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MECHANORECEPTION IN CRUSTACEANS OF THE  
PELAGIC REALM

Petra H. Lenz and Daniel K. Hartline

Abstract

Mechanoreception is used by pelagic crustaceans in the detection of predators, prey and mates, 
and communication. Behavioral studies have demonstrated how stimulus characteristics 
affect the response, that is, whether to attack, escape from, or pursue the source of the stimu-
lus. However, the pelagic environment places constraints on the design of the receptors due to 
the physics of inhabiting a viscous environment with no fixed reference point. Thus, near-field 
disturbances are detected as differences in water f low between the sensor and the organism. 
These hydromechanic cues are transduced into a biological signal by cuticular sensilla, which 
in crustaceans are of scolopidial origin. The mechanosensory and supporting cells share many 
similarities, including distal and proximal anchoring of the dendrites separated by a stiff region. 
Modifications to the basic design are common, and these include a particularly stiff design in the 
copepods. Physiologically, the mechanoreceptors are characterized by high sensitivity, and they 
have a greater frequency range than is usual for sensilla of benthic decapods. The widespread 
occurrence of myelinated axons in both the Copepoda and some of the pelagic Malacostraca 
suggest that conduction velocities are important to shorten response times and improve stimu-
lus localization.

INTRODUCTION

Crustaceans and other organisms, whether of pelagic, benthic, or terrestrial habitat, use mecha-
noreceptors to obtain sensory information from the environment, as well as to provide internal 
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information on appendage position and muscle stretch (Bush and Laverack 1982). Crustaceans 
are mostly aquatic or semi-aquatic organisms. They can be divided into two broad categories: 
pelagic and benthic. From the point of view of mechanoreception, this difference is a funda-
mental distinction with significant impact on neural mechanisms. Pelagic crustaceans inhabit 
a three-dimensional space, and detection of water movements is made without the fixed point 
of reference available to benthic organisms. Thus, the physics of near-field disturbances has a 
different impact on mechanoreception in pelagic crustaceans than on benthic forms. Behavioral 
studies of pelagic crustaceans have underscored the importance of mechanical cues in preda-
tor evasion, communication, and prey detection, while the differences in the physical and bio-
logical environment have led to specialized adaptations in mechanoreceptor physiology and 
morphology. This chapter focuses on mechanoreception in pelagic forms. Mechanoreceptors 
in crustaceans in general are described in  chapter 3 of this volume, and for benthic crustaceans, 
mechanoreceptors involved in walking and posture are described in  chapter 14 of this volume.

Pelagic crustaceans are typically small, ranging between <0.1 and 100 mm in length (Fig. 
11.1A–E, see color version in center plate). Small planktonic crustaceans include the holoplank-
ton (cladocerans, copepods, ostracods) and many larval stages with a pelagic phase (Fig. 11.1D). 
Thus, most benthic Malacostraca inhabit a three-dimensional environment during part of their 
life cycle. Euphausids, sergestids, mysids, and amphipods are part of the micronekton: they 
are intermediate in size and stronger swimmers than the zooplankton (Fig. 11.1A). The larger 
pelagic shrimp are part of the nekton. Some of these are truly pelagic, while others are ben-
thopelagic, migrating between the benthos and the water column (Bauer 2004). In addition, 
not all pelagic or benthic environments are created equal: many crustaceans inhabit the deep 
oceans (depths > 1000 m; Fig. 11.1B), which are characterized by high pressure, no sunlight, con-
stantly low temperatures (~4°C), and on average, scarce food resources, regardless of whether 
it is pelagic or benthic. In contrast, the better-studied surface-dwelling crustaceans inhabit the 
intertidal and subtidal benthic zones and shallow pelagic depths.

Crustaceans, including the pelagic forms, possess an abundance of mechanoreceptors of sev-
eral types. Reviews, primarily focused on benthic decapod forms, provide overviews of the types 
of mechanoreceptors present in the taxon, including structure-function considerations (Bush 
and Laverack 1982,  chapter 3 in this volume). While much work has focused on proprioceptive 
mechanoreceptors, the chordotonal organs and muscle stretch receptors (Whitear 1962, Bush 
and Laverack 1982), there are almost no recent studies on these in pelagic crustaceans, nor much 
reason to expect pelagic-related specialization. Indeed, in the area of ecological interactions and 
sensory ecology, the cuticular hair or seta is the receptor type of greatest importance for these 
organisms. Thus the focus of this review will be on the form and function of setal exteroceptors 
and the role mechanoreception plays in the behavior and ecology of pelagic crustaceans.

PHYSICS OF PELAGIC MECHANORECEPTION

Mechanoreception requires the relative physical movement of a receptor-activating structure 
with respect to a stretch-sensitive ion channel molecule. In nearly all cases, this is the movement 
of a detection structure such as a seta or otolith with respect to, or causing deformation of the 
receptor dendrite, which is populated with stretch-sensitive ion channels that underlie transduc-
tion (Goodman et al. 2004, Árnadóttir and Chalfie 2010). The coupling between this activating 
structure and the external medium through which the disturbance is transmitted imparts cer-
tain properties to the reception process, as well as providing limitations. There are four situa-
tions to consider: bulk f low (f luid f low on a scale larger than that of the organism), pressure cues 
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(including far-field acoustic disturbances and hydrostatic pressure), near-field hydrodynamic 
disturbances (displacement of water at a source, spread according to hydrodynamic physics to 
neighboring parcels of water), and solid-object contact. As discussed below, bulk f low is difficult 
for pelagic organisms to detect, and direct evidence for far-field and hydrostatic detection in crus-
taceans in general is sparse, so consideration of these will be omitted (see  chapter 3 in this vol-
ume). A good general reference for hydrodynamic disturbances is the review by Kalmijn (1988).

Hydrodynamic Disturbances

An organism suspended in a f luid is self-referenced in detecting hydrodynamic disturbances 
(f luid movement). Since the organism moves as a whole with the bulk f low in that environment, 

Fig. 11.1.
Pelagic crustaceans. See color version of this figure in centerfold. (A)  Euphausia sp., Malacostraca, 
length: 2–3 cm (photo © Steven Haddock by courtesy and with permission). (B) Gaetanus sp., juvenile, 
Copepoda, length:  3.5  mm (photo © Cheryl Clarke by courtesy and with permission. (C)  Acartia sp., 
adult female, Copepoda, length: 1.5 mm (photo © Ben Clauberg by courtesy and with permission, scale 
bar: 1 mm). (D) Spider crab megalopa, Malacostraca, length: 7 mm (photo courtesy of © Cheryl Clarke 
with permission). (E)  Bestiolina similis, nauplius stage 1, Copepoda, length:  70 μm (scanning electron 
micrograph, photo © Jennifer Kong by courtesy and with permission; scale bar: 50 μm).
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it cannot mechanically detect the relatively large disturbances associated with the movement 
without special adaptations. Detection of hydrodynamic cues in such environments depends 
on detection of relatively small water f lows developed between the sensor and a reference part 
of the organism, often the hydrodynamic equivalent of the organism’s center of gravity (Haury 
et al. 1980, Yen et al. 1992, Kiørboe et al. 1999). The concept usually applied in this situation is 
that of water deformation, which can be thought of as the spatiotemporal changes undergone 
by an initially spherical parcel of water that is distorted into an ellipsoid by the disturbance. 
Described by the mathematical construct of a deformation tensor (Batchelor 1967), this results 
in the sphere elongating and narrowing, so for a parcel centered on an organism the relative 
water f low is outward away from the organism’s center along certain axes and inward along oth-
ers (see Kiørboe and Visser 1999, for a more detailed treatment). A simplified case that has been 
used to model an approaching object computes the disturbance produced by a sphere displaced 
along an axis defining θ = 0 (in spherical coordinates) in water treated as an incompressible 
inviscid f luid. The maximum water velocity, u, at a distance, r, directly in front of such an object 
approaching at a speed, U, is given by:

 u U a r= ( )/ 3  (1)

where a is the radius of the sphere (Kalmijn 1988). This disturbance falls off as the cube of 
the distance from the center of the source. However, the on-axis deformation rate of the water 
directly in front of the source is given by:

 ∆ = −3 3 4Ua r/  (2)

where Δ, the deformation rate (in inverse time units, i.e., the number of mm/sec of water move-
ment developed per mm of sensor separation from the body) is the spatial derivative of the f low 
(Kiørboe and Visser 1999). Thus, the deformation rate, which determines the magnitude of the 
near-field hydrodynamic f low that a pelagic organism can sense, falls off with a steeper, fourth-
power dependence on the distance from the source. Further, the ability to sense the deformation 
depends on the orientation of the sensor mechanism with respect to the deforming water parcel, 
since between the axes of elongation and shortening, there are axes of no change, along which 
the disturbance is undetectable. In the case of an approaching sphere, the axis of shortening 
coincides with that of the approach, while a smaller elongation occurs along perpendicular axes 
of the oblate spheroid so formed (in the absence of orientation information, it is usual to report 
sensitivities in terms of the maximum strain rate at the sensor). Using the above simplified 
model to highlight the difference in detection ability required for a pelagic organism lacking a 
fixed frame of reference versus that for a benthic one, consider that the water movement at a sen-
sor deployed at a distance ℓ from the main body along the line of approach is in the proportion  
3ℓ/r (ℓ<<r) (Eq. 2 vs. Eq. 1) between the two, the disadvantage growing with distance. Thus, 
with a predator represented by a 2-cm-diameter sphere approaching a prey at 1 cm/sec to be 
detected at 1 cm distance (2 cm from the sphere center) by a sensor 1 mm from its body, a benthic 
prey would need a sensory threshold of ~0.125 cm/sec, while a pelagic one would require seven 
times the sensitivity (0.019 cm/sec, given the deformation rate of 0.19/sec). Other configurations 
relevant to hydrodynamic detection include models accounting for viscosity, for self-propelled 
objects (more appropriate perhaps for predator-strike), and for detection of predator-produced 
feeding currents (Kiørboe and Visser 1999, Visser 2001). These analyses demonstrate that a pre-
mium is placed on receptor sensitivity.

The manner in which crustacean cuticular sensilla interact with the aqueous environment 
has been examined by a number of investigators (Tautz 1979, Humphrey et al. 1993, Hartline 
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and Lenz 2014). It has been examined in terms of a sinusoidally varying hydrodynamic driving 
force applied to a conical or cylindrical seta and eliciting damped simple harmonic motion of 
the seta in response. While such a framework has been extensively examined for arthropod setae 
in air (Humphrey et al. 1993, Devarakonda et al. 1996, Humphrey et al. 1997, 2001, Barth 2004), 
the situation in water has not been as well studied. In air, mechanical properties of the setae and 
the f luid-dynamic properties of air can lead to a pronounced resonance in the setal response 
to sinusoidal driving, producing a broad “best frequency” or band-pass filtering characteristic. 
In water, on the other hand, this peak in sensitivity is markedly reduced, and instead, the setal 
response is more closely that of a high-pass filter, obeying the following equations (see Hartline 
and Lenz 2014 for derivation):

 θ θ ω φ= +max sin( )t  (3)

 
θmax

/= +( )U c c0 1
2

2
2 1 2

 
(4)

 
φ π= ( )+−tan /1

1 2 0c c or depending on transition points
 

(5)

where θmax is the maximum angular excursion (amplitude) of the seta, φ is the phase angle with respect 
to the water movement, ω is the angular frequency of the water movement, and c1 and c2 are para-
meters derived from the specifics of seta physical properties. Several cases for different setal lengths 
are plotted in Figure 11.2. This illustrates the predicted high-pass properties, characterized by a linear 
rise in response amplitude (on a log-log scale) below a “corner frequency,” transitioning to a more or 
less constant amplitude above the corner frequency. These features are dependent on mechanical 
and geometrical characteristics of the seta (Humphrey et al. 2001, Hartline and Lenz 2014).

Turbulence

Aside from the hydrodynamic cues produced by solid pelagic objects such as predators and con-
specifics, another source of water disturbance is “turbulent f low.” This is the result of energy 
input to the aquatic medium at one spatiotemporal scale, which is then transferred, sometimes 
with the help of benthic interaction, to progressively smaller scales until being damped out by 
viscosity upon reaching those scales known as the Kolmogorov length and time scales (Jiménez 
1997). In open bodies of water, significant turbulence on the scales of concern to pelagic sensory 
processes is confined to near the surface, extending only down as far as the pycnocline (density 
increase due to higher salinity and/or lower temperature). Uniform homogeneous turbulence 
can be treated mathematically and results in random water movements at each scale above the 
Kolmogorov level. It is possible, then, to calculate the frequency of occurrence of a given ran-
dom deformation rate magnitude at different energy-input levels (Jiménez 1997).

Contact

Detection of contact with a solid object, such as food particles or potential mates by a pelagic 
organism, usually referred to as tactile reception, uses the organism’s body parts as the frame of 
reference. Contact is promoted either by the organism’s own momentum against a solid object 
or that of the colliding object or by typically voluntary contact of a receptive surface with a 
substratum in those cases in which a pelagic organism in effect uses a “benthic” modality, as 
would occur during food handling (Alcaraz et al. 1980, Price et al. 1983, Garm 2004). The phys-
ics of contact mechanoreception in crustaceans is significantly different from that for detecting 
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hydrodynamic f lows, albeit usually also mediated by setal receptors. A quantitative analysis is 
available for tactile setae of insects, which is generally applicable to crustaceans as well (Dechant 
et al. 2001). The setae involved tend to be much stiffer than those for hydrodynamic reception, 
to be more firmly anchored to the cuticle, and to require a stronger force for the activation of 
sensory neurons (Barth 2004).

NEUROECOLOGY OF PELAGIC MECHANORECEPTION

Studies on mechanoreception in pelagic animals have been motivated by a need to understand 
behavioral patterns within the context of organism-environment interactions. Hydrodynamic 
cues are especially important in predator-prey interactions, mediating responsiveness to the 
presence of predators as well as triggering escape responses to direct attack. Mechanoreception 
is also important in food detection, in its localization in a three-dimensional environment, and 
in the acquisition and consumption thereof, as well as social behaviors, such as mate recogni-
tion and schooling. Behavioral studies have focused on the ecology and community structure 
in environments with high crustacean abundances rather than on sensory mechanisms per se. 
Thus, available information is not always paired with strong physiological data, the latter having 

Fig. 11.2.
Humphrey et al. (1993) model of arthropod setal hydrodynamic receptors. (A) Predictions of the equations 
generating fig. 4a of Devarakonda et al. (1996) for the steady-state motion of a cylindrical seta anchored to 
an infinite plane surface reacting to sinusoidal movements of sea water with a fixed peak velocity of 5 mm/
sec. The solid line shows the maximum predicted angular displacement (in degrees) for a seta of length 
500 μm and diameter 7 μm having no intrinsic damping (R = 0) and a spring constant (restoring force) 
of 4 × 10–12 N m/rad (left hand abscissa; solid line connecting open squares). The right abscissa (filled 
diamonds) plots the water displacement at the same frequencies. Note the close match between water and 
seta displacement, indicating that in this frequency range, the seta is closely locked to water movement, 
typical of the high-pass filter characteristics of a seta in water (phase angles relative to displacement, close 
to 0º; not shown). Other parameters taken from fig. 4 in Devarakonda et al. (1996), but using density of 
sea water (1035 kg/m3). Inset: plot of the parameters c1 and c2 of Eq (1) against frequency (Hz) for the seta 
used in the main plot. Note the relative (but not perfect) constancy for frequencies above 75 Hz, which 
partially validates the analytically exact, though physically approximate, results described by Humphrey 
et al. (2001). For t = 0, initial water velocity (and seta movement) is in the negative direction. (B) Bode plots 
(frequency responses on a log-log scale) of Humphrey et al. (1993, 2001) model showing setal response 
properties characteristic of a high-pass filter. Plots show angular displacement amplitudes for setae of six 
different lengths to sinusoidal water displacement of fixed amplitude (1 μm). Inset: log-log plots of corner 
frequency (fc) and maximum seta def lection (θplat) against seta length (μm). From www.pbrc.hawaii.edu/
lucifer with permission.
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been obtained primarily from accessible model species (i.e., decapods such as crayfish, crabs, 
and lobsters).

Escape

Best studied in crustaceans is the role of mechanical stimuli in eliciting escape responses (Wine 
and Krasne 1982, Buskey et  al. 2012). Successful escapes to sudden predatory attacks require 
a timely response, so the delay (“latency” or “reaction time”) (Wine and Krasne 1982, Buskey 
et  al. 2012)  between the stimulus and the response must be short. Direct mechanical cou-
pling of the physical stimulus with the ion channels provides mechanoreception with a speed 
advantage over photosensors and chemosensors, which for the most part require intercession 
of a second messenger cascade. In addition, the sensorimotor circuit underlying the trigger-
ing of such behavior is usually simple, as demonstrated in detail for benthic decapods (Wine 
and Krasne 1982). Closest to the benthic decapods, and hence presumably most homologous 
in circuitry, should be the decapod shrimp of both dendrobranchiate and caridean groups, and 
related Malacostraca, the euphausids and mysids, all of which possess at least some pelagic 
species. While little specific work has been done on the escape circuitry of these groups, the 
basics appear similar to the better-studied decapods. This includes possession of one or two 
pairs of dorsal giant interneurons presumed homologous to those of the Reptantia (Johnson 
1924). Escape behavior of these macrurous malacostracans is a tail-f lip similar in character to 
that studied more extensively in the benthic astacids (lobsters and crayfish). The kinematics of 
the behavior has been examined in caridean shrimp, but not its sensory triggering beyond the 
employment of an abrupt stimulus and the observation of a 10–15 msec latency, which suggests 
mechanosensory triggering (Arnott et al. 1999). Unlike in the astacids, strong escape kinematics 
in Crangon was independent of whether the triggering stimulus was applied anteriorly or poste-
riorly (Arnott et al. 1999).

Escape behavior has been investigated intensively in copepods (Buskey et  al. 2012). 
During the escape, a copepod propels itself forward by the metachronal power strokes of the 
pereopods, starting with the most posterior pair (Strickler 1975, Svetlichnyy 1987, Alcaraz 
and Strickler 1988, Lenz and Hartline 1999). Behavioral responses are modulated depend-
ing on the strength and characteristics of the stimulus (Viitasalo et al. 1998, Burdick et al. 
2007, Waggett and Buskey 2007a). Anatomical work on the calanoids Calanus finmarchicus 
and Epilabidocera amphitrites has suggested neural circuitry similar to that present in deca-
pods (Lowe 1935, Park 1966). The giant fiber system in adults appears to receive anterior 
sensory input from the first antennae (Lowe 1935). Similar to the decapods, the primary 
sensory neurons appear to contact a giant interneuron, which in turn synapses with giant 
motor neurons innervating muscles mediating the response (pereopod remoter—power 
stroke—muscles and the dorsal longitudinal muscles responsible for turning movements). 
Based on electron-microscopic studies, the giant interneuron to motor neuron contact, at 
least, appears to be a mixed electrical-chemical synapse (Wilson and Hartline 2011). A cau-
dal mechanoreceptor may be involved in triggering escapes in nauplii (Wilson and Hartline 
2011).

Detection—Natural Stimuli

Predator detection often occurs at a distance. Lacking image-forming eyes, copepods depend 
on mechanoreception to detect and mediate reactions to both predatory lunges (Drenner et al. 
1978, Wright and O’Brien 1984, Kils 1992, Chen et al. 1996, Viitasalo et al. 1998) and f low fields 
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generated by predators drawing prey close enough to attempt a lunging attack (Jonsson and 
Tiselius 1990, Yen and Fields 1992, Trager et al. 1994, Doall et al. 2002). Responding mechano-
receptively to the f low-field of a feeding current generated by the predatory Euchaeta rimana, 
small copepods (Acartia sp. and Acrocalanus sp.) give small “hops” directed away from the 
source (Doall et al. 2002). Escapes from outright attacks of Euchaeta, sticklebacks, mysids, and 
juvenile squid have also been documented (Chen et al. 1996, Viitasalo et al. 1998, Doall et al. 
2002). Copepods are less successful at escaping from stealthy predators. For example, success-
ful attacks by blennies (Acanthemblemaria spinosa and Acanthemblemaria aspera) and sea horses 
(Hippocampus zosterae) on copepods (Acartia tonsa) were characterized by slow approaches 
that failed to trigger escapes (Clarke et  al. 2005, Waggett and Buskey 2007a, Gemmell 2011). 
If, on the other hand, the prey detected the predator prior to the launch of the overt attack, 
the prey escaped successfully (Viitasalo et al. 1998, Waggett and Buskey 2007a, Gemmell 2011, 
Jackson 2011). Early nauplii of the calanoid Parvocalanus crassirostris escape from larval clown 
fish (Amphiprion ocellaris) between 70% and 10% of the time depending on fish age (day 1 to 
day 14 posthatch) (Jackson 2011). Thus, in the “thrust and parry in the pelagia” (O’Brien 1987), 
high sensitivity mechanosensory mechanisms for both rapidly changing stimuli, linked to 
rapid-reaction circuitry, and stealthy, probably slowly-rising stimuli, are critical for the survival 
of copepods.

Detection: Artificial Stimuli

Artificial “predator mimic” stimuli have been used to study mechanosensory-triggering of 
escape in copepods under better-controlled conditions. Water-jet stimuli elicited escape reac-
tions most effectively if presented to the front of the first antenna, with highest sensitivity 
reported for the distal tip (Gill 1985). Behavioral as well as physiological responsiveness to the 
temporal characteristics of a stimulus are often analyzed in terms of sinusoidal components 
derived from a Fourier decomposition of the waveform (Coombs 1994). This does not imply, 
as is sometimes assumed, that a stimulus so assessed is necessarily oscillatory. Thus, respon-
siveness to high frequencies relates to sensitivity to rapidly changing disturbances and that 
to low frequencies to slowly changing ones. Behavioral reactions of copepods to sinusoidal 
stimuli show sensitivities over a substantial range of frequencies, from 50 Hz to over 2500 Hz. 
When represented as the peak velocity of the perturbation, thresholds are relatively constant 
over several hundred Hz around the best frequency (Hartline et al. 1996). Behavioral reaction 
times are extremely short. Using copepods tethered to a force transducer, the latency between 
a brief stimulus and the first sign of a motor response as monitored by the force generated by 
the animal was as little as 6 msec for the augaptiloidean Pleuromamma xiphias (Fig. 11.3) and 
a little over 3 msec for the pontellid Labidocera madurae. Similar results were obtained from 
the evolutionarily more advanced megacalanoidean Undinula vulgaris, except that the reaction 
times were significantly faster than for the more basal species, in part due to myelinated axons 
(Lenz and Hartline 1999, Lenz et al. 2000). In the very low frequency range, escape behavior 
has been studied using “suction [or ‘siphon’] tubes”: a tube withdrawing water at a constant rate 
(Singarajah 1969, Landry 1978, Fields and Yen 1996, Kiørboe et al. 1999). This has been proposed 
as a model for reactivity to predatory feeding currents. As the copepod becomes entrained in 
the inward f low, the f low increases in speed and deformation rate, and at some point the organ-
ism typically detects the deformation and generates an escape response. The responses may be 
very species-specific (Viitasalo et al. 2001, Burdick et al. 2007), and as might be expected of a 
deformation-rate-dependent reaction, sensitivity depends strongly on the size of the organism 
(Kiørboe et al. 1999, Bradley 2009). Kiørboe et al. examined the reaction distances of Acartia 
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developmental stages to a suction tube and found progressively increasing sensitivity with size, 
which fitted a model with invariant sensor sensitivity (Kiørboe et al. 1999).

Detection: Noise and Turbulence

Given the need for high sensitivity, how might ambient noise levels affect mechanosensory 
performance in pelagic crustaceans? Being suspended in their habitat, the sensitivity of those 
lacking mass heterogeneities (such as statocysts) is restricted to perturbations that provide gra-
dients of water movement across the dimensions of their bodies and appendages. These are little 
affected by “noise” (water movement gradients) that develops over a larger scale than their bod-
ies. Nevertheless, turbulence in some habitats may be at a small enough scale (Jiménez 1997) to 
affect copepod behavior and vertical distribution (Visser et al. 2001). In the laboratory, several 
studies have measured the effect of turbulence on escape and feeding behaviors. For A. tonsa, 
mechanosensory detection of either a predator or a predator mimic decreased with turbulence, 
leading to an increase in capture rates (Jonsson et al. 2009, Buskey et al. 2012). Escape reactions 
for other species showed no or small differences in behavioral sensitivity under turbulent versus 
quiet conditions (Waggett and Buskey 2007b).

Detection: Habituation

In many sensory systems, responsiveness to repeated stimulation decreases with each repeti-
tion, a phenomenon known as “habituation” (Wine and Krasne 1982). It results from plastic-
ity at various sites within the neuromotor system. Plasticity at the sensory side dominates in 
many organisms, leading to the habituation being stimulus-specific. Another key feature of such 
habituation is that it can be “dishabituated” (removed) by a stimulus from another modality. 
When exposed to periods of turbulent and nonturbulent conditions, escape responses of cope-
pods habituate during stimulation, and recover during the quiet period (Hwang et  al. 1994). 
The value of such habituation is that it minimizes the number of unnecessary and energetically 
costly escape responses, which may adversely affect an animal’s fitness (Morris et al. 1985, Saiz 
et al. 1992). Herren, Lenz, and Hartline found that recovery of behavioral sensitivity following 
a single escape in the calanoid L. madurae occurs within 15 sec (unpublished data). Recovery of 
sensitivity by the giant antennular primary sensory neurons is much faster (ca. 1 sec: Lenz and 
Hartline, unpublished). Repeated stimulation, as in turbulent conditions, can result in a more 
long-term habituation of escape responses (Haury et al. 1980, Hwang et al. 1994, Marrasé et al. 
1997). Dishabituation of the response has yet to be tested.

Bioluminescence

Bioluminescence is a mechanism, often triggered by mechanosensory cues, used by organisms 
inhabiting ocean depths where little light penetrates (Widder 2010). Many of the great variety 
of crustaceans, including many copepods living at depth (>200 m) employ bioluminescence 
as a means for startling or decoying visually sensitive predators (Haddock et al. 2010). Studies 
on tethered P. xiphias have shown that bioluminescent discharges are triggered in response to 
an abrupt hydrodynamic stimulus (Fig. 11.3A–B). The threshold for triggering such a response 
is nearly 100 times stronger than that required to trigger a weak escape jump (Hartline et al. 
1999). The bioluminescent discharge typically occurs in combination with an escape jump, 
albeit after a much longer delay (at least 20 msec; Fig. 11.3A). In the example shown, the copepod 
continued its escape jumps during the bioluminescent discharge (Fig. 11.3A), which, if it were 
free-swimming would rapidly move it away from the bioluminescent bolus.

 

 

 

Nervous Systems and Control of Behavior. Edited by Charles Derby and Martin Thiel. 
© 2014 Oxford University Press. Published 2014 by Oxford University Press.



1

302 Petra H. Lenz and Daniel K. Hartline

Feeding Behavior

The role of mechanoreception in feeding varies from one crustacean to the next, ranging from 
being the primary sensory modality to being complementary in the detection and localization 
of food. Pelagic crustaceans use a variety of strategies for finding/capturing food: some are fil-
ter feeders, others are ambush predators, while still others actively hunt for their prey. In the 
absence of visual information, a successful predatory attack depends on hydrodynamic cues to 
detect and locate prey in space. Parasitic copepods may use mechanoreception to find fish hosts 
during the transition from free-living to parasitic phase (Heuch et al. 2007).

Hydrodynamic Detection

Experimental work on predatory copepods and pelagic mysids suggests that these organisms 
use remote detection of hydrodynamic disturbances to identify and capture prey (Yen and 
Fields 1992, Kiørboe and Visser 1999, Viherluoto and Viitasalo 2001, Doall et  al. 2002, Fields 
and Yen 2002, Browman et al. 2011). Kiørboe and Visser (1999) used a purely mechanoreceptive 
model to predict detection of prey by the ambush copepod, Oithona similis. Model predictions 
were compared to experimental data on clearance rates, prey size and prey motility, and pro-
vided insight into variability in observed prey sizes for this copepod. Slowly-sinking particles 
such as non-motile phytoplankton produced weak disturbances, and thus detection was only 
predicted for particles > 80 μm, consistent with observation. Capture of motile prey (f lagellates 

Fig. 11.3.
Pleuromamma xiphias escape response and bioluminescent discharge in response to a hydrodynamic 
stimulus. (A) Photomultiplier tube output in 109 photons/sec (top) and force in dynes (bottom) record 
in response to the second series of an 8-cycle-long sinusoidal movement of a 5-mm sphere at 700 Hz. 
Estimated water movement at rostrum of animal: 8900 μm/sec. (B) Video frames 3 to 7 and 10 following 
stimulus showing bioluminescent discharge associated with records in A (video recording speed: 30 fps). 
Broken outline indicates position of body prior to stimulation. Note luminescent discharge from cephalic 
gland (left in frame). Figure reprinted from Hartline et al. (1999).
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and ciliates) extended to smaller sizes, correlating with improved detection due to the genera-
tion of larger hydrodynamic cues, as computed from prey size and swimming speeds (Kiørboe 
et al. 2010).

Herbivorous feeding by copepods on particles entrained in a feeding current has been 
typically ascribed to chemosensory input from odor plumes arriving in advance of the algal 
cell (Poulet and Marsot 1978, Strickler 1982); however, mechanosensory information may be 
important as well (DeMott and Watson 1991, Bundy et al. 1998, Bundy and Vanderploeg 2002). 
A detailed hydrodynamic model of the f luid deformations surrounding the herbivore and the 
algal cell supports the conclusion that for larger phytoplankton cells, mechanoreception alone 
could explain experimental observations (Bundy and Vanderploeg 2002).

Tactile Detection

Tactile detection of a potential food (particularly prey) has been studied in the cladoceran 
Leptodora. In this crustacean, predatory attacks were only triggered after direct contact with 
a potential prey (Browman et al. 1989). The related fairy shrimp (Branchinecta gigas) inhabits 
vernal pools of high turbidity. These raptorial predators have unusual, putatively mechanore-
ceptive and/or chemoreceptive setae to detect their prey in these low-visibility environments 
(Boudrias and Pires 2002).

Food Capture and Processing

Once food is captured there is additional sensory input that is critical for the ingestion of the 
food particle. At this stage, information is gathered to determine the quality of the food, and 
to process it for ingestion. A combination of mechanosensory and chemosensory input is used 
to decide whether to ingest or reject the prey item based on (apparently) gustatory information 
(Paffenhöfer et al. 1982).

Communication

Mating Behaviors

Communication between members of the opposite sex is critical in mate recognition (Buskey 
1998). Chemosensory tracking by males has been described for several copepod species (Yen 
and Lasley 2011). However, mate tracking can also be mediated by mechanosensory informa-
tion in some copepod species, in particular those with a reduced number of chemosensory 
setae, such as Acartia spp. (Fig. 11.1C) (Strickler 1998, Bagøien and Kiørboe 2005). Once contact 
has been made, male-female pairs engage in a “tandem dance,” which appears to be mediated 
by mechanosensory information, as the male closely follows the females producing tandem 
jumps prior to mating (Doall et  al. 1998). In brine shrimp (Artemia salina), mechanosensory 
input enables the synchronized swimming behavior in precopulatory male-female pairs, which 
reduces energy expended in tandem swimming through phase synchronization (Lent 1977). 
It has been suggested that this behavior is mediated by putative mechanosensory setae on the 
antennules (Tyson and Sullivan 1979), but no physiological studies are available.

Schooling Behavior

Aggregation behaviors, such as swarming and schooling are common in pelagic crusta-
ceans. They are involved in decreasing risk of predation, saving energy, and enhancing 
reproduction and group foraging (Hamner and Hamner 2000). Mechanosensory informa-
tion may be critical to maintain interindividual distances in dense aggregations, however 
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little is known about the sensory physiology underlying the behavior. Wiese and colleagues 
studied mechanoreception in euphausids and hypothesized that schooling euphausids use 
low-frequency cues produced by the swimming of conspecifics to modulate their swim-
ming speeds and maintain their position within a school (Wiese and Marschall 1990, Patria 
and Wiese 2004).

ORGANIZATION OF CUTICULAR MECHANORECEPTORS

Mechanosensilla

Anatomical Components

Many crustacean cuticular sensilla are located on appendages (Derby 1982), and they are 
innervated by mechano- and/or chemosensory dendrites (Figs. 11.4 and 11.5). In pelagic crus-
taceans, the first and second antennae play important roles in distance perception of hydro-
dynamic and chemical cues (Strickler and Bal 1973, Ball and Cowan 1977, Gill 1985, Lenz et al. 
1996), and they display morphologies that are adapted to their pelagic life histories. These 
appendages extend either anteriorly or laterally from the main axis of the body, presumably 
to optimize sensory coverage and/or localization of stimuli. The long antennae, which can 
exceed body length by two- to three-fold, place the setal receptors at a distance from the main 
body. This increases the space over which f luid deformation can generate a detectable relative 
motion with respect to the bulk of the organism, while at the same time tending to isolate the 
sensitive receptors they bear from water movements generated by the swimming appendages 
(Denton and Gray 1985). These are adaptations well suited to an environment with no fixed 
point of reference.

Setae are typically differentiated along the length of the antennae. In the sergestid shrimp, 
Acetes sibogae australis, the long second antennae are partitioned by a >90° bend into two regions 
having different types of setae (Fig. 11.4) (Ball and Cowan 1977). Putatively mechanoreceptive 
setae in the category designated “type 2” by these authors are found only distal to the bend, 
while those designated types “3” through “6” are predominantly located proximal to the f lexure, 
and a pair of long “type 7” setae are located at the distal tip. In the calanoid copepods, spiniform 
setae of the distal tip of the first antennae tend to be especially long and lacking in apical pores, 
thus appearing adapted for pure mechanoreception. In contrast, those of the antennal shaft pos-
sess apical pores (Fig. 11.5), are innervated by two types of dendrites, and thus are likely to be 
bimodal (Lenz et al. 1996).

Setal Form

The first filter for information reaching the nervous system is the physical characteristics of the 
modified cuticular structure: this determines whether any given stimulus will displace the seta 
(or cuticle) sufficiently to elicit a behavioral response. Crustacean setae vary in length and form 
from simple conical structures to structures adorned with setules, which in turn can range from 
scale-like to ribbon-like to plumose. Cuticular sensilla respond to tactile cues, water f low, or 
bending. As discussed above, the longer hairs may be expected to be sensitive to lower frequen-
cies (more slowly changing water deformations), as will those with more setulation. The geom-
etry of the setal hinge, if present, determines best movement and usually is a good predictor for 
the plane of highest sensitivity (Douglass and Wilkens 1998), while a stiffer hinge is expected to 
decrease sensitivity and shift the corner frequency for the filter upward. Bend receptors respond 
to f lexing of the setal shaft (Crouau 1981, Garm et al. 2004).
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Cellular Organization

Setal mechanoreceptors include one or more bipolar sensory cells surrounded by at least 
three enveloping cells (Fig. 11.6). The dendrites are divided into proximal (= inner) and distal  
(= outer) dendritic regions, which are separated by the basal body. Both mechano- and chemo-
sensilla have a ciliary origin, and these two types of sensory cells share many features. Five mor-
phological criteria have been identified as establishing mechanosensory function (Altner et al. 
1983). The first criterion is presence of a scolopale, an intracellular structure composed of actin 
filaments (Wolfrum 1990, Weatherby and Lenz 2000) that provides rigid support to the adjacent 
dendrite(s) (Fig. 11.6C). The presence of a scolopale is the defining feature of a “scolopidial” 
receptor, which includes the chordotonal organs of insects and crustaceans as well as the major-
ity of crustacean setal receptors, but significantly, not the analogous (if not homologous) insect 
setal receptors. Characteristic of scolopidial receptors generally are possession of: one to a few 
sensory neurons, the somata of which are enveloped in a glial cell; a scolopale-containing cell 
surrounding the sensory dendrite(s); and at least one “attachment cell” at the distal end (Yack 
2004). The second criterion is the presence of densely packed microtubules in the distal den-
drites (Fig. 11.6B–C). Other criteria include a 9 × 2 + 0 arrangement of microtubules in the cili-
ary region (Fig. 11.6D) followed proximally by a large ciliary rootlet (Crouau 1982). Connections 
between the dendritic membrane and the scolopale cell via desmosomes in the vicinity of the 
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Fig. 11.4.
Light and scanning electron micrographs of setae on the second antenna of Acetes sibogae australis. 
(A) Micrograph showing guard (noninnervated) setae (type 1) and two types of mechanosensory setae 
(type 2A, 2B). (B) SEM image showing the bases of setae types 1 and 2 (numbered labels); und: undeter-
mined setal type. (C) Light micrograph showing how two type 1 setae f lank the mechanosensory type 2 
seta. From Ball and Cowan 1977, with permission from The Royal Society.
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basal body constitute the fifth criterion (Altner et al. 1983, Schmidt and Gnatzy 1984). These 
criteria apply to crustacean mechanoreceptors but not necessarily to those of insects. The rel-
evant stimulus in the insects is thought to be compression of the tubular body (Keil 1997). In 
the crustaceans, the dendrites are surrounded by an extracellular dendritic sheath distally, and 
dendrites and sheath become coupled to the cuticle (Ball and Cowan 1977, Schmidt and Gnatzy 
1984, Schmidt 1990). Movement of the setae or deformation of the cuticle has been hypothesized 
to activate the receptor by stretching the dendritic membrane (Crouau 1997).

Variations in Design

There are no two identical arrangements for the cuticular sensilla, and variations to the basic 
mechanoreceptor design might provide additional insights into structure-function relation-
ships. Mechanoreceptors can be divided into three functional units: a distal anchor, a proximal 
anchor, and a stiff intermediate region (Figs. 11.6, 11.7A–C). The nature of the distal and proxi-
mal attachments varies, as does the degree of stiffness in the intermediate region.

Large rootlets and desmosomes between the membrane of the dendrite and the scolopale cell 
serve as proximal anchors (Fig. 11.7B–C). In addition to the rootlet, the mysid Antromysis juber-
thiei has an attachment cell with microtubule bundles that link the proximal dendrites to the 
cuticle (Fig. 11.7B) (Crouau 1982, 1997). In contrast to this type of anchoring, only small ciliary 
rootlets have been found in the antennular mechanosensory dendrites of copepods (Weatherby 
et al. 1994, Weatherby and Lenz 2000) (Figs. 11.6, 11.7A). Instead the scolopale cell is anchored 
to the cuticle via microtubule bundles located within the first enveloping cell (Figs. 11.6, 11.7A), 
reminiscent of the ones described for the mysid. However, in the copepod, these attachments 
occur distal to the basal body region (Fig. 11.7A).

The intermediate region, which extends from the basal body to the seta, is characterized 
by a proliferation of microtubules in the distal dendrites, and the presence of the scolopale 

Fig. 11.5.
Scanning electron micrograph of sensory setae on the first antenna of Pleuromamma xiphias adult male 
(Copepoda). Setae shown include two aesthetascs and two spiniform bimodal setae (arrow heads). 
Large aesthetascs occur in males only. Scale bar: 43 μm (photo © Tina Weatherby by courtesy and with 
permission).
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Fig. 11.6.
Drawing and transmission electron (TEM) micrographs through a mechanoreceptor on the first antenna 
of Pleuromamma xiphias (Copepoda). Drawing is based on a longitudinal cross-section through the den-
drites and supporting cells. In addition to the scolopale cell (containing the scolopale), there are three 
enveloping cells. One enveloping cell is located within the first antenna only and it has microtubules that 
transverse the cell and attach to the cuticle along the anterior antennular edge. The other enveloping cells 
are more distal and they accompany the distal dendrites into the lumen of the seta. Lines through the 
drawing indicate approximate locations of the TEM cross sections. (a) attachment of dendrites to setal 
cuticle; (b) distal dendrites near the base of the seta beyond the scolopale; (c) distal dendrites showing 
tightly packed microtubules and surrounding scolopale; (d)  basal body region showing dendrites sur-
rounded by liquor cavity and a narrow scolopale. Scale bars: a, 0.5 μm; b, c, and d, 1 μm; insets: b, c and d, 
0.1 μm. Abbreviations: bb, basal body; bl, basal lamina; Cu, cuticle; dd, distal dendrites; lc, liquor cavity; 
mt, microtubules; nu, nucleus; pd, proximal dendrite; sc, scolopale. Figure redrawn from Weatherby et al. 
1994 and Weatherby and Lenz 2000.
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structure inside of the first enveloping cell. Both the scolopale and the microtubules have a 
stiffening function. Distal dendrites are densely packed with microtubules, however, the num-
bers range over two orders of magnitude from 30 to 3,000 among crusraceans (Ball and Cowan 
1977, Crouau 1982, Altner et al. 1983, Weatherby et al. 1994). Scolopales vary from poorly devel-
oped (first antenna: Balanus amphitrite cyprid; Lagersson et al. 2003) to either a broad crescent 
(sergestid second antenna: A. sibogae australis; Fig. 11.8C–D) (Ball and Cowan 1977) or even an 
enclosed tube (Fig. 11.6C; copepod first antenna: Cyclops scutifer, P. xiphias) (Strickler and Bal 
1973, Weatherby and Lenz 2000). In addition to the scolopale, tubular sheath cells with an abun-
dance of microtubules add stiffness in A. sibogae australis (Fig. 11.7C). At the proximal end, the 
scolopale thins (Fig. 11.6D) and terminates at the level of the rootlet (Fig. 11.7A–C). The length 
of the scolopale differs among setal receptors. In the copepod, it extends to the setal hinge (Fig. 
11.7A), while in the sergestid and in the mysid it terminates more proximally (Fig.  11.7B–C). 
The copepods are characterized by having the best-developed scolopale and the highest densi-
ties of microtubules with either one or two mechanosensory dendrites tightly packed within a 
scolopale tube (Strickler and Bal 1973, Weatherby et al. 1994, Weatherby and Lenz 2000). These 
dendrites contain microtubules numbering in the thousands packed in a quasi-crystalline array 
(Fig. 11.6B) (Weatherby et al. 1994). The copepod mechanoreceptors appear to be exception-
ally rigid, which undoubtedly contributes to their high mechanical sensitivity and possibly fre-
quency response (see below).

In some cases, the scolopale may be lacking entirely, yet other characteristics of the den-
drite suggest mechanosensory function. This type of putative mechanoreceptor has been found 
on the mouthparts of calanoid copepods (Paffenhöfer and Loyd 1999, 2000). Other examples 
in benthic crustaceans include putative mechanosensory sensilla in isopods (Alexander 1977, 
Brandt 1988). Sensilla on the first and second antennae of Hutchinsoniella macracantha also lack 
scolopales, leading Elofsson and Hessler (1991) to conclude an absence of mechanosensors, 
which seems unlikely. The setae are innervated by multiple dendrites, one with a high density of 
microtubules, which is often indicative of mechanosensory function.

Distal anchoring of individual dendrites occurs either at the base or within the seta along the 
distal wall in alignment with the plane of movement (Fig. 11.7A–C). At the distal end, dendrites 
usually terminate within an extracellular dendritic sheath (typically electron-dense), which 
appears to be firmly attached to the cuticle (Fig. 11.7B–C, 11.8B) (Ball and Cowan 1977, Crouau 
1982, Brandt 1988, Schmidt 1990), although in some cases there is no clear evidence of anchoring 
to the cuticle (Cash-Clark and Martin 1994, Lagersson et al. 2003). In the copepod first antenna, 
there is a close apposition between dendrites and sheath cells with the cuticle, giving the appear-
ance of a tight connection (Fig. 11.6A, 11.7A) (Weatherby and Lenz 2000). In the antennular 
palisade seta organ in crayfish, the distal dendrites terminate in a chorda, which is reminiscent 
of the organization of chordotonal organs (Kouyama and Shimozawa 1982).

Bimodal Receptors

Many cuticular setae in the Crustacea are bimodal, responding to both chemical and mechani-
cal stimuli (Hallberg and Skog 2011). For example, of the 57 spiniform setae on the first antenna 
of the calanoid copepod P. xiphias, 48 are mixed modality and nine are mechanosensory only 
(Lenz et al. 1996). In most cases, sensilla are innervated by unimodal sensory cells, which can be 
identified as such morphologically (Ball and Cowan 1977, Altner et al. 1983, Schmidt and Gnatzy 
1984). Chemosensory dendrites differ from the mechanosensory ones by the presence of fewer 
microtubules, small ciliary rootlets, and their location within the dendritic sheath (Altner et al. 
1983). The dynein arms of the ciliary (9 + 0) microtubule arrangement are not clearly visible 
in the chemosensory dendrites. Typically mechano- and chemosensory dendrites are bundled 
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together within the liquor cavity and enclosed by the dendritic sheath distally or the scolopale 
cell in the intermediate region (Altner et al. 1983, Cate and Derby 2002). In calanoid copepods, 
the chemosensory dendrites are much shorter than the mechanosensory ones, and their cell 
bodies are located at the base of the seta (Lenz et al. 1996). Bimodal sensory cells, that is sensory 
cells that respond to both chemical and mechanical stimuli, have been reported for the walking 
legs of a crayfish (Austropotamobius torrentium) (Hatt 1986).

Bend Receptors

Bend receptors have been reported for sensory setae on the mouthparts. A morphological study 
focused on the feeding appendages of calanoid copepods (Temora stylifera and Centropages veli-
ficatus) discovered an unusual arrangement of the distal dendrites within the setae, which led 
the authors to propose that these mechanosensors may be sensitive to bending (Paffenhöfer and 
Loyd 1999, 2000). In the calanoids, the putative bend receptors are innervated by both mecha-
nosensory and chemosensory dendrites and they occur on feeding appendages (Paffenhöfer and 
Loyd 1999, 2000), which is consistent with a role in feeding behavior. In Panulirus argus, bend 
receptors were identified physiologically on mouthparts (mandibular palp, maxillipeds) (Garm 
et al. 2004). Simple and cuspidate setae occur on these appendages, and they are innervated 
by three types of neurons: one chemosensory, one clearly mechanosensory, and the third most 
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Fig. 11.7.
Schematic drawings of mechanoreceptors from three pelagic crustaceans (A) Pleuromamma xiphias. (B) 
Antromysis juberthiei. (C) Acetes sibogae australis. Mechanoreceptors in all three species are designed as 
second order levers. Diagrams based on drawings, electron micrographs and descriptions in Ball and 
Cowan (1977), Crouau (1982), and Weatherby and Lenz (2000). Drawing not to scale. From www.pbrc.
hawaii.edu with permission.
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likely mechanosensory (Garm and Høeg 2006). Interestingly, the distal dendrites are character-
ized by a long dendritic sheath that extends for most of the setal length. The scolopale is located 
in the appendage itself and limited to the ciliary region.

MECHANOSENSORY MECHANISMS

Physiologically, antennular (first antenna) mechanoreceptors of pelagic crustaceans are capa-
ble of exceptional performances, sensitive both to very small water movements and high fre-
quencies (Wiese and Marschall 1990, Yen et al. 1992). Basic mechanisms appear to be similar 
to those in benthic crustaceans and insects, but some pelagic crustaceans have evolved varia-
tions that enhance their mechanoreceptive capabilities. The need for enhanced sensitivity in 
a pelagic environment has been mentioned above, and indeed the literature on mechanorecep-
tion stresses the requirement as if it were a significant problem. However, mechanotransduc-
tion is intrinsically highly sensitive. Auditory hair cell transduction channels, representative of 
other stretch-sensitive channels, respond in the nanometer range (Hudspeth and Corey 1977). 
Movements of this magnitude are not difficult to generate in an aquatic environment, and often 
the problem may be the reverse—too much sensitivity (Barth 2004). This might be particularly 
appreciated in insect mechanoreceptors in which the relatively large motion of the tip of a seta is 
reduced by lever principles to very small movements of dendritic membrane at the tubular body 
where transduction is presumed to occur. As mentioned above, the insertion of the dendrites in 

A

C
dd

B

D

0.4 µm

0.4 µm 0.5 µm

2 µm

dd

Sc

Fig. 11.8.
Micrographs of mechanosensory sensilla of Acetes sibogae australis (A–C) and Neomysis integer (D). (A) 
Light micrograph of a type 4 seta from the second antenna. Scale: 2µm (B) TEM micrograph of a cross sec-
tion through a seta type 4 showing the distal end of a sensory dendrite surrounded by the dendritic sheath, 
which appears to be attached to the cuticle (arrow, dd). (C) TEM micrograph of a cross section through the 
distal dendrite region showing the scolopale (Sc) partially surrounding a liquor cavity with three sensory 
dendrites (arrows, dd). (D) TEM micrograph of a cross section through three mechanosensors from three 
setae on the first antenna. Each seta is innervated with three dendrites located within a liquor cavity and 
partially surrounded by a scolopale. Two sets of dendrites are filled with microtubules large arrowheads) 
and third one shows ciliary necklaces (9 + 0) (thin arrowheads). A–C from Ball and Cowan 1977, with 
permission from The Royal Society, and D from Hallberg and Hansson 1997, with permission from Wiley.
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copepod antennular setae occurs farther out in a seta, where the motion of the seta is not dimin-
ished as greatly as at its base.

Extracellular Recordings

In copepods, nerve impulses can be recorded extracellularly from the primary mechanore-
ceptors (Lenz et al. 1989, Gassie et al. 1993, Fields et al. 2002). These take the form of “giant” 
spikes (mV) with unusual characteristics in amyelinate augaptiloid and centropagoid cope-
pods (Hartline et al. 1996). In these copepods, two reidentifiable mechanoreceptor units can be 
detected in each antennule (Fig. 11.9). These originate in neuronal somata innervating sensory 
setae of each distal tip (Hartline et al. 1996). The receptor neurons are capable of firing spikes 
at rates up to several kHz (Hartline et al. 1996, Fields and Weissburg 2004), an exceptionally 
high rate for a neuron, and their spike trains can phase-lock to stimuli to about 2 kHz (Lenz 
1993, Hartline et al. 1996). In myelinate calanoid groups, extracellularly recorded impulses from 
antennular mechanoreceptors are much smaller than in amyelinates (Lenz et al. 2000, Funk 
2005).

Sensitivity

Copepod antennular mechanoreceptors are sensitive to very small hydrodynamic distur-
bances, including abrupt displacements and oscillatory water movements (Fig. 11.9A). The 
frequency range for oscillatory stimuli extends up to and above 2 kHz, unusually high for 
aquatic arthropods (Hartline et al. 1996), yet consistent with the prediction that these setae 
are high-pass filters (Fig. 11.2B). At their best frequency of about 700 Hz, spike thresholds 
for the giant mechanoreceptor axons of the calanoids P. xiphias and L. madurae are as low as 
10 nm of water movement, and responsiveness to oscillatory water velocities is relatively f lat 
from 100 to in excess of 1,000 Hz (Fig. 11.9A) (Yen et al. 1992, Lenz and Yen 1993, Hartline 
et al. 1996). Funk’s studies suggest that the small-spike units, too, have high sensitivity to 
high-frequency water movement, even in early (copepodid) developmental stages (Funk 
2005). Threshold sensitivity curves reported for euphausids suggest that these pelagic 
organisms are sensitive to high frequencies as well (maximum frequency tested:  400 Hz) 
(Wiese and Marschall 1990, Patria and Wiese 2004). Using a different stimulus, Fields et al. 
(2002) found that the long stiff seta on the distal tip of Gaussia princeps is highly sensitive 
and responds at 50% maximum firing rates to angular displacements of 0.9° in the distal 
direction, while the more f lexible seta was characterized by lower sensitivity (> 5°) (Fields 
et  al. 2002). Even though these setae are dually innervated (Weatherby and Lenz, unpub-
lished data), the neural discharges are characterized by unitary spikes, suggesting that the 
two neurons are firing synchronously.

Behavioral studies in the mesopelagic P. xiphias and the shallow-water L. madurae show that 
the same types of disturbances that elicit firing in the mechanosensory neurons can trigger 
rapid escape reactions (Hartline et al. 1996). The physiological sensitivity measured in the pon-
tellid L. madurae is equal to that for the behavioral escape reaction in the most sensitive range 
(Hartline et al. 1996). Thus, it may be that even a single nerve impulse can elicit a behavioral 
reaction in these animals.

Myelin and Mechanosensory Triggering of Escape Behavior

Morphological studies of the sensory neurons, interneurons, and motor neurons involved in the 
mechanosensory triggering of the escape reaction have revealed that some, but not all, copepods 
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possess nerve fibers ensheathed in myelin (Davis et al. 1999, Lenz et al. 2000, Weatherby et al. 
2000). The myelinate taxa correspond to those with the very small impulses recorded extracel-
lularly from primary sensory neurons (Lenz et  al. 2000, Funk 2005). Much of the reason for 
the small amplitude appears to be the restriction of active membrane to small patches of nodal 
membrane, as in vertebrate myelinated axons. Myelin in vertebrates speeds nerve impulse 
propagation by an order of magnitude over that of an unmyelinated fiber of the same diameter 
(Hartline and Colman 2007), allowing a large animal to react rapidly enough to survive. The 
occurrence of giant fibers in copepods, as well as myelin (and giant nerve fibers of Drosophila for 
that matter) suggests that every millisecond counts. Myelin potentially shortens the mechano-
sensory reaction time for a 2- to 3-mm-long copepod by about 2 msec just in reduced conduction 
time of nerve impulses (Lenz et al. 2000). Compared to about 6 msec for an amyelinate species 
such as Pleuromamma, this is a significant fraction of an already very fast reaction. Myelinated 
axons are also present in other pelagic crustaceans including the Dendrobranchiata and the 
Caridea (Heuser and Doggenweiler 1966, Xu and Terakawa 1999) and some of the fastest nerve 
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Fig. 11.9.
Neural responses to water movement in copepod setal receptors located on the distal tip of the anten-
nules of the calanoid copepod Pleuromamma xiphias. (A) Threshold water velocities as a function of 
stimulus frequency. Each symbol represents threshold data obtained for different preparations. (B) 
Extracellular recordings of nerve impulses in response to a hydrodynamic stimulus produced by the dis-
placement of a 3-mm sphere moving parallel to the antennular axis at 200 Hz as shown by the bottom 
trace (“Displacement”). Water displacement at the tip of the antennule was calculated at 25 nm using 
dipole equations (Kalmijn 1988). Two large units, “A” and “B” could be identified reliably in this species. 
Reprinted with permission from www.pbrc.hawaii.edu/lucifer.
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impulse conduction velocities ever reported are in penaeid shrimp (Xu and Terakawa 1999). 
Myelination of giant axons has been documented for two other important pelagic crustacean 
groups:  euphausids and mysids (Hartline and Kong 2008). Among copepods, the presence/
absence of myelin has been correlated with large-scale distribution patterns, which suggest that 
myelinate taxa may be better at withstanding high predation risk from visual predators (Lenz 
2012).

Myelination also has the potential for significantly improving the accuracy of localiza-
tion of the direction of a predatory attack. An important component of the ability of a ter-
restrial organism to localize a sound source is the difference in arrival time of the sound at 
two spatially separated auditory receptors (“ears”). This arrival-time difference is much less 
in aquatic organisms and for near-field disturbances is probably inconsequential for the sen-
sory systems described so far. However, the difference in cue amplitude between antennae, 
owing to the steep spatial attenuation of near-field water deformation, can be very large, as 
demonstrated for the sergestid shrimp A. sibogae australis (Denton and Gray 1985). A differ-
ence in time-to-threshold of nerve impulses from the two antennae could impart directional 
information. Rapid conduction could improve the precision of such timing. Such specula-
tion remains to be tested experimentally.

FUTURE DIRECTIONS

This review underscores the importance of hydromechanical information to the success of 
pelagic crustaceans. The lessons learned from such studies are of value in interpreting and 
understanding other pelagic groups as well, as they are exposed to similar constraints. However, 
it is clear that much is still to be learned about the sensory environment of pelagic organisms. 
Perhaps as unfortunate is the spottiness of our information. Much of what we have reviewed 
here has focused on copepods, a taxon with which the authors have the most experience, but 
this is not entirely from personal bias. Few recent studies have appeared on the mechanosen-
sory systems of other pelagic crustacean groups, including the ecologically important decapod 
shrimp, euphausiids, and mysids, let alone larval reptantians. Promising future research direc-
tions include much-needed information on the neuroecology of mechanoreception in these 
groups and more thorough understanding of the physiology of the diverse mechanoreceptors 
found in pelagic crustaceans.

Much of the lack of understanding of mechanoreception in pelagic crustaceans is shared by the 
better-studied benthic forms. A better understanding of form-function relationships in the design 
of crustacean mechanoreceptors generally would provide a basis for assessing the type of informa-
tion that is perceived by both forms. As reviewed, the physics that describes the relative movements 
of the fluid and a simple conical seta has been characterized fairly well. Less is known about how 
setules, intersetal spacing and variations in the cuticle as well as the hinge design affect the linkage 
between fluid movement and displacement of the seta at the transduction site. Transduction is still 
poorly understood in all crustacean exteroceptors, including localization of the site of transduc-
tion, which in turn is dependent on displacement of the seta in response to the hydromechanical 
stimulus. Given that the crustacean receptors are scolopidial or of scolopidial origin, they may be 
quite different from the better studied nonscolopidial insect and arachnid setal mechanoreceptors. 
The best-studied crustacean transduction mechanism is the muscle receptor organ, a receptor with 
an entirely different (nonciliary) origin from the ciliary exteroceptors of crustaceans and insects. 
However a wealth of recent information from genetic and molecular approaches has become avail-
able as a potential guide. Thus, a comparison of transduction mechanisms between the insect and 
the crustacean mechanoreceptors might further elucidate function at the molecular level for both.
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SUMMARY AND CONCLUSIONS

Pelagic crustaceans lack the substrata-reference of their benthic cousins, hence their setal mech-
anoreceptors must be sensitive to water deformation rather than to bulk f low. Deformation 
attenuates more rapidly with distance from a source than does bulk f low, placing greater 
demands for high-sensitivity sensors. In terms of their physics, setal mechanoreceptors in water 
act as high-pass filters. This filtering characteristic interacts with physiological processes to 
determine sensitivity to hydrodynamic cues. As with benthic crustaceans, mechanosensory 
input is important in predator-prey interactions, feeding behavior, and social behavior. In pred-
ator-prey interactions, basic neural circuitry appears similar to that studied in greater depth in 
benthic Crustacea. Sensitivity to hydrodynamic cues indeed appears to be greater, at least in 
pelagic calanoid copepods, than in most benthic crustaceans. In the absence of turbulence or 
habituation, escape responses in calanoid copepods can be triggered with water deformation 
rates of approximately 1/sec while mechanosensory triggering of bioluminescent discharge on 
one tested luminescent species was 100 times less sensitive. Predatory pelagic crustaceans use 
mechanosensory cues to detect potential prey, especially in species lacking well-developed eyes, 
or under conditions of poor visibility. Mechanoreceptors of pelagic crustaceans have the same 
basic organization as do those of benthic forms, but may be deployed at substantial distances 
from the body to enhance sensitivity to water deformation, and may involve internal structures 
that increase sensitivity to small setal def lections, in particular a well-developed scolopale and 
large bundles of stiffening microtubules. Physiological recordings, confirmed by some behav-
ioral studies, show evidence of receptor sensitivity to significantly higher frequencies than for 
benthic forms, presumed to relate to greater sensitivity to rapidly rising water deformations, 
and consistent with a high-pass filtering characteristic. Several pelagic crustacean taxa possess 
myelinated axons in their nervous systems, especially in axons thought to participate in rapid 
escape responses. This appears to have been lost in benthic forms, which in combination with 
ecological correlates, enhances the impression of high predation risk for pelagic taxa, which 
lack the hiding places of their benthic relatives. Thus, mechanoreception in pelagic crustaceans 
employs the same basic hardware used by benthic forms, but evolution has refined it to facili-
tate adaptation to the particular ecological conditions inherent in a pelagic life. However, many 
of the details of this refinement have yet to be worked out, from the hydrodynamics of recep-
tor coupling and sensory transduction to the central processing of time-varying 3D sensory 
landscapes.
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