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The morphology, behavior, and biomechanics of
swimming in ascidian larvae1

Matthew J. McHenry

Abstract: Ascidian larvae use a simple set of locomotor behaviors during dispersal and settlement. The swimming per-
formance and the ability of an ascidian larva to orient within its environment depend on the biomechanics of its rudi-
mentary locomotor morphology. The undulatory motion of the tail generates fluid forces that propel the body with a
rate and direction determined by body mass and its spatial distribution. Differences in morphology and behavior among
species influence these dynamics and create differences in swimming performance. Furthermore, the ability of a larva
to orient within its environment depends on its ability to coordinate the motion of its body with respect to perceived
sensory cues. Research on the swimming of ascidian larvae demonstrates the biomechanical basis of tactic orientation
and interspecific differences in performance in a large and diverse group of animals.

Résumé : Les larves d’ascidies utilizent une combinaison simple de comportements locomoteurs durant leur dispersion
et leur fixation. Chez les larves ascidies, la performance de nage et la capacité de s’orienter dans le milieu dépendent
de la biomécanique de leur morphologie locomotrice rudimentaire. Le mouvement ondulatoire de la queue génère des
forces fluides qui propulsent le corps à un taux et dans une direction qui sont déterminés par la masse du corps et sa
répartition. Les différences de morphologie et de comportement entre les espèces influencent cette dynamique et génè-
rent des différences de performance de nage. De plus, la capacité de la larve de s’orienter dans son environnement dé-
pend de son aptitude à coordonner les mouvements de son corps en fonction des signaux sensoriels. La recherche sur
la nage des larves d’ascidies révèle la base biomécanique de l’orientation tactile et montre les différences interspécifi-
ques de performance chez ce groupe important et diversifié d’animaux.

[Traduit par la Rédaction] McHenry 74

Introduction

The role of the larval stage in the life history of an
ascidian is to disperse and find a high-quality environment
in which to settle. Dispersal, settlement, and metamorphosis
must be achieved before these nonfeeding larvae run out of
energy in their brief existence (less than an hour in some
species; Berrill 1935) in an often turbulent marine environ-
ment. Ascidian larvae attempt this feat through the use of a
simple set of behaviors that are generated with a rudimen-
tary locomotor morphology. This review introduces these
behaviors and morphology, outlines the biomechanical prin-
ciples at work in the undulatory swimming of ascidian
larvae, and discusses how these principles inform our under-
standing of swimming performance and the ability to orient
to sensory cues (for comprehensive reviews of morphology
and behavior see Millar 1971; Berrill 1975; Cloney 1987;
Svane and Young 1989; Satoh 1994; Burighel and Cloney

1997; Meinertzhagen and Okamura 2001; Cloney et al.
2002).

Swimming behavior
Classic laboratory observations provide the basis for our

understanding of the swimming behavior of ascidian larvae.
In an elegant series of experiments in which the direction of
light to which larvae were exposed was controlled, Grave
(1920) demonstrated that larvae of Aplidium constellatum
(Verrill, 1871) initially swim toward light (i.e., positive
phototaxis) and away from gravity (i.e., negative geotaxis)
upon release from the adult colony. The direction of tactic
behavior is reversed prior to settlement such that larvae
move away from light and toward gravity. Swimming is ei-
ther initiated spontaneously or triggered by a decrease in il-
lumination with a behavior known as the shadow response
(Mast 1921). Since these classic observations were made,
tactic orientation and the shadow response have been ob-
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served in a wide diversity of ascidian species (reviewed by
Millar 1971; Berrill 1975; Svane and Young 1989).

Recent studies on the kinematics of swimming larvae have
supported and extended these classic observations. For ex-
ample, by tracking a single point on the body of larvae of
A. constellatum, McHenry and Strother (2003) demonstrated
the early positive phototaxis and late negative phototaxis de-
scribed by Grave (1920) for the same species (Figs. 1a, 1b).
These kinematics further showed that larvae in the early lar-
val stage will spend a greater proportion of their time swim-
ming, swim at higher speed, and change their direction of
swimming less frequently than late-stage larvae. By means
of similar motion tracking, Nakagawa et al. (1999) showed
how the shadow response caused a rapid increase in mean
swimming speed in a population of Ciona intestinalis
(L., 1767) larvae in response to a decrease in illumination
(Figs. 1c, 1d). This analysis also showed a decay in the

speed of larvae swimming in the dark (Fig. 1d), which is
characteristic of sensory adaptation (Frankel and Gunn
1940), and the lack of a shadow response (Fig. 1c) in early-
stage larvae (as reported by Kajiwara and Yoshida 1985).

Although light and gravity provide the primary sensory
cues for tactic orientation during dispersal, chemical cues in-
fluence the timing and location of larval settlement. This
idea was proposed by Grave (1935), who found that larvae
of Ascidia nigra Savigny, 1816 settle faster when exposed to
water mixed with the extracts of conspecifics. Such extracts
or the presence of juvenile conspecifics have since been
shown to hasten settlement in a number of other ascidian
species (e.g., Young and Braithwaite 1980; van Duyl et al.
1981; Svane et al. 1987).

Observations of ascidians in the field demonstrate how
larval behavior may be influenced by environmental condi-
tions and may therefore differ from behavioral observations
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Fig. 1. The kinematics of phototaxis and the shadow response. (a and b) Phototaxis was recorded by tracking the center of the body of
individual larvae of Aplidium constellatum from an overhead view (modified from McHenry and Strother 2003). (a) At 15 min after
hatching, a larva placed on the floor of the tank (�) shows positive phototaxis by swimming toward the source of light. At 45 min of
age, the same larva exhibits negative phototaxis by swimming away from the light source. (b) Repeating this experiment at 15-min in-
tervals with 13 larvae showed a reduction in the total number of swimming larvae as they settled and an increasing occurrence of neg-
ative phototaxis in older larvae. (c and d) The mean swimming speed was recorded for about 100 larvae of Ciona intestinalis while in
the dark (shaded areas) and with a monochromatic source of light (white area) (modified from Nakagawa et al. 1999). (c) At 1 h after
hatching, larvae showed negligible alteration in swimming speed with changes in illumination. (d) At 8 h after hatching, however, lar-
vae exhibited the shadow response by increasing their swimming speed when illumination rapidly decreased.



in the laboratory. For example, Young (1986) found that lar-
vae of Ecteinascidia turbinata Herdman, 1880 in the north-
ern Gulf of Mexico spent 90% of the larval stage swimming
upward or drifting, which were behaviors that appeared to
increase dispersal distance. Larvae settled on sea grass
(Thalassia sp.) blades, which were uniformly distributed
throughout their environment. However, in an environment
lacking sea grass in the lower Florida Keys, larvae of the
same species settled on a patchy distribution of mangrove
(Rhizophora sp.) prop roots (Bingham and Young 1991).
Unlike the Gulf of Mexico population, the larvae at this site
swam downward upon hatching, which significantly reduced
their dispersal duration and distance compared with
nonswimming larvae (Bingham and Young 1991). Similar
observations have been made when examining how coral-
reef ascidians respond to environmental conditions in order
to settle in the favorable shallow-water sites at a reef’s crest.
For example, Stoner (1992) found that larvae of Diplosoma
similis (Sluiter, 1909) released from the lower regions of a
reef exhibited a prolonged larval stage and would actively
swim to a higher position on the reef. In contrast, larvae re-
leased from colonies at the crest swam for a relatively brief
period and thereby actively maintained their position on the
reef. Therefore, larvae within a species may exhibit a wide
range of behaviors in response to environmental conditions
to enhance the chances of settling on a suitable substrate.

Locomotor morphology
The biomechanics that generate swimming greatly depend

on the morphology of the larval body. The size and shape of
the body differ between species having colonial (i.e., com-
pound and social) and solitary life-history strategies. Colonial
species have a trunk (Figs. 2a, 2b) that may be over two or-
ders of magnitude greater in volume than that of solitary
species (Cloney 1978). However, the tail of colonial species
is shorter in proportion to the trunk than the elongated tails
of solitary species (Fig. 2b). Coloniality has evolved multi-
ple times and the larvae of colonial species have converged
on a relatively large trunk volume and proportionately short
tail with each origin (McHenry and Patek 2004).

The musculoskeletal system of larvae generates their un-
dulatory swimming using rows of muscle cells that run the
length of the tail on opposite sides of the notochord
(Fig. 2c). The notochord provides the central structural ele-
ment for the tail and is composed of an extracellular matrix
that is wrapped circumferentially by notochordal cells and a
fibrous sheath (Cloney 1964, 1990). The numbers of muscle
rows and cells within a row vary widely among species (e.g.,
there are a total of 36 muscle cells in C. intestinalis but 1134
in E. turbinata; Jeffery and Swalla 1992), but this muscula-
ture generates similar undulatory waves for propulsion re-
gardless of cell number (see “Undulatory motion” below). In
some species the myofibrils within muscle cells have an
oblique or helical orientation (as in A. constellatum; Grave
1920) and the functional significance of this morphology re-
mains unclear.

Ascidian larvae function with a rudimentary central ner-
vous system consisting of as few as 100 neurons (e.g.,
C. intestinalis; Meinertzhagen and Okamura 2001; Nicol and
Meinertzhagen 1991) that are organized around a sensory
vesicle, a visceral ganglion composed of interneurons and

the cell bodies of the tail’s motor neurons, and a dorsal
nerve cord (Fig. 2c; Meinertzhagen and Okamura 2001). The
sensory vesicle contains the photosensitive ocellus, a gravity-
sensing statocyte and coronet cells with unknown function
(Tsuda et al. 2003). Pairs of neurons descend from the vis-
ceral ganglion to innervate the dorsal and middle muscle
rows (e.g., 5 pairs of neurons innervate the 3 muscle rows of
C. intestinalis; Meinertzhagen and Okamura 2001) and the
anterior muscle cell in the ventral row (Bone 1992). Muscle
cells between and within rows are connected by gap junc-
tions that allow the propagation of action potentials between
cells (Fig. 2c; Bone 1992). A smaller peripheral nervous
system includes cell bodies in the epidermis of the trunk and
tail that are thought to provide the central nervous system
with additional sensory information, such as chemoreception
by papillae at the anterior of the trunk (Torrence and Cloney
1983), and mechanoreception in the tail (Burighel and
Cloney 1997).

Biomechanical principles of swimming

Biomechanical principles provide the basis for under-
standing how a swimming body propels itself through the
water. An ascidian larva creates tail undulation by the action
of its muscles and notochord during swimming. This motion
generates hydrodynamic forces and torques on the surface of
the body that result in a rate and direction of motion that are
determined by body mass and its spatial distribution. A model
accurately incorporating these components should success-
fully predict the direction, rate, and energetic cost of swim-
ming.

Undulatory motion
The swimming of ascidian larvae is similar to the undula-

tory motion of a fish (e.g., Gray 1933; Long et al. 1994;
Muller and van Leeuwen 2004), which propagates bends
posteriorly along the length of the body (Fig. 3a). In ascid-
ians these bends begin at the junction between the tail and
the trunk, where the angle between the trunk and anterior of
the tail (i.e., trunk angle; Fig. 3a) oscillates sinusoidally with
time. A tail bend begins with relatively low curvature, then
increases as the bend moves into the midregion of the tail,
and then straightens at the posterior end (McHenry 2001;
McHenry et al. 2003). Although ascidian species vary in
their tail-beat frequency, the undulatory waveform appears to
vary little among species with very different morphology
(McHenry and Patek 2004). However, it does appear that
some species move in a way that helps them control their he-
lical swimming. The colonial species Distaplia occidentalis
Bancroft, 1899 swims asymmetrically by oscillating its tail
at an oblique angle toward the left side of the body and hav-
ing greater curvature in the concave-left than the concave-
right direction (Fig. 2a; McHenry 2001). Analyses of the
three-dimensional tail kinematics of ascidian larvae demon-
strate that this motion is restricted to the frontal plane of the
body (D. occidentalis, McHenry 2001; C. intestinalis,
McHenry and Patek 2004; Botrylloides sp., McHenry et al.
2003).
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Musculoskeletal mechanics
Undulatory motion is generated by muscular force and the

structural properties of the tail. In the absence of the
notochord, contractions of the tail’s muscles would cause the
tail to shorten. Instead, the notochord is stiff in compression
and resists shortening, but is flexible in bending to allow lat-
eral undulation. These structural properties should largely be
determined by the orientation of stiff fibers in the notochor-
dal sheath (see Alexander 1987; Wainwright 1988; Koehl et
al. 2000).

The tail of many colonial species has a curved posture
that is visible when larvae are at rest (Fig. 3b; Berrill 1950).
In D. occidentalis, the tail is bent toward the left side of the
body with a curvature that is equal to the median curvature
during swimming, and its flexural stiffness is large relative

to the muscular force likely to be generated during
swimming (Fig. 3b; McHenry 2001). Therefore, the curved
posture of the tail appears to generate its asymmetrical mo-
tion and may thereby contribute to the dynamics of helical
swimming (Fig. 3c; see “Helical motion and taxis” below).
In contrast, solitary species such as C. intestinalis do not
have a bent posture when at rest and consequently have
symmetrical tail kinematics (McHenry and Patek 2004).

The motion of the tail is activated by muscle stimulation
patterns. Bone (1992) investigated these patterns in the steady
swimming and tail flicking of Ciona sp. and Dendrodoa sp.
larvae by experimental manipulation and electromyographic
and kinematic recordings. According to his conclusions,
rapid tail flicking is generated by action potentials traveling
through the dorsal nerve cord and swimming motions are
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Fig. 2. The locomotor morphology of ascidian larvae. (a and b) Body shape and phylogenetic relationships of colonial (�) and solitary
(�) species. (a) This phylogeny suggests three independent origins of coloniality among ascidians. (b) Species values in a
morphospace of trunk volume and tail length show the convergent morphology of colonial species. Ellipses of 95% confidence inter-
vals denote the areas of morphospace occupied by colonial (heavy line) and solitary (thin line) species. Larvae of Herdmania pallida
approximate the mean body shape of solitary species and larvae of A. constellatum approximate the mean body shape of colonial spe-
cies (McHenry and Patek 2004). (c) Schematic diagram of a swimming C. intestinalis larva with its primary sensory and motor organs
highlighted. Sagittal sections show the sensory vesicle (modified from Gorman et al. 1971; Grave 1920) and anterior neuromuscular
anatomy (modified from Bone 1992), and a transverse section illustrates the anatomy of the tail (modified from Katz 1983).



controlled by stimulation of the anterior muscle cells
(Fig. 2c). Both routes of muscle stimulation result in the
rapid propagation of potentials (<2 ms) on one side of the
tail through the gap junctions between muscle cells. This

propagation is so fast that all of the muscle cells on one side
of the tail contract in unison.

Research on aquatic vertebrates provides an indication of
how undulatory motion may be generated by ipsilateral mus-
cle contraction. For example, newt (Triturus helveticus
(Razoumomowsky, 1789)) larvae generate undulatory swim-
ming through reciprocating ipsilateral muscle stimulation.
Blight (1977) suggested that the creation of undulatory waves
in these animals is made possible by an anteroposterior
asymmetry in hydrodynamic forces and the structural me-
chanics of the newt’s body. According to his “hybrid-
oscillator” model, the anterior region of the body is rela-
tively stiff and therefore resists muscular contraction in pro-
portion to bending. In the posterior region, the flexible tail
exhibits high lateral excursion and thereby generates large
hydrodynamic forces. Therefore, ipsilateral muscular con-
tractions are immediately resisted by stiffness at the anterior
end of the body, but are resisted after a delay that is neces-
sary to allow the tail to increase its speed of movement in
the posterior region. This difference in the timing of resis-
tance between the two ends of the body results in the poste-
rior propagation of undulatory waves (Blight 1977; Long et
al. 1994; McHenry et al. 1995). Bone (1992) suggested that
the ipsilateral stimulation and lack of proprioception in the
tail of ascidian larvae generate undulatory swimming by
means of the hybrid-oscillator mechanism.

Hydrodynamics
The size and speed of a swimming animal determine the

relative importance of viscous and inertial fluid forces to the
hydrodynamics of swimming. The Reynolds number (Re =
ρ /µul , where u and l are the speed and length of the swim-
mer and ρ and µ are the density and viscosity of water, re-
spectively; Lamb 1945) is proportional to the ratio of inertial
to viscous forces. Microscopic organisms generally operate
at low Re (Re << 1), where thrust and drag are created al-
most entirely by viscous skin friction (Gray and Hancock
1955; Holberton 1977). Large organisms such as adult fish
and marine mammals operate at high Re values (>1000),
where forces are generated by pressure on the surface of the
body (i.e., form or pressure forces) or by the inertial resis-
tance of water to acceleration (i.e., the acceleration reac-
tion). Ascidian larvae operate at intermediate Re values (10
< Re < 100), where thrust and drag are generated by a com-
bination of viscous and inertial forces (Daniel et al. 1992;
Jordan 1992).

McHenry et al. (2003) experimentally tested mathematical
models of the hydrodynamics of ascidian larvae to determine
the relative importance of skin friction, form force, and
the acceleration reaction to propulsion in the larvae of
Botrylloides sp. They found that measurements of force gen-
eration by tethered larvae were better predicted by a quasi-
steady blade-element model (i.e., forces vary with the in-
stantaneous speed of the tail) than by an unsteady model that
included the acceleration reaction (Fig. 4a). By taking into
account the body mass and its spatial distribution (see “Weight,
mass distribution, and buoyancy” below), quasi-steady hy-
drodynamics were used in a dynamic model of freely swim-
ming larvae (McHenry et al. 2003). This dynamic model
accurately predicted mean swimming speed in both
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Fig. 3. Midline kinematics and torque generation in the larvae of
Distaplia occidentalis. (a) The motion of the tail (shaded arrow)
from a dorsal view at 4-ms intervals for a left-directed half tail
beat. The inflection point between a concave-right bend on the
posterior half of the tail and a concave-left bend on the anterior
half propagates in the posterior direction. The trunk angle is the
angle between the long axis of the trunk and an anterior position
on the tail (×). (b) The bent posture of the tail is shown in the
silhouette of a resting larva from a dorsal view. This is a shape
that likely influences the symmetry of motion (see the text).
(c) Asymmetical tail beating generates hydrodynamic force on
the frontal plane that could create a yawing moment that contrib-
utes to body rotation (modified from McHenry 2001).
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C. intestinalis and D. occidentalis (Fig. 4b; McHenry and
Patek 2004).

After having verified the dynamic model of ascidian
swimming, McHenry et al. (2003) ran a series of mathemati-
cal simulations over a range of Re values (1 < Re < 100) by
varying the body length of model larvae. They found that
thrust is progressively generated less by skin friction and
more by form force at greater Re values, but that drag is
generated mostly by skin friction even at Re ≈ 100 (Fig. 4c).
Therefore, thrust may be generated mostly by viscous force
in small species (e.g., Re ≈ 10 for C. intestinalis) and by in-
ertial form force in large species (e.g., Re ≈ 100 for
D. occidentalis), but larvae of all species must overcome
skin friction to move forward.

Weight, mass distribution, and buoyancy
It comes as no surprise to those familiar with Newton’s

second law (F = ma) that the rate of swimming generated by
propulsive force depends on the mass of the body. Although
less often used by biologists, this principle also applies to
body rotation, as expressed by the following equation
(Meriam and Kraige 1997):

(1) α = T
I

where α is the angular acceleration of the body, T is equal to
the net torque (i.e., moment) generated by hydrodynamic
force, and I is the body’s moment of inertia. The moment of
inertia expresses the spatial distribution of a body’s mass
about its center and depends on the axis of rotation (s). It is
calculated as the integral of the product of a unit mass, dm,
and the square of the distance between this unit and the axis
of rotation, s (Meriam and Kraige 1997):

Fig. 4. The hydrodynamics of swimming in ascidian larvae. (a) The measured lateral force generated by a tethered ascidian larva is
compared with that predicted by mathematical models. A quasi-steady model provides a superior estimate of the timing and magnitude
of measured force than an unsteady model (modified from McHenry et al. 2003). (b) Dynamic simulations of this quasi-steady model
accurately predicted the mean speed of freely swimming larvae of C. intestinalis and D. occidentalis (modified from McHenry and
Patek 2004). (c) According to this model, thrust is gradually generated less by viscous skin friction and more by inertial form force at
higher Reynolds numbers (Re). Drag is generated mostly by skin friction, even at Re ≈ 100 (modified from McHenry et al. 2003).



(2) I s dm= ∫ 2

More elaborate versions of eqs. 1 and 2 are necessary to
model the motion of a swimming ascidian larva with a mass
distribution moving in three dimensions with an undefined
axis of rotation (as in McHenry et al. 2003), but the same
general principles apply. For example, consider a sphere and
an ellipsoid of uniform density and equal volume that are ro-
tated about their centers. If the major axis of the ellipsoid
was twice the radius of the sphere, then the I value for the
ellipsoid would be greater than the sphere by a factor of 2.25
(Fig. 5a). Therefore, if a constant torque was applied to both
of these shapes for a fixed period of time, then the sphere
would rapidly rotate to an angular position that is more than
two times farther than that of the cylinder.

The influence of body shape on the moment of inertia af-
fects the kinematics of swimming. The large globose trunk
of colonial species tends to concentrate mass toward the an-
terior of the body and make the body more sphere-like than
cylinder-like in its mass distribution (Fig. 5b). In contrast,
the elongated body of solitary species distributes mass more
evenly along its length, which places the center of mass pos-
terior to the trunk and creates a relatively high moment of
inertia (Fig. 5c). Because of this difference in mass distribu-
tion, the larvae of colonial species tend to have less inertial
resistance to lateral yaw and therefore tend to swim along a
relatively meandrous path compared with the larvae of soli-
tary species (as in Figs. 5b, 5c).

The mass, mass distribution, and volume of the body de-
termine how weight and buoyancy affect the dynamics of
swimming. The buoyancy force acts at the body’s center of
volume and is equal and opposite to the weight of water dis-
placed by the body (Granger 1995). Since the weight of the
body acts at its center of mass, then the buoyancy force and
weight act on the same point on the body only if the body
has a uniform tissue density. Otherwise, regional variation in
tissue density offsets the center of mass from the center of
volume. Although the distribution of tissue densities in the

body of an ascidian larva has not been measured, high-
density melanin particles (1.68 g·cm–3; Zeise et al. 1992) are
included in the ocellus and compose the statolith of the
statocyte (Whittaker 1966). Given that weight and buoyancy
act in opposite directions, the distance between the centers
of mass and volume serves as a lever arm (Fig. 5d), which
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Fig. 5. Effects of mass distribution on the dynamics of swim-
ming. (a) A sphere and ellipsoid of equal volume illustrate the
effect of shape on the moment of inertia (I), where the length of
the ellipsoid major axis (lmaj) is twice the sphere radius (r) and
the minor axis (lmin) is adjusted to make the volume of the ellip-
soid equal to that of the sphere. See text for comparison. (b and
c) Dorsal views of model simulations of swimming in two spe-
cies of ascidian larvae illustrating differences in yaw (black line
with arrowhead) and trajectory (red line) of the center of mass
(red circle) over a period of less than one tail beat. (b) A model
larva of D. occidentalis has a large globose trunk that encloses
the center of mass and contributes to its relatively large yaw and
meandrous trajectory. (c) The body of a model C. intentinalis
larva is relatively elongate, with a center of mass posterior to the
trunk and a relatively high moment of inertia that contributes to
its low yaw and shallow oscillation by the center of mass.
(d) Regions of high or low tissue density cause the center of
mass to be offset from the center of volume. The distance be-
tween these points creates a lever arm that, in this case, gener-
ates torque acting to roll the body (modified from McHenry
2001).



may act in any direction with respect to the body, depending
on the body’s orientation with respect to gravity. Given that
the ocellus and statolith are positioned toward the anterior
end of the body, they should tend to rotate the body down-
ward. Indeed, many species rotate in a trunk-down orienta-
tion upon ceasing to swim (personal observation).

Swimming performance and taxis

The biomechanical principles of swimming are useful for
comparing swimming performance among species and un-
derstanding how larvae orient to sensory cues. Mathematical
models that incorporate the complex interactions between
fluid and structural dynamics have provided a useful com-
plement to experimental data for understanding the effects of
evolutionary change in morphology and tail kinematics on
performance. As a first approximation, such models may be
restricted to two spatial dimensions, since the undulatory
motion is planar (see “Undulatory motion ” above) and the
body rotates little in the course of a single tail beat (e.g., the
body of A. constellatum rotates once in 15 tail beats;
McHenry and Strother 2003). From such models, perfor-
mance measures such as swimming speed and the energetic
cost of transport may be predicted. However, ascidian larvae
orient their swimming direction over the course of many tail
beats and rotations through their helical swimming trajec-
tory, so a complete consideration of tactic orientation in
ascidians requires a model that considers the three-dimensional
dynamics of swimming.

Effects of morphology and kinematics on performance
Variation in swimming performance among ascidians is

caused by differences in their body morphology and tail ki-
nematics. Berrill (1935) found that larger ascidian larvae
swim faster, but body length alone predicts less than half of
the variation in swimming speed among species (Fig. 6a).
The remaining variation in speed should be attributable to
differences in body shape and tail kinematics between spe-
cies. Although larger animals generally move with lower cy-
cle frequency than smaller animals (Schmidt-Nielsen 1984;
Full 1997), some ascidian species exhibit the opposite scal-
ing relationship. For example, larvae of D. occidentalis have
a body length about 3 times that of C. intestinalis yet swim
with a significantly greater tail-beat frequency (Fig. 6b;
McHenry and Patek 2004). It would be interesting to exam-
ine the scaling of tail-beat frequency in a large sample of
ascidian species to see if this relationship persists among as-
cidians in general.

To weigh the relative contributions of tail kinematics and
body morphology to the performance differences between
D. occidentalis and C. intestinalis, McHenry and Patek (2004)
ran a series of mathematical simulations using the above-
described dynamic model in two dimensions. According to
these simulations, swimming speed is 90% greater but the
cost of transport is 74% lower in a larva having the body
morphology of D. occidentalis and kinematics of C. intes-
tinalis (ii in Fig. 6c) than in a larva with the morphology and
kinematics of C. intestinalis (i in Fig. 6c). This suggests that
an increase in speed with an equal or reduced energetic cost
may be achieved through evolutionary changes in the body
morphology of ascidian larvae. However, the effect of mor-

phology is small relative to the influence of tail kinematics.
For example, when a model having the body morphology of
D. occidentalis was animated with the tail kinematics for
that species (iii in Fig. 6c), it exhibited a 7-fold greater
swimming speed than the same model using the kinematics
of C. intestinalis (ii in Fig. 6c), but incurred a 33-fold greater
cost of transport. Therefore, speed may be dramatically in-
creased by altering the motion of the tail, but this change
comes at a large energetic cost.

By constructing a performance landscape of swimming
from numerous mathematical simulations, McHenry and Patek
(2004) found that colonial ascidians occupy a region of lar-
val morphospace characterized by moderately slower swim-
ming and a lower cost of transport compared with solitary
species using the same tail kinematics (Fig. 6d). Ascidian
species of both life-history strategies are distributed in re-
gions of morphospace that miss the large peaks and troughs
in swimming performance, and the possible variation in per-
formance due to body morphology is small compared with
what may be achieved by differences in tail kinematics
(Fig. 6c).

Helical motion and taxis
Despite possessing only a single tail fin, unpaired sensory

organs with poor directional sensitivity, and a simple central
nervous system, ascidian larvae are capable of orienting to
sensory cues in three dimensions by helical swimming. Al-
though helical swimming may appear odd and inefficient
relative to planar motion, its ubiquitous presence among a
large diversity of marine invertebrate larvae and microorgan-
isms suggests that it may facilitate tactic orientation in or-
ganisms with rudimentary sensory and motor organs
(Crenshaw 1996; Crenshaw et al. 2000). Helical swimming
results when perturbations to the body’s orientation are not
countered by corrective torque to maintain a body orienta-
tion with respect to gravity. Such corrective torque may be
generated in cephalized aquatic animals through the action
of paired propulsive appendages. For example, fish use their
pectoral fins to generate lateral forces that act to align their
dorsoventral axis with respect to gravity (Drucker and
Lauder 2001). Such animals swim helically when they lack
the ability to sense gravity or cannot perform corrective mo-
tion. For example, adult lamprey (Lampetra fluviatilis (L.,
1758) swim with a helical trajectory when either their gravity-
sensing vestibular organ or tail fin is damaged (Ullen et al.
1995). Early-stage larvae of the frog Xenopus laevis (Daudin,
1802) swim helically, but adopt planar motion once their
vestibular organs have fully developed (Roberts et al. 2000).

The geometry of a swimming trajectory may be expressed
in the body’s coordinate system with a few simple parame-
ters. The rates of rotation by a body are described by
components along the dorsoventral, longitudinal, and medio-
lateral axes by the yaw (ωyaw), roll (ωroll), and pitch rates
(ωpitch), respectively (Fig. 7a). Assuming an anterior-directed
velocity, linear motion is generated when a body either does
not rotate or rolls around its longitudinal axis. Planar motion
results when rotation is restricted to either the dorsoventral
or mediolateral axis. For example, swimming fish generally
restrict body rotation to the yawing (i.e., dorsoventral) axis,
which constrains the swimming trajectory to the frontal
plane of the body (Fig. 7b). Helical swimming is generated
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by rotation about two or more axes of the body’s coordinate
system (Fig. 7c; Crenshaw 1996). For example, an ascidian
larva swimming with constant non-zero yaw and roll rates
will swim along a helix with a straight trajectory. To change
the net direction of movement, this larva must alter the di-
rection of the axis of the helix by changing the rate of rota-
tion about at least one body axis. For example, a kinematic
model (based on Crenshaw and Edelstein-Keshet 1993) that
assumes a velocity vector pointed toward the anterior will
initially swim in a helix with a straight axis because its yaw
and roll rates maintain constant, non-zero, values (Fig. 7d).

However, a rapid change in yaw rate causes a shift in the
geometry of the helix and a change in the direction of its
axis (Fig. 7e). Similarly, negatively phototactic larvae of
A. constellatum respond to a change in the direction of illu-
mination by altering rates of body rotation, which changes
the direction of the helical axis (Fig. 7f; McHenry and
Strother 2003).

To align helical swimming with respect to a sensory stim-
ulus, an ascidian larva must coordinate the rotation of its
body with respect to perceived cues. Body rotation is cou-
pled to the perception of light because the ocellus is directed
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Fig. 6. Differences in swimming performance among larvae of ascidian species. (a) A linear regression is shown between body length
(l) and swimming speed (u) for larvae of colonial (�) and solitary (�) species. The coefficient of determination (r2) for this relation-
ship indicates that body length predicts less than half of the variation in speed among species (data from Berrill 1935). (b) Larvae of
the colonial species D. occidentalis (N = 14) swim with significantly greater tail-beat frequency than the larvae of C. intestinalis (N =
5, P = 0.04). (c) The results of mathematical simulations (i–iii) of ascidian larvae demonstrate the effects of morphological and kine-
matic parameter values for C. intestinalis (�) and D. occidentalis (�) on swimming speed and the cost of transport. (d) The results of
numerous simulations show the effect of trunk volume and tail length on swimming speed (color gradient) when the tail kinematics of
C. intestinalis are used (b–d are modified from McHenry and Patek 2004). As in Fig. 2b, ellipses of 95% confidence intervals are
shown for colonial (thick white line) and solitary (thin white line) species. In c and d, speed was calculated as the mean of instanta-
neous values and therefore is higher than values reported in a, which were calculated as the quotient of net displacement and time.



laterally and therefore scans its environment as the body
changes orientation. Mast (1921) postulated that a rapid
change in perceived light intensity, such as that caused when
the ocellus rotates toward or away from a light source, stim-
ulates changes in tail beating that orient the body with re-
spect to a source of light. In support of this idea, McHenry
and Strother (2003) found that larvae of A. constellatum
change their direction of swimming through a combination
of changes in roll and yaw rates in response to changes in
light direction (Fig. 7f). Furthermore, in tethering experi-
ments, these larvae varied their direction of tail beating in
proportion to changes in light intensity. These results sug-
gest that ascidian larvae use an orientation mechanism simi-
lar to that found in helically swimming microorganisms.
This mechanism of helical klinotaxis may operate if an or-
ganism simply modulates its rate of body rotation (i.e., roll
or yaw rate) in proportion to perceived light intensity
(Crenshaw 1993). McHenry and Strother (2003) proposed
that ascidian larvae use helical klinotaxis by modulating the

symmetry of tail kinematics in proportion to stimulus inten-
sity, which controls the yaw and roll rates of the body
(Fig. 8). This behavioral algorithm was successfully imple-
mented in the design of a swimming robot by Long et al.
(2004).

Although ascidian larvae may lack the ability to swim
along a straight line, helical swimming may offer some ad-
vantages over the planar motion commonly exhibited by
cephalized aquatic animals. To maintain a stable body orien-
tation and to provide the fine control necessary for behaviors
such as directed prey capture, aquatic vertebrates, crusta-
ceans, and cephalopods appear to require sensory organs
with high directional sensitivity and paired appendages to
control body orientation. In contrast, ascidian larvae are ca-
pable of oriented swimming through the use of a single tail
fin, one ocellus, and a statocyte. Ascidians potentially save
energy and may shorten the embryonic and larval periods by
avoiding the need to develop and metamorphose a more
elaborate locomotor system. Therefore, an advantage of heli-
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Fig. 7. Body rotation and swimming kinematics for swimmers using planar and helical motion. (a) The orthogonal axes of body rota-
tion have the center of mass as their origin. The vectors of pitch (ωpitch) and roll (ωroll) rate lie on the frontal plane of the body and
run perpendicular to the yaw rate (ωyaw), which is coincident with the body’s dorsoventral axis. (b) In fish, the swimming trajectory
(red curve) moves along the frontal plane of the body because body rotation is restricted to the yaw axis. (c) In ascidians, helical
swimming results when the body rotates about two or more axes in the body’s coordinate system (in this case yaw and roll). (d and e)
A kinematic model that examines the effects of roll and yaw rates on the direction of helical swimming assuming a velocity vector di-
rected toward the anterior of the body. The initially constant values for yaw and roll rate (d) generate a vertically oriented helical tra-
jectory (e, red line). However, a rapid change in yaw rate (between the arrowheads) alters the direction of the helical trajectory (e,
black lines). (f) A negatively phototactic larva of A. constellatum follows a similar helical swimming trajectory as it changes its swim-
ming direction in response to a change in the direction of light (from i to ii). The red dots show the center of the body at 8-ms inter-
vals and the axis of the helix is approximated by a low-pass filtered version of the same coordinate data (solid black line). The
direction of illumination was switched when the larva reached the position indicated by � (modified from McHenry and Strother
2003).



cal swimming is its economical use of structure through its
relatively simple morphological requirements for achieving
taxis in three dimensions.

Conclusions

Ascidian larvae represent a tractable system for under-
standing principles of animal locomotion and for studying
how functional principles may inform animal behavior and
evolutionary biology. The simplicity of their central nervous
system and tail morphology makes ascidian larvae an ap-
pealing system for experimentalists and theoreticians who
may be interested in a comprehensive understanding of how
an animal is capable of generating and controlling its pro-
pulsion. As knowledge of swimming mechanics advances,
we may better understand how evolutionary changes in
chordate morphology have affected swimming performance.
Furthermore, an appreciation for the three-dimensional dy-
namics of helical swimming in ascidian larvae may allow us
to model how a broad diversity of larval marine invertebrates
and microorganisms orient within their environment.
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