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Abstract

The acquisition of information from sensory systems is critical in mediating many ecological interactions. Chemosensory

signals are predominantly used as sources of information about habitats and other organisms in aquatic environments. The

movement and distribution of chemical signals within an environment is heavily dependent upon the physics that dominate at

different size scales. In this paper, we review the physical constraints on the dispersion of chemical signals and show how those

constraints are size-dependent phenomenon. In addition, we review some of the morphological and behavioral adaptations that

aquatic animals possess which allow them to effectively extract ecological information from chemical signals.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction Among the many sensory systems that organisms
The basis of many ecological interactions ultimately

depends upon an organism’s ability to extract relevant

spatial and temporal information about its environ-

ment. Information about an environment is carried by

sensory signals present within a habitat. Because sen-

sory signals have varying physical properties, different

physical phenomena in habitats will set constraints

upon the transmitted signals. As a result of this physical

constraint, organisms have evolved a variety of habitat-

specific sensory systems and mechanisms to gather

ecological information (Dusenbery, 1992).
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have evolved, chemical senses are sources of ecolog-

ical information for a variety of terrestrial and aquatic

organisms (for excellent reviews, see Bell and Cardé,

1984; Atema, 1988). In particular, organisms in the

marine environment have evolved elaborate mecha-

nisms to extract information from chemical signals.

Organisms use chemical cues to detect the presence of

predators (Tomba et al., 2001; DeMeester and Cousyn,

1997; Covich et al., 1994; Mathis and Smith, 1993),

locate food resources (Thar and Fenchel, 2001; Zimmer

and Butman, 2000; Crenshaw, 1996; Tamburri et al.,

1996; McLeese, 1973), and find mates (Vickers, 2000;

Yen and Strickler, 1996; Gleeson et al., 1987; Atema

and Engstrom, 1971). One of the most challenging

sensory tasks that organisms face when using chemical

signals is a determination of the distance and orienta-

tion to the source (Webster et al., 2001).
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To appreciate the difficulties associated with this

behavioral task, it is imperative to understand the

interaction between a sensory signal and the physical

constraints of an environment. This interaction struc-

tures environmental information and can limit or con-

strain the types of possible behaviors (Kikas et al.,

2001). In regard to understanding chemoreception as a

behavioral phenomenon, an understanding of the in-

teraction between signal and environment requires

knowledge of the physical processes that transport

chemicals through environments and create structure

in the form of spatial and temporal information in

signals. For odor signals, these physical processes are

turbulent advection and dispersion.

The purpose of this manuscript is threefold. First,

we want to review the set of physical parameters that

constrain or govern the transmission and movement

of chemical signals within different environments.

Second, we will describe qualitatively the sensory

environments that are present in different physical

environments. Third, we will review the various

strategies that have evolved among organisms in

order to effectively use chemical signals to solve

important behavioral and ecological tasks. It is our

hope that this approach will provide a broader un-

derstanding of how physical processes within an

environment influence the strategies used by organ-

isms to extract relevant spatial and temporal infor-

mation from odor signals.
2. Physical constraints on signal transmission

In this section, we describe a set of parameters used

to quantify physical characteristics of the turbulence

and the chemical signal being transported. The

descriptors are familiar non-dimensional parameters

put in the context of turbulent plume transport. Two

flows that share a common set of relevant non-

dimensional parameters will share qualitatively simi-

lar plume transport characteristics; flows with differ-

ing parameters may exhibit dissimilar traits.

The transport and mixing of a chemical in a

turbulent flow consists of two distinct physical pro-

cesses: advection and dispersion. Advection consists

of macroscopic, bulk chemical transport by the mean

flow. Dispersion consists of the combined effects of

turbulent intermingling of fluid parcels (stirring),
molecular diffusion due to Brownian motion (mixing),

and (at larger scales) spreading due to effects of shear

in the mean velocity field (shear dispersion). Fluctu-

ating velocity gradients in turbulent flows deform, or

stir, the spatial structure of the chemical field into

complex patterns consisting of thin filaments. This

stirring does not directly produce chemical dilution,

but it promotes molecular diffusion (and hence dilu-

tion) by greatly enhancing the interfacial area between

intermingled parcels of fluids with differing chemical

concentrations. The net effect of turbulent stirring,

combined with subsequent molecular mixing, is

termed turbulent mixing. By analogy with molecular

mixing, turbulent mixing is often modeled as a

diffusion process. As a general rule, stirring is a

chemical redistribution process that operates at large

scales, and mixing is a gradient-smearing process that

operates at small scales. The distinction between large

and small scales is quantified later.

Diffusion acts to eradicate spatial gradients in

chemical concentrations via the classic Fickian

relationship

!
q ¼ �DmrC ð1Þ

Diffusion produces a flux
!
q in the direction of

decreasing concentrations (direction of �jC). A

chemical’s propensity to diffuse in a particular fluid

is quantified by the molecular diffusivity Dm, with

units L2T�1.

Since most relevant chemicals have a diffusivity on

the order of 10�9 m2 s�1 in water, molecular diffusion

is a slow process whose effects are most prevalent

where there are large changes in concentration over

short distances (largejC). The Péclet number quanti-

fies the relative rates of advection and diffusion. The

average time required for a small particle (e.g. a

molecule) to diffuse a distance L is td=L
2/2Dm. Notice

that td is related to the distance L via a non-linear

relationship; diffusion becomes increasingly slow at

larger spatial scales. If the mean flow velocity is U, the

time required for the same particle to advect the same

distance is ta=L/U. The Péclet number is the ratio of

times required for advection and diffusion to displace a

particle a distance L. Ignoring the factor of 2 in td, we

have

Pé ¼ ta

td
¼ UL

Dm

ð2Þ
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When Péb1 (typically for extremely low velocities, or

at very small spatial scales), chemical dispersion is

dominated by molecular diffusion. When PéH1, ad-

vection dominates, and the effect of molecular diffu-

sion can be neglected at all but the smallest scales. If

turbulent dispersion is modeled as a diffusion process

(with an effective turbulent diffusivity Dt), then a

turbulent Péclet number can be written that compares

the effect of advection with the effect of turbulent

dispersion.

The characteristics of the stirring processes are

governed by the nature of the turbulence. The Rey-

nolds number gives a bulk measure of the turbulent

state by comparing inertial forces with viscous forces.

The inertial forces represent the strength of the large,

momentum-containing scales that sustain the turbu-

lence (and stir any chemicals). The viscous forces

constitute the damping effect of the small-scale vis-

cous processes that dissipate momentum into heat. In

the governing equations for fluid dynamics (the Nav-

ier–Stokes equations), the inertial term is
!
u �j!

u ,

which scales as U�U/L, and the viscous term is mj2!u,
which scales as mU/L2 (where m is the kinematic

viscosity of the fluid). Taking the ratio of the scales

for the inertial and viscous forces forms the Reynolds

number,

Re ¼ U 2=L

mU=L2
¼ UL

m
ð3Þ

When ReH1, momentum in the flow overpowers

viscous damping, and the flow is turbulent. The

higher the Reynolds number, the more turbulent the

flow, the broader the range of temporal and spatial

scales present. As Re decreases, the turbulence loses

this richness of scales. For sufficiently low Re, the

viscous forces dominate and the flow becomes lami-

nar (hydrodynamically structure-free).

The form of the Péclet number and the Reynolds

number is the same (compare Eqs. (2) and (3)), and

the interpretations of the two numbers are analogous.

The kinematic viscosity, m=1�10�6 m2 s�1, is the

molecular diffusivity of momentum within the fluid,

making it the momentum analog to the molecular

chemical diffusivity Dm or the turbulent chemical

diffusivity Dt. The Péclet number compares the rate

of advective transport of the chemical to the rate of

smearing (smoothing or eradication) of gradients and
spatial structures in the chemical field. The Reynolds

number compares the rate of advective transport of

momentum to the rate of molecular smearing of

velocity gradients (spatial structures in the velocity

field). The two numbers are related through the

Schmidt number

Sc ¼ Pé

Re
¼ m

Dm

ð4Þ

where Sc is the ratio of the molecular diffusivities of

momentum and the chemical. Typical chemical odors

have a Schmidt number in water on the order of 103,

and are therefore referred to as weakly diffusive

(relative to the diffusion of momentum). Note that

only two of the three parameters Pé, Re, and Sc need

be specified; the third parameter can be calculated

from the other two.

Since diffusion acts to eradicate spatial gradients

(and hence spatial structure in the chemical signal) at

small scales, diffusive processes set a limit for the

smallest possible spatial gradient. The scales of the

smallest velocity and chemical structures are con-

trolled by the diffusivities m and Dm, respectively.

The Kolmogorov microscale is the scale of the small-

est velocity structures, given by

g ¼ m3

e

� �1=4

ð5Þ

where e is the rate at which turbulent kinetic energy is

dissipated into heat. Within the log layer of a turbulent

boundary layer, the dissipation can be estimated as

ecus
3/jz, where z is the distance from the bed, us is

the boundary layer shear velocity, and jc0.41. As Re

increases (and the flow becomes more turbulent), the

dissipation e increases, and the smallest velocity

structures in the flow g become smaller.

The Batchelor microscale is the scale of the small-

est chemical structures, given by

gB ¼ mD2
m

e

� �1=4

ð6Þ

Eqs. (4), (5), and (6) can be used to relate g and gB as

gB ¼ gSc�1=2 ð7Þ

When ScH1, the scales of the smallest chemical

structures are therefore significantly smaller than the

smallest velocity structures. For a typical turbulent



P. Moore, J. Crimaldi / Journal of Marine Systems 49 (2004) 55–6458
benthic boundary layer, the Kolmogorov microscale

would be on the order of a millimeter, with the

Batchelor microscale being approximately 30 times

smaller (assuming Sc=1000).

The characteristics of turbulent mixing vary over

the vertical extent of a boundary layer, due to physical

variations over the depth of the flow. Vertical location

is usually specified in terms of the coordinate z+,

defined as

zþ ¼ zus

m

where z is the distance from the bed. The shear

velocity us is a measure of the shear stress at the

bed, and is defined as

us ¼
ffiffiffiffiffiffiffiffiffiffi
sw=q

p
where sw is the shear stress at z=0, and q is the fluid

density. Very close to the wall (z+<5), the mean

velocity reaches its maximum vertical gradient, with

a linear velocity profile given by

uþ ¼ zþ

where u+=u/us. Further from the wall, this velocity

profile deviates from the linear relationship and

asymptotes to a logarithmic relationship given by

uþ ¼ 1

k
lnzþ þ 5:5

If near-wall eddies are assumed to have dimensions

that scale with z, and velocities that scale with us, then

z+ can be viewed as a local Reynolds number. Close to

the wall (small z+), viscous interactions become sig-

nificant, suppressing turbulent motions (and turbulent

mixing). However, the mean velocity gradient is at a

maximum near the bed, so there is significant disper-

sion of chemicals in this region due to the mean shear.

Chemicals in this near-wall region exhibit a streaky,

persistent characteristic (Crimaldi et al., 2002b). Fur-

ther from the wall (large z+), turbulence intensities

increase to a maximum before decreasing towards the

edge of the boundary layer. In this region of larger

eddies and higher turbulence intensities, chemicals

are stirred rapidly by turbulent dispersion. The spatial

distribution of the instantaneous chemical field in this

region is characterized by high levels of intermittency

(patchiness). The presence of a rough bed surface

tends to enhance turbulence levels in the flow, and
eradicates the viscous behavior in the near-wall

region.
3. Odor landscapes at varying scales

Turbulent dispersion and molecular diffusion

spread chemicals into a dynamic, three-dimensional

distribution of odorant concentrations. This distribu-

tion can be visualized as an ‘odor-landscape’ (Atema,

1996; Nevitt et al., 1995) consisting of evolving peaks

and valleys whose elevation represents the strength of

a particular odorant concentration. The spatial char-

acteristics of these peaks and valleys, as well as their

evolution in time, depend on the physical nature of

both the flow and odorant (Weissburg et al., 2002;

Kiørboe et al., 2001; Webster and Weissburg, 2001;

Moore et al., 2000; Westerberg, 1991).

Stirring caused by macroscopic structures in the

turbulent velocity field introduces complexity into the

odor landscape. At the same time, mixing caused by

molecular diffusion at the microscopic level eradicates

complexity by smoothing local features. Since stirring

and mixing dominant over the other at different scales,

perception of the resulting heterogeneous odor land-

scape depends greatly on the scale of observation

(Kiørboe and Thygesen, 2001). Thus, organisms of

different sizes experience different features of the

heterogeneity (Crimaldi et al., 2002a).

In their 1977 paper, Berg and Purcell described the

odor landscape for microscopic organisms. This odor

landscape occurs in an environment that is dominated

by very small spatial scales (relative to the Kolmo-

gorov microscale). Since even the smallest turbulent

motions are much larger than these organisms, turbu-

lence is experienced as pure translation combined with

strain from simple linear velocity gradients. At the low

Reynolds numbers that define these environments, the

flow is locally laminar. This causes a localized thin-

ning of the boundary layer around cells, maintaining

concentration gradients and increasing rates of diffu-

sion for chemical signal molecules (Karp-Boss et al.,

1996). At these scales, molecular diffusion controls the

evolution of the odor field (Kiørboe et al., 2001).

Chemical gradients in this world are small, and have

spatial and temporal fluctuations that are smoother and

less variable than those at more turbulent scales

(Kiørboe and Thygesen, 2001; Moore et al., 1999).
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At large spatial scales, both stirring and mixing are

relevant. Stirring generally acts more rapidly than

molecular mixing, so stirring can be more important

than mixing at short time scales, especially when the

spatial scales are large. But molecular mixing pro-

cesses produce macroscopic changes in the odor

landscape given sufficient time. The odor landscape

perceived by organisms that are large relative to the

Kolmogorov microscale is highly complex relative to

that experienced by microscopic organisms (Crimaldi

et al., 2002b; Webster and Weissburg, 2001; Zimmer

and Butman, 2000; Moore et al., 1994). Stirring

strains and elongates features in the odor field, creat-

ing chemical filaments with sharp concentration gra-

dients. Most significantly, the odor field is chaotic at

these scales, and changes occur rapidly and unpre-

dictably (Kikas et al., 2001; Moore et al., 1999, 1994;

Moore and Atema, 1988).
4. Sensing and orientation in odor landscapes

In this section, we provide a survey of sensor

designs and orientation strategies that have evolved

to allow organisms to effectively extract spatial and

temporal information from odor landscapes. It is our

hope that this section will provide a global picture of

how physical constraints on odor transmission sets

design limits on chemoreceptive appendages and

influences the types of behavioral strategies animals

have adopted.

4.1. Small-scale two-dimensional habitats

As outlined above, small-scale environments are

dominated by molecular mixing alone. Consequently,

odor landscapes are simple and less variable than at

more turbulent scales (Visser, 2001; Peters and Mar-

rasé, 2000; Kiørboe and Thygesen, 2001). Bacteria

and algae are the typical example of organisms that

rely heavily on chemoreception at these spatial scales.

Bacteria use chemoreception for localizing nutritional

sources and algal sperm use concentration gradients to

localize eggs (Bell and Mitchell, 1972; Miller, 1979;

Maier and Müller, 1986).

Relatively predictable and stable spatial gradients

in an odor landscape exist at the scale of whole

organisms which allows a true chemotaxis to be
performed. (Although called a chemotaxis, it is really

a chemokinesis; Dusenbery, 1992.) In chemotactic

search strategies, spatial differences in chemical con-

centration are detected and organisms turn toward the

higher concentration. For bacteria and algal gametes,

chemical gradients are sensed across the whole body

and, as such, there are no individual sensors at spatial

distinct locations as seen at larger spatial scales (Berg,

1983). Even given the simple nature of the odor

landscape, bacteria and algal gametes still have

evolved different mechanisms to orient effectively to

odor sources.

Bacteria perform a chemo-kinesis strategy that is

commonly referred to as a ‘‘random walk’’ (Berg,

1983). In this strategy, bacteria have two modes of

behavioral patterns. First, there is a ‘‘run’’ which

consists of a straight line movement. Runs are

interspersed with ‘‘tumbles.’’ During a tumble, the

‘‘run’’ is stopped and the bacterium rotates and starts

to head off on a new run in a random direction. The

length of the ‘‘runs’’ and hence, the time between the

random tumbles is influenced by the chemical gradi-

ent. If the bacterium is moving toward an odor source

and, thus, up the concentration gradient, tumbles

become less frequent. If the bacteria is moving down

the concentration gradient, the length of the run

decreases and tumbles become more frequent. This

simple pattern of tumbles and runs and the timing

between the two behaviors moves the bacteria up

concentration gradients and allows them to localize

odor sources.

Algal gametes have a more straightforward behav-

ior (Maier and Müller, 1986). Although they have a

mechanism of turning and movement similar to bac-

teria, it appears as if the increasing concentration of

algal pheromone causes a complete cessation of

turning and movement toward the odor source. Both

of these mechanisms work because there is a direct

and stable spatial gradient of odor centered on the

odor source. In environments where stirring becomes

more important, these types of search strategies are

ineffective.

More recent work has shown that microorganisms

can actually sense gradients along their body and

respond in a fashion that can truly be called a

chemotaxis (Thar and Fenchel, 2001). The theory of

helical klinotaxis (Crenshaw, 1996, 1993) provided a

mechanism by which microorganisms could turn by
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actually steering rather than altering any ‘‘run and

tumble’’ sequence as described above. These micro-

organisms alter their direction of motion by changing

the direction of the rotational velocity vector (Cren-

shaw, 1996). Given a self-steering behavior, it was

only a matter of time before others discovered that

chemical distributions could guide the self-steering

behavior (Fenchel, 2002). It was discovered that a

prokaryote could detect the smooth concentration

gradients that are present at these size scales and alter

their swimming behavior in order to stay within the

most favorable concentrations of chemicals (oxygen

for example, Thar and Fenchel, 2001). In this manner,

it is the smooth concentration gradients and their

lower variability in space that allows a self-steering

motion to keep cells within desired nutrient ranges

(Thar and Fenchel, 2001).

4.2. Intermediate-scales, three-dimensional habitats

At intermediate spatial scales, diffusive mixing of

chemical concentrations remains a distinctive feature

of the odor landscape, but the complex topography

imparted by turbulent stirring also comes into view.

Copepods are an excellent example and probably the

best-studied chemoreceptive animals at these scales.

Copepods are relatively small crustaceans and range

from microns to millimeters in size. Since they are

often larger than the Kolmogorov microscale, cope-

pods experience effects of small-scale turbulence

(Visser, 2001). Copepods often forage on small algal

cells in the water column or function as predatory

animals feeding on other copepods. Chemoreception

is important for both of these tasks. In addition, it

appears as if they use mating pheromones to track

females in the open ocean.

Copepods forage by generating a feeding current

that draws potential food particles from the surround-

ing water to a capture zone (Alcaraz et al., 1980).

When the food item enters the capture zone, the

copepod actively reaches out and gathers in the food

particle. To effectively capture food particles, the

copepod redirects and moves the feeding current

around to draw food particles into the capture zone.

In order to perform this behavior, the copepod needs

precise spatial and temporal information on the loca-

tion and distance of the food particle. The spatial

information is used to redirect the food particle into its
capture area, whereas the temporal information is used

to time the capture sequence.

The spatial and temporal information is gathered

from the odor landscape by sensory receptor cells on

the antennae of the copepod. In these environments,

chemical sensors are spaced at the same spatial scale

as the Batchelor microscale, approximately tens of

microns. At a slightly larger spatial scale, the antennae

of these organisms as a whole is at the same spatial

scale of the smallest eddies, approximately tens to

hundreds of microns.

The local physical environment of the copepod

exhibits moderate Reynolds numbers (order unity).

This environment consists of a transition between

flows where viscous effects dominate (small Re) and

those where inertial effects dominate (large Re).

Copepods exploit this transitional regime through

behavioral responses. Small changes in either fluid

flow or hair morphology can make appendages act

like rakes or paddles (Cheer and Koehl, 1987). For

paddles, water flows around the appendage, whereas

with a rake the water flows through the hairs. Because

small changes in morphology are important, sensory

receptors are spaced at regular distances along the

copepod’s first antennae. The relatively large spacing

allows the antennae to act like a rake and odor signals

will pass effectively through the array of receptors.

The spatial arrangement of sensory hairs and the

spatially stable gradients in the odor landscape allows

the copepod to extract precise spatial and temporal

information from its feeding current (Peters and

Marrasé, 2000).

Not all copepods have the same feeding currents

and, as stated above, small changes in flow velocity

can have profound influences on the perception of

odor landscapes (Peters and Marrasé, 2000). Thus, the

odor landscape is a function of the hydrodynamics of

a copepod’s feeding current (Moore et al., 1999).

Odor landscapes located in high shear feeding cur-

rents (characteristic of the copepod Pleuromamma

xiphias) have different spatial and temporal distribu-

tions than signals located in lower shear flow fields

(characteristic of the copepod Euchaeta rimana;

Moore et al., 1999). These differences in odor land-

scapes translate into differences in the sensory capa-

bilities of these two copepods, which consequently

mean different chemosensory behaviors, such as car-

nivory or herbivory.
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4.3. Large-scale three-dimensional habitats

Most of the organisms studied to date detect and

respond to odor signals at spatial scales 100–1000

times the Batchelor scale, yet also detect the patchy

distribution of chemical signals with sensory appen-

dages that function near the Batchelor scale. The

interaction of these two distinct scales with the sen-

sory structures dictates how odor signals are perceived

and used by animals. Typical examples of such work

include the homing of salmon (Dittman and Quinn,

1996; Døving et al., 1985) and the response of sharks

to food cues (Hodgson and Matthewson, 1971). The

best studied examples of orientation to chemical land-

scapes are the benthic crustaceans (Lobsters; Moore et

al., 1991a,b; Blue crabs; Weissburg and Dusenbery,

2002; Finelli et al., 2000, 1999; Tamburri et al., 1996;

Zimmer-Faust et al., 1995; Weissburg and Zimmer-

Faust, 1993; and Crayfish; Kraus-Epley and Moore,

2002; Tomba et al., 2001; Keller et al., 2001; Moore

and Grills, 1999).

Many of the animals at this scale detect odor land-

scapes with densely packed receptors either on external

appendages (Gleeson et al., 1993; Moore et al.,

1991a,b; Snow, 1973) or in internal cavities (Døving

et al., 1977). The dense packing of receptor hairs

increases the overall sensitivity of the system, but has

a negative consequence of reducing flow to and be-

tween the hairs. Even at the scale of the receptor hairs,

flow is important for delivering odor molecules to

receptor sites (Stacey et al., 2002; Cheer and Koehl,

1987). Thus, a reduction in flow means a reduction in

detectable odor. Organisms have solved this problem

by creating artificial currents that either increase the

flow of water to the receptor sites (as in the nasal

cavities of fish; Døving et al., 1977) or by flicking the

sensory appendage through the water at relatively high

velocities (as in the flicking of crustacean antennules;

Stacey et al., 2002; Gleeson et al., 1993; Moore et al.,

1991a,b). These movement patterns temporarily alter

the spatial structure of the hairs, increasing the local Re

of the flow, and facilitating the delivery of odor to

receptor sites (Stacey et al., 2002; Cheer and Koehl,

1987). As a result of the movement of the water or

appendage, fine-scale spatial differences in the odor

landscape are blurred and a form of a local temporal

and/or spatial average of chemical concentration mov-

ing through the sensory appendage (Koehl et al., 2001).
At the scale of the whole organism, habitat differ-

ences (i.e. flow velocity, substrate, etc.) begin to play

a larger role in the odor landscape and subsequently in

the types of behavior observed in those habitats. In

benthic invertebrates (crayfish, blue crabs, and lob-

sters), the fine-scale differences in the habitat alter the

nature of the turbulence for that habitat. For example,

in different sections of a river or near-shore environ-

ments, flow over sand substrate will have a different

level of turbulent structure than flow over cobble or

gravel (Hart et al., 1996). Even within a single

substrate, topographical differences in habitat struc-

ture influence the level of turbulent flow. These can

include riffles (faster flow), pools (slower flow),

sandy substrates (smaller roughness elements), and

cobble areas (larger roughness elements), which have

been shown to greatly influence the turbulent nature

of the flow (Hart et al., 1996). Since the turbulence is

different, the odor landscape will be different (Moore

et al., 1999). Consequently, odor landscapes will be

habitat-specific (Moore et al., 1999; Westerberg,

1991).

These habitat-specific landscapes also produce

specific orientation behavior. Crayfish (Orconectes

rusticus) exhibit different orientation behavior on

diverse substrates (Moore and Grills, 1999). The

changes in behavior are a result of the odor landscape

and not just an effect of walking on alternative

substrates. The ability of blue crabs (Callinectes

sapidus) to effectively use chemical signals to forage

is greatly impacted by local flow velocities (Finelli et

al., 2000, 1999; Weissburg and Zimmer-Faust, 1993).

Again, differences in the behavior have been attribut-

ed to how fluid flow structures the odor landscape. In

general, both organisms respond well and are capable

of locating odor sources in a variety of flows, but the

exact nature of the behavior is altered by the different

odor signals. In fact, both organisms show similar

orientation behaviors. A detailed description of the

behavior indicates that some aspects of the upcurrent

movement are modified by the increased intermittency

of signals in higher turbulent environments. Interest-

ingly, crayfish are more efficient in higher turbulent

environments (Moore and Grills, 1999), whereas blue

crabs are more efficient in locating odor sources in

lower turbulent flow (Weissburg and Zimmer-Faust,

1993). These results clearly show that orientation

behavior is a habitat-dependent phenomenon.
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At larger scales, both salmon and shark are known

to use chemical signals to orient over great distances.

At these scales, the behavior transpires several orders

of magnitude beyond the Batchelor and Kolmogorov

microscales. The salmon’s olfactory goal is the large-

scale, diffuse odor source of its home river (Døving et

al., 1985; Dittman and Quinn, 1996). Its odor land-

scape is the coastal environment that contains many

layers of water from different freshwater origins that

lie in a vertical stratification due to density differ-

ences. These layers contain the odors of the many

rivers that empty their waters into the ocean. Salmon

move through these layers in a vertical pattern and, by

doing so, sample very large scale differences in odor

landscapes (Johnsen, 1983; Døving et al., 1985).

In contrast, sharks try to localize a point source

(food item) as opposed to the large, diffuse source of a

river in the salmon example. Sharks have been seen to

swim in a small zigzag pattern that may allow them to

sample odor landscapes at a spatial scale that corre-

sponds to the largest eddy structure in the flow

(Johnsen, 1983). For example, bonnet-head sharks

have been found to use behaviors such as a circling

behavior that halts the shark’s forward movement and

allows them to relocate the odor signal (Johnsen and

Teeter, 1985). Both the salmon’s vertical movement

patterns and the side-to-side sampling behavior of the

sharks appear to be directly due to the odor landscape

which is structured by the types of flows within those

environments.
5. Summary

Environments have unique physical features that

influence the dispersion of chemical signals within

them. As a result, unique physical habitats have dis-

tinctive odor landscapes with particular regard to

intensity, spatial distribution, and temporal fluctuations

of signal chemicals. These distinctive odor landscapes

can set constraints on the types of sensor arrays, their

behavioral sampling and the orientation behavior that is

most effective for localizing odor sources. Small-scale

habitats (those smaller than the Batchelor scale) have

spatially and temporally stable odor distributions with

smooth and less variable concentration gradients. In

these habitats, simple behaviors, spatially distinct sen-

sor arrays, and common search strategies are readily
apparent. In larger habitats (those larger that the ener-

getic eddies), spatial and temporal distribution of odors

form a complex, dynamic odor landscape. In these

habitats, densely packed arrays of sensors that force

water through the array and complex movement pat-

terns are common place. From an evolutionary per-

spective, we would predict that sensory systems and

sensory-mediated behavior should be adapted to the

particular constraints of different habitats. Thus, to

begin to understand why organisms perform certain

behaviors or why sensor arrays have a distinct mor-

phology, it is imperative to understand the physical

dynamics of the habitat in question.
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