219 5 9.83, p , 0.001;
F3,219 5 3.52, p , 0.001, respectively); animals tended to
move faster and more directly upstream with rougher bed
conditions, and there was a particularly dramatic effect at

Fig. 8. Variation of the transverse integral length scale with
distance from the source for different roughness treatments. H is
the channel water depth and equals 0.2 m.
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the roughest bed condition. Detailed observations indicate
that crabs increase use of their swimmerets, particularly on
the roughest substrate. This tends to reduce the degree of
contact with the bottom, increasing speed and minimizing
changes in direction.

Successful trackers (for representative path plots, see
Zimmer-Faust et al. 1995; Vickers 2000; Weissburg et al.
2002) behaved differently than unsuccessful trackers in
their response to odorant and substrate treatments. A two-
way ANOVA, examining the effects of concentration and
substrate on NGDR of successful trackers (arcsine
transformed to meet assumptions of normality) (Fig. 10a),
indicated that there was not a significant effect of either
factor or their interaction on NGDR (concentration: F1,83

5 1.24, p 5 0.2685; substrate: F3,83 5 1.62, p 5 0.19;
interaction: F3,83 5 0.54, p 5 0.66). In contrast, the speed of
a successfully tracking crab was significantly reduced by
both a decrease in concentration and an increase in
substrate roughness (Fig. 10b) (concentration: F1,83 5
14.77, p , 0.001; substrate: F3,83 5 3.87, p , 0.05), with
no evidence of a substrate–concentration interaction (F3,83

5 0.59, p 5 0.62).
Successful trackers appeared to maintain positions

farther from the plume midline as substrate roughness
increased, and they showed a general trend of increasing
their transverse position at greater distances from the
source (Fig. 11a, where d is defined as the distance from the
centerline). We determined whether odorant properties and
bed roughness influenced the transverse location of the
animal by examining the average distance from the plume
centerline as functions of concentration, substrate, and
distance from the odorant source (Fig. 11a). This three-way
ANOVA revealed that although there was no significant
effect of concentration on distance from centerline (F1,240 5
0.16, p 5 0.689), there was a significant effect of bed
roughness and distance downstream from the odorant
source (F3,240 5 4.54, p 5 0.004; F2,240 5 11.18, p , 0.0001,
respectively). There were no other significant interactive
effects.

We normalized the average distance from the centerline
by the time-averaged plume half-width, s, for each
downstream region, and reanalyzed these data in order to
detect self-similarity of tracking behavior (Fig. 11b). The
normalized distance from the centerline decreased signifi-
cantly as animals approached the source, as before (F2,240

5 445.99, p , 0.001). In contrast to the previous results,
normalized distance was not significantly affected by
substrate (F3,240 5 1.36, p , 0.25), and there were no
other significant main effects or interactions (F , 0.69,
p . 0.56 for all effects). The mean normalized distance
(i.e., the location of the center of the crab) from the
centerline across all substrate and concentration treatments
was approximately 5.9, 2.7, 1.1 in regions 6 . x/H . 4,
4 . x/H . 2, and 2 . x/H . 0, respectively.

Nondimensionalizing the results by s removes the
dependence of the distance of the crab to the centerline
on bed roughness, and this suggests that sensor positions of
foraging animals (at a given position downstream) bear
a constant relationship with plume width. As presented
already, Fig. 9a shows that scaling the sensor span to the

Fig. 9. Transverse spatial correlation of concentration with
sensor spacing equal to (a) L and (b) 10 cm. In (a), data are shown
for x/H 5 2.7, 5.3, 7.8, and 10.3 for each bed treatment (16
profiles shown). In (b), data corresponds to the d50 5 11.5 mm
bed treatment for demonstration of the trend observed for each
bed-roughness treatment. The insets show the geometry of the
sample locations with respect to the flow direction (U) and
transverse coordinate (y). H is the channel water depth and equals
0.2 m. The arrows denote the position of the crab leg chemo-
sensors closest to the centerline: d/s 5 2.1, 1.5, and 0.6 for 6 .
x/H . 4, 4 . x/H . 2, and 2 . x/H . 0, respectively. The
interior sensor position was calculated from our analysis of mean
normalized distance from the centerline (i.e., the location of the
center of the animal with respect to the plume centerline, see text
in Behavioral Trials results), and assuming that, based on a 10-cm
sensor span (the approximate span of an average-sized crab used
in our trials), the interior sensor was located 5 cm from the mean
normalized distance.
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Different roughness geometries may play a role in
advective and diffusive permeability of the stimulus into
the substrate and, perhaps, modulate crab behavior. Prior
research has demonstrated that diffusive transport dom-
inates solute transport at the sediment surface (Glud et al.
1996), but significant advective pore-water flow can be
induced by imbalances of pressure due to surface roughness
elements (Thibodeaux and Boyle 1987). This suggests that
advective flow will introduce increasing levels of the
stimulus into the benthos with increased bed roughness,
potentially to levels where tracking blue crabs could utilize
these signals to help them find an odorant source. Control
trials were interspersed with stimulus trials for all bed
roughnesses; hence, we might have expected similar
behavior for crabs under both conditions if stimulus were
being built up and retained in the sediment at levels that
modulated crab tracking. The difference between tracking
and nontracking animals (and the similarity between
animals that did not track and those moving in the absence
of stimulus) suggests that, although crabs may detect pore-
water signals during tracking, these potential signals alone
do not appear to be enough for a foraging crab to
successfully locate a food source. Prior experiments
(Weissburg and Zimmer-Faust 1993, 1994) have indicated
that crabs are rarely successful in finding sources when
chemical signals are introduced over natural substrates
without ambient flow, further suggesting that pore-water
signals have, at best, a minor role in mediating tracking.

Our quantification of odorant plume properties suggests
that the signal structure depends on the flow microenvi-
ronment in general and the vertical position in particular,
and, consequently, spatial variation in the odorant signal
structure may be important in explaining how animals
extract information from chemical plumes. Microenviron-
ments, as used here, refer to regions within the general
environment that correspond to an area of interest on an
organism (Atema 1985). In this case, we examined the flow
microenvironments at the heights of the different sensors
on the body of a blue crab.

As we discuss in detail next, odorant signal properties in
different regions of the boundary layer are well suited to
control specific behaviors mediated by sensory appendages
that sample odorants within those regions. Prior research
has revealed that an organism’s sensory systems may be
specifically adapted, or optimally tuned, for their general
environmental conditions (Bodznick et al. 1999; Bleck-
mann et al. 2003; Warrant et al. 2003); however, this study
suggests that parts of an organism’s sensory system may be
tuned to their particular microenvironments and behavior-
al roles. Because sensory neuron properties often match the
spatiotemporal scales of variation of the relevant natural
stimuli (Rieke et al. 1996; Machens et al. 2001), it logically
follows that individual chemosensors/appendages of organ-
isms exposed to different signal properties may be tuned for
their particular flow microenvironments.

Signal structure at the antennules—The data indicate
a significant negative relationship between bed roughness
and speed of tracking animals (Fig. 10b). Tracking speed is
largely determined by upstream motion, which is mediated

by sensory neurons in the antennules and antennae (Keller
et al. 2003). These centrally located organs sample at
a height in the water column where the odorant field is
characterized by high concentration, large fluctuations, and
large intermittency factor compared to the region closer to
the bed (Figs. 4–6). Plume signal properties at this height
also change dramatically with changes in turbulence, and
consequently, we observed substantial decreases in average
concentration (Fig. 4), concentration variance (Fig. 5), and
intermittency factor, based on a fixed threshold (Fig. 6),
with increasing bed roughness. Together, these results
indicate a decreased probability of encountering concen-
trated odorant signals at the height of the antennules as
turbulence increases. The corresponding decrease in the
speed of tracking blue crabs likely was caused by the
decreased frequency of intense odorant bursts since the
mean concentration is not easily resolved (Webster and
Weissburg 2001).

The potential role of neuronal adaptation also must be
evaluated as a possible component of the sensory mecha-
nism. Sensory adaptation renders neurons unresponsive to
background stimuli (Atema 1985), suggesting that signal
contrast, as opposed to absolute signal level, is important.
The intermittency factor, expressed as the probability of
exceeding a fixed threshold based on the initial concentra-
tion, decreases at the height of the antennules as increased
bed roughness creates a more homogeneous plume (Fig. 6).
However, the probability of a burst with concentration
above the local time-averaged value increases with in-
creasing bed roughness and increasing distance down-
stream from the source. At the height of the antennules, the
probability of a burst above the time-averaged concentra-
tion is greater for increased bed roughness (Fig. 7), but the
standard deviation is much less (Fig. 5). Hence, fluctua-
tions greater than the time-averaged value are more
common, but not particularly large in concentration.
Again, the observation that walking speed decreases with
increased bed roughness is consistent with the hypothesis
that upstream motion is mediated by large instantaneous
concentration (bursts) at the antennules. The data further
suggest that it is the intensity of the bursts, rather than the
frequency of bursts above background, that bears the
greatest relationship to upstream movement.

Signal structure at the appendages—Chemosensors on
the walking legs are responsible for the turning motion that
keeps blue crabs within a chemical plume (Keller et al.
2003). Spatial separation of leg chemosensors across the
body allows perception of instantaneous stimuli contrasts
transversely across the body if the sensor spacing is large
enough (Fig. 9). The ability of spatially separated sensors
located close to the substrate to encode information on
plume spatial structure may be enhanced by vertical
variation in the odorant field structure, at least under
some circumstances. Close to the source (x/H , 2) and in
conditions of smoother bed roughness, the plume structure
close to the bottom is more homogeneous (i.e., lower
standard deviation observed in Fig. 5) compared to the
plume structure at the height of the antennules. The
probability of encountering filaments with concentration
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