
Background
Decapod crustaceans rely on information derived from sensing chemical cues 
dissolved in their fluid environments (odors) to find food, avoid predation, 
and mediate reproduction. To sense odors, marine crabs (such as the blue 
crab, Callinectes sapidus) have antennules with a toothbrush-like array of 
chemosensory hairs (aesthetascs, b in Fig. 1 bottom). Crabs move their 
antennules back and forth, a motion called flicking, to generate fluid flow 
within the array during the downstroke and advect odor molecules close to 
the aesthetascs (Fig. # E, G); the flexible aesthetascs splay apart during the 
downstroke. During the return stroke, aesthetascs clump together and odor 
molecules are given time to diffuse the final distance to the aesthetascs’ 
surfaces. This process of odor capture is called sniffing. 

The Reynolds number (Fig. 2A) combines fluid speed (u), 
size (L = aesthetasc diameter), and physical properties of the fluid, density (!) and dynamic 
viscosity (!), into a ratio of the inertia of moving fluid over fluid viscosity. Cheer and Koehl 
(1987) showed that in the Re range 10-2 to 10, Re and gaps between hairs affect fluid flow 
through array. During the downstroke, aesthetascs splay apart (Fig. 2B) and move quicker 
than return stroke (Re ~ 1); wide aesthetasc spacings and higher Re lead to high flow 
through array (Fig. 2B). Return stroke has lower velocities (Re ~ 0.1) and aesthetascs clump 
together (Fig. 2C); smaller gaps between aesthetascs and lower velocities trap fluid within 
the array and divert fluid around the array (Fig. 2C). 

Hermit crabs of the family Coenobitidae, which split from marine hermit crabs 
approximately 50 million years ago, live fully terrestrial lives (with the exception of a 
marine larval state) and use their antennules in a similar fashion to marine crabs, despite 
operating the antennules in air. The morphology of these terrestrial crabs’ aesthetascs and 
antennules is strikingly different than that of marine crabs. Aesthetascs are flat and leaf-like, 

slightly overlapping to create a shingled pattern on the base of the antennule (Fig. 1 top, Fig. 3A). Although 
terrestrial crabs flick their antennules, aesthetascs do not splay apart. 

Air differs from water in the physical properties important to odor capture. Advection within a hair array is 
controlled by Re, which drops by a factor of 10 in air (due to changes in density and dynamic viscosity). If 
flicked in air, fluid flow should be markedly reduced within the array of marine crab. However, a molecule’s 
diffusivity increases by 3 to 4 orders of magnitude in air, greatly decreasing the time required for molecules to 
reach the surface of an aesthetasc.  

Do the differences in morphology between marine and terrestrial crabs
 reflect an evolutionary response to capturing odors in different fluids?

Methods – Physical Modeling and Particle Image Velocimetry
Odor capture in air and water was investigated by first quantifying the fluid flow within and around the arrays 
of a marine crab (Callinectes sapidus) and a terrestrial hermit crab (Coenobita rugosus). Kinematics of 
antennule motion and the morphometrics of the antennules and aesthetascs were measured in order to create 
dynamically scaled physical models of each species (see Fig. 3 for explanation). 

Particle Image Velocimetry (PIV) was used to measure fluid flow during motion created around the models by 
towing rig at appropriate downstroke and return stroke speeds in a tank of mineral oil. The models were 
mounted with an above video camera. A cylindrical lens spread a laser beam (! = 650 nm) into a 2 mm sheet 
perpendicular to the direction of the camera and transecting the model arrays (Fig. 4). Images were captured 
with a Redlake Motionscope camera at 60 fps. Three repetitions of 61 frames each for each speed and model 
resulted in 180 unique image pairs. PIV analysis was complete in steps outlined by Fig. 5.

Methods – Odor-capture Simulation
A finite-difference Monte Carlo simulation was executed using Matlab to simulate advection and diffusion of 
1 x106 odor molecules (initial positions shown in Fig. 6 as red dots) to the surfaces of aesthetascs within each 
array (shown in Fig. 6 as blue circles for the marine crab array).

Advection

u(x, y) =
dx

dt
≈ x(t+∆t)− x(t)

∆t       v(x, y) =
dy

dt
≈ y(t+∆t)− y(t)

∆t
x(ti) = x(ti−1) + u(x, y)∆t              y(ti) = y(ti−1) + v(x, y)∆t

where x = horizontal displacement, y = vertical displacement, u
(x, y) = steady-state x-component of velocity at point (x, y) and v
(x, y) = steady-state y-component of velocity at point (x, y), 
and ∆t is a small time step (1.5 x10-5 s for D in water, 3.0 
x10-6 s for D in air). Both u and v are taken from PIV data.

Diffusion

Diffusion was modeled as a random walk using the root-mean 
squared distance drms =

√
2D∆t as a displacement and a 

direction determined by Matlab’s pseudorandom number 
generator. D is diffusivity (cm2 s-1).

Odor Capture

Odor molecules were captured and counted when they assumed a 
position within the boundary of individual aesthetascs, determined 
by the inpolygon function in Matlab. Total numbers of molecules 
captures were normalized for available capture area and starting 
odor concentrations.

Results – PIV
PIV results are presented in Fig. 7 for marine (top row) and 
terrestrial crabs (bottom row) in both air and water. 

- During the downstroke, far less fluid flows between the 
aesthetascs in the array of marine crabs when flicked in air 
than in water. 

- There is no flow between the aesthetascs in either air or 
water during either stroke for terrestrial crabs.

Results – Odor-capture Simulation

- When values of D varied between 10-8 and 10-1 cm2 s-1, 
capture increases with increasing D for all situations for a 
standard time (Fig. 8).

- Marine crabs flicking in air are unable to capture 
molecules with D < 10-2 cm2 s-1. Performance remained 
low for most values of D (Fig. 8).

- In simulations using the full flicking durations 
corresponding to each species and D corresponding to 
small organic molecules (air: 10-2 cm2 s-1, water: 10-8 
cm2 s-1) were applied (Fig. 9), terrestrial crabs captured 
more molecules in air and water than marine crabs 
(although the duration of the flick for terrestrial crabs is 
longer than that of marine crabs). 

- Terrestrial hermit crabs faired better in air than marine 
crabs.

Conclusions

- As predicted, when marine crabs flicked at Re corresponding to air, fluid flow between the aesthetascs in the 
array was markedly reduced. This prevents odor capture by marine crabs at Re in air for most organic 
molecules in water.

- There was no fluid flow between the aesthetascs of terrestrial hermit crabs at any Re investigated. This 
suggests that terrestrial crabs do not rely on the mechanism of odor capture used by marine crabs.

- Odor-capture simulations demonstrate increase odor capture for terrestrial crabs in air compared to marine 
crabs in air, suggesting a functional benefit to the terrestrial crab’s array morphology, but limitations in the 
quality of PIV data and boundary conditions limit the strength of this conclusion. 
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Fig. 3. Scanning elec-
tron micrographs of the 
antennule arrays of a terr-
estrial hermit crab (A) and
a marine crab (D). Dyn-
amically scaled physical
models of the terrestrial 
crab (B) showing details 
of the glass aesthetascs, 
and the two models of the 
marine crab (E – H). The
splayed model (E, G) re-
flects the aesthetascs in
the downstroke of flicking,
and the clumped model 
(F, H) show the aesthe-
tascs during the return 
stroke. The spay of the 
aesthetascs in the splay-
ed model were calculated
using kinematic videos which show the ratio of the width of the array during the downstroke 
(DT in the front view in E and DL in the side view in G) over the width of the array at the 
base of the aesthetascs (PT in front view in E and PL in side view in G). Models were 
constructed from Sculpey modeling clay and borosilicate glass according to morphometric 
measurements from micrographs.
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Models were mounted with an above video 
camera to a towing rig and pulled through a tank 

 
) seeded with reflective particles at the Re 

corresponding to downstroke and recovery stroke 

 = 650 
nm) into a 2 mm sheet perpendicular to the 
direction of the camera and transecting the model 

Images were captured w i th a Red lake 
Motionscope camera at 60 fps. Three repetitions 
of 61 frames each for each speed and model 
resulted in 180 unique image pairs.  PIV analysis 

Fig. 7. PIV tow tank setup. Inset: view 
of Redlake camera.
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Fig. 4. PIV top tank setup. Inset: 
view of Redlake camera.

Fig. 5. PIV analysis. 
Image pairs (left) 
processed with 
MatPIV 1.6.1 
(Sveen) for Matlab 
to produce velocity 
vector maps based 
on movement of 
reflective particles in 
the mineral oil 
(middle). 

MatPIV Transformation
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Fig. 6. Initial 
configuration of aesthetascs in the array of a marine crab 
(blue circles) and simulated odor molecules (red dots).
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Table 1. Reynolds
numbers used

Downstroke Return 
stroke

Marine crab: flicking 
in water 1.6 0.57

flicking in air 0.17 0.06

Terrestrial crab: 
flicking in water 1.0 2.0

flicking in air 0.06 0.21

Water Air
Downstroke Return stroke Downstroke Return stroke

Fig. 7. PIV velocity-vector maps for marine crabs (top row) and terrestrial crabs (bottom row) in air (right two columns) and water (left two columns).
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Fig. 9. Normalized odor-molecule capture for flicks in both air and 
water for marine and terrestrial crabs.

Fig. 8. Normalized odor-molecule capture versus log diffusivity. 
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