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Summary
The ontogeny of locomotion in the Florida lancelet
(Branchiostoma floridae) is described for the early
developmental stages through to metamorphosis. Recently
hatched larvae swam at speeds up to 1 mm s−1 using their
epidermal cilia; this speed decreased to approximately
0.2 mm s−1 by 60 h after fertilization. Changes in ciliapowered fluid flow could be related to changes in the
distribution and density of the epidermal cilia during
development. Cilia-powered hovering was the dominant
behaviour until metamorphosis. The amount of energy
expended by ciliating larvae ranged from 10−9 to 10−11 W
depending upon the age of the larvae and the model used
for estimating the power output. The majority of the
energy expended was in the ciliary sublayer next to the
body. The first muscular movements were seen in larvae
16 h old. These simple flexions increased in complexity

Introduction
Lancelets (amphioxus) of the chordate subphylum
Cephalochordata in the phylum Chordata are found in tropical
and temperate oceans worldwide. Lancelet larvae, in particular,
have played an important role in discussions considering the
origin of the vertebrates from the invertebrates. During their
development, lancelet larvae are capable of swimming using
either their epidermal cilia or muscular body undulations,
making them unique among pelagic larvae (Chia et al. 1984).
The transition from ciliary to undulatory swimming figures
prominently in many evolutionary scenarios of vertebrate
origins (Garstang, 1928; Berill, 1955; Gutmann, 1981;
Bergstrom, 1989; Gans, 1989, 1993; Fetcho, 1992; Lacalli,
1996). The lack of substantial data on the locomotory
mechanics of amphioxus larvae has not gone unnoticed (e.g.
Fetcho, 1992); however, the majority of phylogenetic scenarios
still rely on anecdotal observations. Because of this, the
ontogeny of locomotion in amphioxus is important both for its
possible phylogenetic significance and also from a purely
biomechanical viewpoint because undulatory swimming
begins at a markedly smaller body size than in developing
vertebrates.
The locomotion and neuromuscular mechanics of adult
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during the first 72 h until a complete undulatory
(approximately sinusoidal) wave was propagated down the
body in the adult manner. The frequency of undulatory
beating increased to approximately 10 Hz during the first
48 h, and the larval head showed a large degree of yaw.
Lancelet larvae were also capable of high-speed
undulations 5–10 times faster than regular swimming
motions. In contrast to ciliating larvae, the energy
expended during undulation was at least an order of
magnitude greater (10−8 to 10−6 W) and radiated beyond
the ciliary sublayer.

Key words: lancelet, amphioxus, Branchiostoma floridae,
locomotion, cilia, undulatory locomotion, ontogeny, swimming,
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amphioxus have been studied previously. Webb (1973, 1975,
1976a) corrected some earlier, fanciful misconceptions and
described swimming in adults of Branchiostoma lanceolatum,
and the properties of the adult’s muscular notochord have been
reviewed by Guthrie (1975).
Speculation on the locomotion of lancelet larvae has
generated a voluminous literature. However, most previous
accounts of larval locomotion are anecdotal, based on only a
few developmental stages, and are often contradictory. The
ciliated locomotion of lancelet larvae was noted by
Kowalevsky (1867) and Willey (1891, 1894), and muscular
movements were first noted by Leuckart and Pagenstecher
(1858), then by van Wijhe (1927) and Bone (1958), although
authors have not agreed on the position of the larva in the water
or the relative importance of undulatory swimming (see
conflicting accounts in Willey, 1891; van Wijhe, 1925, 1927;
Chin, 1941; Bone, 1958; Wickstead and Bone, 1959; Webb,
1969, 1975, 1976a; Wickstead, 1975). Stokes and Holland
(1995b) have since shown that, in B. floridae, pre-metamorphic
larvae are planktonic and their behaviour is dominated by ciliapowered hovering in the water column.
The purpose of this investigation was to study the kinematics
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of both ciliary and undulatory swimming during development
in B. floridae, as well as to characterize changes in body
morphology, including the distribution and density of ciliated
epidermal cells relevant to locomotion. Using this information,
it was possible to make estimates of the amount of energy
expended during larval swimming and to relate the ontogeny
of locomotion to lancelet ecology and phylogeny. Because the
ciliated sensory cells of post-metamorphic lancelets (Schulte
and Riehl, 1977; Bone and Best, 1978; Baatrup, 1981; Stokes
and Holland, 1995a) as well as the undulatory motion of
lancelet adults have been studied elsewhere, this investigation
concentrates on the developmental period between hatching
and metamorphosis.

Materials and methods
Adults of Branchiostoma floridae (Hubbs) were collected
from Old Tampa Bay, Florida, USA, during the summer and
spawned in the laboratory using the methods of Holland and
Holland (1994). The subsequent embryonic and larval stages
were raised through metamorphosis using the procedures
outlined in Stokes and Holland (1995a,b).
Myotome number, cilia density and distribution
For scanning electron microscopy (SEM), samples of a few
dozen developing lancelets were taken periodically from the
culture (22.5 °C). Specimen fixation was in 2 % glutaraldehyde
in filtered Tampa Bay water. The sample was then refrigerated
(at 8 °C) until further processing. The fixed samples were
washed for 2 min in distilled water, dehydrated in an ethanol
series, critical-point dried by the CO2 method (Stokes and
Holland, 1995a), mounted on SEM stubs with double-sided
tape, sputter-coated with a mixture of gold and palladium, and
viewed using a Cambridge Instruments 360 scanning electron
microscope. The epidermal surface of approximately 12
individuals from each sample was examined using SEM, and
over 650 photomicrographs were made documenting changes
in external morphology during lancelet ontogeny (see also
Stokes and Holland, 1995a). Owing to the shrinkage of the
lancelets during SEM preparation, the muscle myotomes were
visible in larvae larger than 1 mm total length and their number
was counted with reference to other concurrent ontogenetic
events (e.g. the number of gill slits present).
In order to quantify the type, density and
distribution/dispersion
of
epidermal
cilia,
150
photomicrographs of post-hatching embryos and larvae at
different developmental stages (i.e. 18, 24, 48, 96, 156, 204,
252, 420, 480 and 768 h post-hatching, as well as during
metamorphosis) were analyzed further. On each, the number
and type of ciliated cells within a ‘quadrate’ grid was counted.
Between 10 and 50 quadrates (depending on the magnification
of the micrograph and the density of the cilia present) were
counted for each of several different quadrate sizes. The
quadrate sizes were chosen such that the maximum number of
cilia counted per quadrate was between three and nine, for
effective tests of dispersion using contiguous quadrate methods

(Pielou, 1974; Boots and Getis, 1988), but additional counts
were made at half and twice the chosen quadrate size for
comparison and as a test for sampling bias. The quadrate counts
were then used to calculate average cilia densities for different
body regions and were compared with a spatially random
Poisson distribution using the G-statistic (Sokal and Rohlf,
1981). For those samples having a significant non-random
distribution, an index of dispersion was calculated as the ratio
of the sample variance to the sample mean (Grieg-Smith, 1957;
Pielou, 1974; Boots and Getis, 1988) to indicate the degree to
which cilia were uniformly distributed or clumped.
Video recordings
To observe swimming behaviour, sub-samples of the
cultured lancelets (containing approximately 12–50
individuals, depending upon size and developmental stage),
were placed in a small Petri dish (8 cm diameter, 12 mm deep)
and video recordings were made from above for 20 min. In all
cases, observations were made near the centre of the vessel to
minimize wall effects. Video observations were made at 4 h
intervals for the first 48 h after fertilization, at 24 h intervals for
the next 10 days, and then at 72 h intervals until metamorphosis
was complete. Two different camera systems were used for
recording. A television camera (JVC model GXN4U) fitted
with a Minolta macro lens (100 mm, f=4) permitted
magnification to 50× and was used in conjunction with an
external fibre-optic light source to provide dark-field
illumination. In addition, an Olympus compound microscope,
with an attached video camera (Sony model SSC-C350) and
phase-contrast imaging, was used in conjunction with particles
in the water (non-motile algae, Isochrysis sp.) to visualize fluid
flow around the swimming lancelets. Once larvae exhibited
mid-water hovering, they were also observed from the side in
a larger (8 cm diameter, 6 cm deep) vessel (for details, see
Stokes and Holland, 1995b). A small sample of larval and
juvenile lancelets was also observed using a Kodak Ektapro
high-speed video system (500 and 1000 frames s−1). Relevant
kinematic measurements were made from the recordings using
a video monitor and after calibrating the camera systems using
known size scales.
Newly hatched embryonic and larval lancelets swim through
the water following a helical pathway similar to that of many
ciliated protozoa. The helix appears as a sinusoidal curve when
viewed in only two dimensions. By superimposing sequential
video frames onto one image frame, the swimming pathways
of motile lancelets could be analyzed and the path wavelength,
amplitude and body radius measured. These parameters were
then used to calculate the following kinematic components
(Sugino and Naitoh, 1988; Sugino, 1993):
Path straightness (s):
s=

Γ(t)
Γp (t)

,

(1)

where Γp is the swimming path length in time t, and Γ is the
actual migration distance.
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position data and represent both the fluid flow and the volume
of fluid influenced by the motion of the undulating animal.

Forward swimming velocity (U):
U=±

√λ2 + 4π2α2
,
te

(2)

where λ is the swimming path wavelength, α is the path
amplitude and te is the period of one helical cycle. Negative
numbers indicate that the individual is swimming backwards
(posterior end first). For those individuals not swimming using
a helical pathway, the forward swimming velocity was
calculated by dividing the distance travelled between
successive points by the travel time.
At the onset of larval undulatory locomotion, the following
kinematic components were measured from the superimposed
video images: swimming speed, beat frequency, degree of
head/tail yaw (measured as the maximum angle of deviation of
the head and tail from the midline of the body during
swimming), percentage of undulatory wave on the body,
undulatory wavelength and amplitude.
Graphical representation of the flow field
To visualize the motion of water surrounding the swimming
larvae, the positions of non-motile particles in the focal plane
of the swimming larvae were traced over successive video
frames to produce streaklines indicating the direction of fluid
flow. In the case of cilia-powered swimming, particle velocities
were also measured, allowing the contouring of flow speeds and
a description of the flow field surrounding the larvae. To
compare the fluid flow generated from ciliary versus undulatory
processes graphically, vector diagrams were produced showing
the change in relative particle position in a regular grid of points
around the larva (81 or 162 points) over a 0.1 s interval.
For cilia-powered flow, positions were calculated from flow
speeds and streaklines. However, for undulatory motion, flow
diagrams of streaklines were not available owing to the
complexity and speed of the motion. Instead, the relationship
between net particle displacement and distance away from the
undulating body was determined as an exponential decay
function calculated from video analysis of particles moving
around a stationary undulating body (larvae with heads fixed in
place). The movement of hypothetical particles, which
corresponded to positions on the regular grid, was then estimated
by solving for the distance along a line from the particle to the
surface of the larva normal to the surface of the body. Thus, the
movement of each particle is an estimate of water movement
rather than a direct measurement. This process was repeated to
produce the differences in position for four sequential video
fields for all 81 points. Where a single particle of water could
be influenced by more than one line normal to the body (i.e. on
the concave side of the bending body), the movement was
estimated by calculating the average movement that results from
several normals. Such measurements of the change in position
of specific points occurring over a known period is a finite
differencing technique and produces an estimate of the velocity
vector field operating on the fluid (Happer and Brenner, 1983).
The results are the product of applying this velocity field to the

Estimation of locomotory power expenditure
To estimate the energy expended during locomotion,
kinematic measurements from the video analysis were applied
to several different theoretical models of swimming at low
Reynolds number. U is the swimming speed, and η is the
dynamic viscosity of water (=0.9948×10−3 Pa s at the
laboratory culture temperature of 22.5 °C and at 20 ‰ salinity).
Most of the models included surface area as one of the
parameters and, in these cases, surface area was calculated as
the surface area (S) of a prolate spheroid with semi-major and
semi-minor axes (a and b respectively) measured from the
radius and length of the larva:
S = 2πb2 +

πa2b
√a2 − b2 .
arcsin
a
√a2 − b2

(3)

Keller and Wu (1977) estimated ciliary power and defined
the local flow field (outside the ciliary beat envelope) using a
porous prolate model. The Stokes equations of fluid flow at low
Reynolds number were solved to describe the fluid motion
around an inert (i.e. sedimenting) and actively swimming body
with the shape of a prolate spheroid.
For the inert and active body, the power P expended to
maintain the flow field is:
16πηaε3U2
,
[(δ + ε2)L − 2ε]

(4)

8πηa[(δ + ε2)L − 2ε](δ − 2ε)ε3
(U − V )2 .
[2ε − (δ − 2ε)L ]2

(5)

Pinert =
and
Pactive =

In both cases, δ is the body length, ε is the eccentricity of
the spheroid, ε=√a2−b2 /a, L=log[(1+ε)/(1−ε)] and V is the
maximum suction velocity created by the cilia (V approaches
zero in an ideal rigid (no slip) prolate spheroid moving parallel
to its major axis). Additionally, using an average estimate of the
energy expended per cilium (10−14 W) within the ciliary
envelope (Keller and Wu, 1977), the average total power for all
cilia was approximated from the density of cilia coverage and
the larval surface area. Roberts (1981) also approximates the
power expended within the ciliary envelope as (here expanded
using the above formula for the surface area of a prolate
spheroid, rather than the surface area of a sphere):
P=

8ηU2
δ


πa2b
√a2 − b2 .

πb2 +
arcsin
a 
√a2 − b2


(6)

Emlet (1994) estimated the force necessary to overcome
viscous drag Fd for a 2:1 prolate spheroid (from Vogel, 1981)
as:
Fd = CvηS1/2U ,

(7)

where Cv is the viscous drag coefficient calculated from the
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Stokes’ law corrections in Happer and Brenner (1983), using
a sphere of equivalent radius to the prolate spheroid of
eccentricity and surface area closest to the larval form.
From this relationship, the power can be approximated by:
P = CvηS1/2U2 .

(8)

The power expended during undulatory swimming via the
body musculature was similarly estimated by a series of
different models. In most instances, these models estimate
power as a function of the undulatory wave speed (W),
wavelength (λ), body length (δ), swimming speed (U) and the
components of the viscous drag coefficients tangential and
normal to the flow.
There has been debate over how to calculate viscous drag
coefficients (see Azuma, 1992). In all instances, the coefficient
is for an inclined cylinder of length δ (=body length) and
diameter d, both normal (Cv,n) and tangential (Cv,t) to the fluid
flow; however, different authors use different denominator
constants, so power was calculated separately using the
following coefficients from Gray and Hancock (1955):
Cv,n =

4πη
 4λ 
ln   − 0.5
 d 

where

2π2b2  1/2
 ;
λf >λ 1 +

λ2 

(13)

and from Azuma (1992):
P = ∫(dDtUt + dDnUn) ,

(14)

where Dt, Dn and Ut, Un are the drag and body segment
velocity tangential and normal to the direction of motion,
respectively. This equation has been solved for undulation
including helical motion or remaining strictly planar. The
lengthy algebraic expansion for planar undulation can be found
in Azuma (1992). The expansion for helical undulatory power
is:

U  2 2πω 2 Cv,t  U 2πω 2 2 
 
 +
 +
1 ±  
W   λ  Cv,n W  λ   

2
P = Cv,nW nΛ
, (15)
 2πω 2 
 
1+ 
  λ  
where

(9)

! 1+ 2πωλ 

Λ=λ

2πη
Cv,t =
;
 4λ 
ln   − 0.5
 d 



2

,

(16)

n is the number of waves along the body and ω is the amplitude
of the undulation.

Lighthill (1976), Wu (1977), where constant q=0.09l:
Cv,n =

4πη
 4q 
ln   + 0.5
 d 
(10)

2πη
Cv,t =
;
 4q 
ln   − 0.5
 d 
and Cox (1970):
Cv,n =

4πη
 δ 
ln   + ln2 − 0.5
 d 
(11)

2πη
Cv,t =
.
 δ 
ln   + ln2 − 1.5
 d 
From these coefficients, the following estimates of
undulatory power expenditure were used from Roberts (1981):
λf 2
U
P = δCv,tW2   −1 +  ,
W
 λ 

(12)

Results
External morphology: myotomes and cilia
As lancelets grow, the number of myotomes increases from
approximately four at the time of hatching (12 h after
fertilization) to the full complement of approximately 60 in the
adult (Fig. 1). Larvae less than approximately 1 mm long and
without gill slits had fewer than 10 myotomes. Older, larger
larvae showed a steady increase in myotome number and body
length (see Fig. 3B) until metamorphosis (after the formation
of 11 gill slits and the atrium that further encloses them, at
approximately 960 h of development at laboratory
temperature), at which point the number of myotomes no
longer increased.
Motile cilia, approximately 10 µm in length, are found at
uniform density over the entire larval surface for
approximately the first 24 h after fertilization at a density of
approximately 6 cilia per 100 µm2 (Fig. 2). Older larvae show
a decrease in motile cilia density until metamorphosis (after
which it becomes hard to distinguish cilia externally in
micrographs owing to a covering of mucus on the body
surface). The loss of motile cilia does not occur at a constant
rate over the entire body. Cilia are lost more rapidly from the
dorsal surface posterior to the gill slits and mouth, and anterior
to the caudal fin. The area of lower ciliary density (<1 cilium
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Fig. 1. The number of myotomes in the developing lancelet
Branchiostoma floridae versus body length. Filled circles represent
measurements using scanning electron microscopy, filled squares are
taken from data in Holland et al. (1995). Mean and range (error bars)
for adults (small open circle with error bars), 16–58 mm in total
length, are taken from Hubbs (1922), Boschung and Gunter (1966)
and Boschung (1983). The number of gill slits (large open circles) and
the length at metamorphosis (MET) and at the time of hatching (H)
are also shown.

per 100 µm2) extends anteriorly and posteriorly until
metamorphosis, at which point motile cilia are found only
along the ventral sides of the snout, around the mouth and gill
slits, and along the ventral body between the developing atrial
folds (see Fig. 2). For other details regarding external
morphology and other ciliated epidermal cells, see Stokes and
Holland (1995a).
19 h

Because the motile cilia protrude from the centre of
hexagonally shaped epidermal cells, they are uniformly
distributed when they first appear on the body and on those
body regions that retain higher densities of cilia. In all quadrate
grids, the distribution was significantly different from an equalarea random distribution of cilia (15<G<211, 5<N<22,
P>0.005) with calculated indices of dispersion (I.D.) close to
0 (mean ± S.D. I.D.=0.29±0.30, N=147), indicating a uniform,
or regular, distribution pattern. As ciliary density decreased, in
particular, along the dorsal surface and sides of the larval body,
the distribution patterns showed an increased index of
dispersion (closer to 1, which would indicate random
dispersion) and/or distributions not significantly different from
a Poisson distribution. For example, the dorsal surface of a
432 h larva had a mean I.D. of 0.971±0.23 (N=5), while the
ventral surface had an I.D. of 0.18±0.054 (N=5) and the snout
an I.D. of 0.213±0.12 (N=11).
Ciliary locomotion
The initial locomotory motions of lancelet larvae are
powered exclusively by the body cilia, which move in
metachronal waves. Prior to hatching, the neurula larvae rotate
(in a clockwise direction when viewed from behind) in their
fertilization envelopes, and this motion continues after
hatching. A recently hatched larva describes a right-handed
helix while swimming and shows a complex swimming path
with its anterior end leading (Fig. 3A). This swimming path
gradually straightens, and by 30 h after fertilization the larvae
tend to move in relatively straight arcs. Larvae older than
approximately 60 h show a slow dorsal arc while swimming
(see Fig. 3A) or, if presented with a nearby surface, will glide
along it with their right side against the substratum, showing a
similar slow dorsal arc (if continued, the arc would form a circle
24 h

48 h

156 h

Fig. 2. Changes in the density and
distribution of motile epidermal cilia during
lancelet development. In all cases, anterior is
to the right. The positions of the mouth (white
oval) and preoral pit (dark oval) are also
shown. The scale bar is 500 µm and 4<N
<22 samples. Specific cilia densities ±1 S.D.
per 100 µm2 for the developmental stages
shown are: 19 h, 6.23±1.52; 24 h, 6.16±1.01;
48 h, 2.48±0.95; 156 h, 1.98±0.72; 430 h,
1.89±0.84; 770 h, 2.08±0.60; 1005 h,
2.02±1.01. For low-density (lightly shaded)
areas: 156 h, 1.07±0.44; 430 h, 1.03±0.57;
770 h, 1.17±0.85; 1005 h, 0.18±0.01.

430 h

Cilia density
per 100 µm2
ù6
2.5–3
≈2
ø1
0
500 µm

770 h

1005 h (mid metamorphosis)

Post metamorphosis
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Fig. 3. (A) Changes in ciliary swimming path straightness
during the first 100 h of lancelet development. In all cases,
N=32 and error bars show ±1 S.D. Adjacent cartoons
illustrate relevant path straightness values (see
calculation in text) with dashed lines showing the path
travelled by the larva. (B) Changes in body length versus
time (h) after fertilization at a laboratory temperature of
22.5 °C. The time of hatching (H), first feeding (F) and
metamorphosis (MET) are also indicated. Note the
change in x-axis scale after 72 h.

Path straightness

0.8

J

0

20

of diameter approximately eight times the larval body length).
This behaviour continues until metamorphosis; however, as
indicated by Stokes and Holland (1995b), the predominant
larval behaviour is to hover almost motionless in midwater.
The speed of ciliary swimming decreases over time since
fertilization (Fig. 4). Recently hatched larvae swim at between
approximately 0.6 and 1.0 mm s−1. After approximately 60 h,
swimming speed has decreased to less than 0.2 mm s−1. The
speed of ciliary gliding on the substratum decreases from
approximately 0.18 mm s−1 at 100 h to 0.1 mm s−1 after
approximately 1000 h, and gliding stops entirely at
metamorphosis. The Reynolds numbers (calculated using
larval body length) associated with these cilia-powered
movements are between 0.02 and 0.3.
The velocity and flow pattern generated during ciliary
locomotion vary a great deal during ontogeny. At all stages in
development, fluid velocities were greatest (never exceeding
approximately 1 mm s−1) close to the lancelet body and
diminished rapidly to unmeasurably low velocities within
approximately 1 body length distance away from the individual
(Figs 5, 6).

4 B
T
ME
3
F
2
H
1
0
24 48
240 480
960 1440
Time since fertilization (h)

40
60
Time since fertilization (h)

80

100

In 12 h larvae (Fig. 5A), flow speeds diminish more
symmetrically about the body than at the later ages, although
elevated fluid speeds extend slightly further in the larval wake.
Streaklines indicate a circular flow pattern situated on both the
dorsal and ventral sides of the body, and both patterns are
centred slightly posterior to the body mid-section (in three
dimensions, the flows are approximately toroidal). In 18 h
larvae (Fig. 5B), the circular flows have increased in diameter
and are centred closer to the anterior. Fluid speeds are greatest
on the posterior half of the body.
Approximately 24 h after fertilization (Fig. 5C), the circular
flows on the dorsal and ventral sides of the body are less
noticeable because their diameter is now much greater than the
body length of the larvae. The ventral flow centre has shifted
towards the anterior end of the body, and maximal fluid speeds
are found along the body mid-section and posterior half. With
the development of the first gill slit at about this time and of
the mouth approximately 24 h later, flow is directed posterioventrally from the larval anterior.
After the first 24 h and as the larvae increase in size, the flow
field remains similar, with a few exceptions, until
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Fig. 4. Mean speeds attained by cilia-powered locomotion
during the first 1200 h of lancelet development. In all
cases, N=32 individuals and error bars show ±1 S.D.
Different symbols indicate swimming (filled circles),
hovering (filled squares) and gliding (open circles).
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metamorphosis begins (at approximately 900 h). For example,
at 670 h, flow is fastest along the ventral side of the body, and
flow speeds are higher at the anterior in association with flow
into the mouth and out of the nine gill slits and with the lack
of dense dorsal cilia (Fig. 6A). Additionally, some flow is
directed across the body from the ventral to the dorsal side in
the caudal region starting near the anus. During further
development, flow decreases along the dorsal surface and by
960 h (Fig. 6B, mid-metamorphosis) dorsal flow speeds are
less than 0.1 mm s−1 over much of the body. The development
of the atrium alters the fluid flow along the ventral side of the

larvae. Flow is still rapid and directed anteriorly along the
ventral surface behind the gill slits; however, because the
atrium encloses some of the gill slits, flow is directed out of
the atriopore as a small jet as well as out of the remaining
uncovered gills.
The amount of water exiting the atriopore increases as
metamorphosis continues and more of the gill slits are enclosed
by the atrium. At the same time, flow ceases along the ventral
surface as the atrium elongates and the remaining motile cilia
disappear from the external epidermis. Ciliary powered
locomotion and flow cease at metamorphosis, and in a

A

B

mm s−1
1

C

0.9

Fig. 5. Cilia-generated fluid
flow
around
selected
larval stages (lateral view);
(A) 12 h larva; (B) 18 h
larva; (C) 24 h larva.
Streaklines show flow
direction and the colour
scale contouring indicates
flow speed in the reference
frame of the larva. In all
cases, anterior is oriented
towards the right, and all
larvae are swimming from
left to right. All images
were produced as mosaics
by superimposing particle
traces from over 100 video
frames for each subject.
Scale bar, 500 µm.

0.8
0.7
0.6
0.5
0.4
0.3

500 µm

0.2
0.1
0
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stationary juvenile the only flow is associated with the feeding
current into the mouth and out the atriopore (Fig. 6C).
Undulatory locomotion
Muscle-powered body motions first occur in larvae
approximately 16 h after fertilization. After approximately
72 h, the first simple flexions have increased in complexity,
frequency and duration such that the undulatory wave
produced by the body and the resulting locomotion are nearly
identical to those in the adult, although at a slower translational
speed.
At 16 h, the initial muscle motions are slow (approximately

0.5 s duration) with flexions towards only one side of the body
(Fig. 7). A flexion is equally likely to be to the left or to the
right. The motions occur either singly, between long periods
of ciliary swimming (seconds to minutes in length), or in a
rapid sequence of two or three successive twitches with no
preference as to the side of bending. By 18 h, the body no
longer bends to one side only, but includes bends to one side
followed by bends to the other side. However, the successive
bends do not always follow in an alternating pattern (Fig. 7).
Approximately 20 h after fertilization, swimming larvae
punctuate ciliary locomotion with longer bouts of muscular
undulation lasting for as long as 90 s (Fig. 7). Most of the
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muscular motion involves bending towards alternate sides of
the body; however, groups of one-sided bends between short
intervals (0.1 s) of ciliary swimming still occur. The bends

produced by the body have a greater amplitude than do those
of younger larvae and incorporate approximately 50 % of a
sinusoidal wavelength. Over the next 8 h, the amplitude of the
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Head/tail yaw

2

Over the first 24 h, the body undulations appear to generate
little thrust for the swimming larvae. The undulating larvae
progress no faster than by cilia-powered swimming alone (Fig.
8B). Undulatory swimming speeds increase from less than
1 mm s−1 to 2 mm s−1 by 48 h after fertilization and coincide
with the development of a fully propagating wave. Swimming
speed continues to increase during development and larvae are
capable of short bursts at speeds as fast as 10 mm s−1 by the
time of metamorphosis. The frequency of undulatory beating
(i.e. the frequency of complete wave propagation) increases
rapidly during early development (Fig. 8C). The initial
undulatory twitches and bends occur at a frequency of
approximately 2–3 Hz but increase in frequency until, after
48 h, the beat frequency reaches a plateau at approximately
10 Hz (equivalent to the typical adult swimming beat
frequency; Webb, 1976a).
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Fig. 8. Changes in undulatory swimming kinematics during the first
800 h of lancelet development. (A) Head/tail yaw, (B) swimming
speed, (C) undulatory beat frequency. Open circles represent adult
values for yaw and beat frequency taken from data in Webb (1973,
1976a). Adult swimming speeds are 30–60 cm s−1. Each point is an
average taken from a number of different observations (1<N<25) on
the same individual. The maximum range of swimming speed is
shown by the vertical line (minimum swimming speed was 0 cm s−1).

undulatory waves increases from a small fraction to
approximately 17 % of the body length, the regularity of the
undulatory beating increases, and the undulatory wave on the
body begins to incorporate a full wavelength. By 28 h, the
larvae can generate a full undulatory wave that propagates
down the body for propulsion.
During undulatory swimming, the head shows considerable
yaw. Swimming larvae can move their anterior ends as much
as 90 ° from the centre line of motion (although 50 ° is more
typical). The relative amount of head/tail yaw is shown in
Fig. 8A. Over the first 72 h of development, there is large
variation in head/tail yaw, with either the head or tail displaced
farther from the centre line of motion during undulation. This
variation decreases over time and, by metamorphosis the
degree of head/tail yaw is similar to that seen in the adult
(approximately 0.7).

High-speed undulation
In addition to ciliary swimming, hovering and undulatory
locomotion, lancelet larvae, after approximately 60 h after
fertilization, are also capable of extremely rapid body
movements (Fig. 9B–K). From high-speed video analysis (at
either 500 or 1000 frames s−1), it is apparent that these
muscular movements are somewhat similar to regular
undulatory swimming motions, but occur at a much higher beat
frequency, are irregular in pattern and are less coordinated than
normal swimming (Fig. 9A). Such movements occasionally
occur spontaneously when larvae are hovering in mid-water,
but they are most common when larvae are gliding on a
surface. In these cases, if the larvae are oriented left-side down
(such that their mouth is against the substratum), they remain
motionless for a short period (usually less than 60 s) and then
rapidly twitch from the bottom using tight contractions of the
body forming a ‘C’ or ‘S’ shape (Fig. 9B–K). Afterwards, they
settle back to the substratum, or sometimes swim away using
a regular undulatory beat. If they land left-side down following
the violent twitching, the cycle repeats itself. If they land rightside down (mouth upwards), they glide away using their cilia.
During this rapid ‘twitch-flip’ behaviour, the larvae are
capable of producing full flexure to one side of the body in
approximately 1/100 s (0.011±0.004 s; mean ± S.D., N=26) and
although it is difficult to measure a true beat frequency,
because the undulation is so irregular, a full cycle of beating
can be estimated to be 5–10 times faster than during regular
swimming. Additionally, these rapid movements usually do
not result in much net forward motion. The violent flipping
often results in the larva progressing sideways (e.g. Fig. 9B)
or backwards (e.g. Fig. 9I) or results in no overall movement
(e.g. Fig. 9J).
An escape reaction performed by a post-metamorphic
juvenile (12 mm in length) is shown in Fig. 9L. The lancelet
was touched on the caudal region with a sharp wire at time 0
and the individual reacted using a series of rapid undulations
followed by reverse swimming (tail first) away from the
stimulus. These muscular motions appear similar to the
‘twitch-flip’ of larvae, although they are slower. Post-
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Fig. 9. Changes in body position during undulatory swimming taken from high-speed video sequences (500 and 1000 frames s−1) of larvae at
either 84 h (A–H) or 360 h (I–K) post-fertilization and of a juvenile (L). Fine lines represent the position of the dorsal midline (viewed from
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metamorphic lancelets apparently lack the high-speed
behaviour shown by the larvae. Additionally, swimming
caudal-end first is often seen in post-metamorphic lancelets,
but was not observed in the larvae except during ‘twitch-flip’
behaviour.
Comparison of ciliary and undulatory flow fields
A reconstruction of fluid motion around 24 h larvae
swimming using either ciliary or undulatory movements
reveals large differences in the flow patterns (Figs 10, 11).
During a 0.1 s interval, the fluid motion around a larva
swimming using only its cilia is constrained to an envelope of

Fig. 10. Comparison of the flow
field and particle trajectories
over a 0.1 s interval for a
ciliating (upper) and undulating
(lower) 24 h larvae. Both larvae
are oriented with anterior to the
right; only the dorsal midline
position is shown for the
undulating larva. Individual
particles were arranged in a
regular array (162 or 81 points)
at time zero. For the ciliating
larva, vector arrows represent
the direction and magnitude of
particle net displacement in the
0.1 s interval. For the undulating
larva, particles oscillate with the
body movements, and vector
arrowheads have been omitted
for clarity. Scale bar, 500 µm.

500 m

fluid close to the body, and flow speeds are generally less than
1 mm s−1 and directed towards the posterior. Fluid motion was
negligible a distance greater than approximately 250 µm from
the larva.
Fluid motion around the undulating larva over the same 0.1 s
time interval was very different. To approximate the flow field,
the decay in particle motion with respect to distance (x) from
the undulating body was measured. This relationship had an
exponential form, F(x)=0.1776e−11.832x (r2=0.81 N=32,
P>0.05) and was used to calculate the particle motion (as a
proxy for the actual flow field) resulting from one complete
beat cycle. Fluid particles tended to oscillate normal to the long
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axis of the undulating larva, with maximum oscillations near
the sections of body that undergo the largest changes in
amplitude during the beat cycle and in the fluid closest to the
body (Figs 10, 11). Particle velocities were as high as 3 mm s−1
in the region of fluid influenced by the posterior third of the
larval body. Particle velocity did not diminish to zero until
more than 700 µm from the undulating body.
Energy expenditure during ciliary and undulatory swimming
The estimates for the energy dissipated during ciliary
locomotion fall into three different groups (Fig. 12). The
Keller and Wu (1977) model estimated that the power outside
of the ciliary envelope (beyond the tips of the cilia) for a freeswimming larva ranged from approximately 10−12 W in a
recently hatched larva to approximately 10−14 W in a 1000 h
larva. Alternatively, for an inert larva (i.e. a sedimenting larva
without beating cilia; Keller and Wu, 1977) and to overcome
the viscous drag of a prolate spheroid (Emlet, 1994), the power

requirements ranged from 10−11 W to approximately 10−13 W
for recently hatched and 1000 h larvae, respectively.
Estimates of the energy dissipated within the ciliary sublayer
(in the zone between the epidermal surface and the cilia tips)
ranged between 10−9 W for recently hatched larvae and
approximately 10−11 W for 1000 h larvae. The Keller and Wu
(1977) model showed an increase in power from approximately
10−11 W to 10−10 W during the first 75 h before a reduction to
approximately 7×10−10 W for larvae older than approximately
150 h. In contrast, the Roberts (1981) model showed a decrease
in power from approximately 10−9 W to approximately
7×10−10 W over the same period. In all the models examined,
ciliary power tended to remain constant after approximately
200 h of development.
In estimating the energy expenditure during undulatory
swimming, both the Roberts (1981) and Azuma (1992) models
gave similar results (Fig. 13). Undulatory power increased
from approximately 10−12 W (model of Roberts, 1981) and
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indicate successive frames,
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Fig. 12. Energy expenditure for lancelet ciliary swimming during the
first 1000 h post-fertilization. Curves were fitted by eye to model data,
shaded areas indicate the range of model values for estimates
incorporating maximum/minimum and average swimming speeds
(from Fig. 4). Models give the energy expended by free-swimming
larvae (Keller and Wu, 1977) and by inert and/or sedimenting larvae
(Keller and Wu, 1977; Emlet, 1994) and the energy expended within
the ciliary sublayer (Keller and Wu, 1977; Roberts, 1981).

10−11 W (model of Azuma, 1992) in recently hatched larvae,
to approximately 10−9 W at 50 h after fertilization. Energy
expenditure after this period increased more gradually to
approximately 10−8 W and 10−6 W for the Roberts (1981) and
Azuma (1992) models, respectively. In both cases, model
estimates were greatest using the Wu (1977) calculation of the
viscous drag coefficient. The Gray and Hancock (1955) and
Cox (1970) methods of estimating the viscous drag coefficient
yielded similar results.
Discussion
Remarks on fluid flow
The small size and slow swimming speeds of the lancelets
in this study constrain fluid flow to a Reynolds number (Re)
regime of Re<20 and predominantly to Re<1. For ciliating
larvae, using body length as the characteristic length in the
calculation, Re ranged from approximately 0.01 to 0.2. At these
low Re values, flow is dominated by viscosity, and inertial
effects can be neglected, greatly simplifying mathematical
description (Vogel, 1981). In undulating, pre-metamorphic
lancelets, Re ranged from approximately 0.6 to a maximum of
approximately 20. These Re values range from the low into the
intermediate Re realm (1<Re<1000). The exact lower
boundaries of the intermediate realm have been estimated
subjectively to be between 1 and 10 by various researchers
(e.g. Jordan, 1992). In this flow regime, neither viscous nor
inertial forces can be neglected, complicating mathematical
estimates of fluid motion. Despite this, Jordan (1992) showed
that, after initial accelerations, a viscous model provides a good

approximation of fluid forces under these conditions. In the
present study, energy expenditure was estimated from models
that neglect inertial forces, although, for those few calculations
that did include motion in the intermediate Re realm, kinematic
measurements were made and applied to periods of constant
swimming speed.
At low Re, the presence of a solid boundary near a small
moving body can greatly affect the dynamics of fluid motion
(the ‘wall effect’; Roberts, 1981; Vogel, 1981; Chia et al.
1984). The presence of any walls in this flow regime can
increase the drag experienced by a swimming organism
(Winet, 1973), so all measurements of particle and larval
velocity must be considered to represent a minimum. However,
because swimming larvae were generally observed in the
centre of the observation dish, away from the bottom and walls,
wall effects were likely to be minimized, and because the same
vessel was used for all observations, the effects were constant.
With the exception of the gliding larvae, for which fluid flow
altered by the presence of a solid boundary would be the
natural situation, the experimental conditions were such that
wall effects as estimated by Vogel (1981) were probably very
small, if not negligible.
The reconstruction of fluid motion around an undulating
larva (Figs 10, 11) is an approximation of the actual
hydrodynamic flow. This is a simple one-dimensional solution
(incorporating exponential decay along an axis normal to the
moving body) to what is truly a multi-dimensional problem
which includes a three-dimensional flow field as well as a time
component. For the purposes of the present investigation, it
simply shows the area of influence of the undulatory motion
and indicates that higher fluid speeds occur compared with
those during ciliary swimming.
Ciliation
Ciliated larvae are not unknown among vertebrates. The
larvae of the primitive fishes Protopterus aethiopicus (Budgett,
1901; Greenwood, 1958), Neoceratodus forsteri (Kemp,
1996), Polyodon spathula (Bems and Grade, 1992),
Lepisosteus platyrhincus (Song and Northcutt, 1991) and some
amphibians (Steiner, 1939) retain epidermal ciliation for a
short time during their early development. These ciliated
embryos are often considered to represent a phylogenetic
recapitulation and may help to move water over the gills, and
keep the epidermis free of settled particles (Kemp, 1996),
rather than having a specific locomotive adaptation. In contrast,
lancelets use their epidermal cilia extensively for locomotion
(swimming, hovering, or gliding) until metamorphosis in
addition to other possible functions such as improving gas
exchange.
Ciliating lancelet larvae swim at similar speeds to other likesized ciliated organisms. Most comparable speed
measurements have been made on protozoa (e.g. Machemer,
1972; Keller and Wu, 1977; Sleigh and Blake, 1977; Sleigh,
1989) and a few species of planktonic invertebrate larvae (Chia
et al. 1984; Emlet, 1990, 1994), and speeds of approximately
1 mm s−1 are typical (Sleigh and Blake, 1977). Recently
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hatched lancelet larvae swim using a helical pathway that has
caused some speculation regarding its origin and significance
(e.g. Knight-Jones, 1954; Insom et al. 1995). Spiral swimming
and rotation are probably a result of the beating of cilia
associated with the mouth and gill slits, an asymmetry in larval
shape, and slight regional differences in the beat frequency and
direction of the ciliary metachronal waves in a manner similar
to that seen in the swimming of Paramecium sp. and other
microorganisms (Naef, 1926; Naitoh and Sugino, 1984).
Reduction in the density of cilia is correlated with changes
in swimming speed and in the pattern of fluid flow along the
body. For example, flow is almost negligible along the dorsal
surface of the 960 h larvae (Fig. 6B), which correlates with the
progressive loss of epidermal cilia along that part of the body
(Fig. 2). After the opening of the gill slits, thrust is directed
posterio-ventrally away from the anterior of the body. Later in
development (e.g. at 670 h), some fluid is directed dorsally in
the region of the caudal fin and anus. Both of these forces tend
to rotate the larva dorsally, at its anterior end, around its centre
of mass. This may explain the backwards-arcing pathway seen
in swimming and gliding larvae a few days after fertilization
as well as the tilted body posture seen during hovering
behaviour (Stokes and Holland, 1995b).
In addition to the ciliated epidermal cells considered here,
there are other ciliated regions on the lancelet. In the region of
the mouth, gill slits, preoral pit, and possibly the ciliary tuft
(Stokes and Holland, 1995a) and anus, flow is visibly altered
around the larva. However, although thrust is produced by the
generation of feeding currents through the motion of water into
the mouth and out of the gills slits (and later the atriopore), this

seems to be a relatively unimportant source of thrust for
ciliating larvae. Larvae with their anterior end excised behind
the gill slits and abnormal larvae lacking a mouth opening
move through the water at approximately the same speed as
normal larvae (data not shown). Additionally, observations of
fluid flow around the larvae suggest that it is the epidermal cilia
of the body that provide the majority of thrust for forward
motion, and the loss of these epidermal cilia during
development leads to slower swimming and gliding speeds.
Undulation
Despite detailed treatments of undulatory swimming (e.g.
Lighthill, 1975), the early ontogeny of larval vertebrate
swimming kinematics remains relatively unstudied (see
reviews in Blaxter, 1969; Hunter, 1981). Available studies
have tended to concentrate on commercially important fish
species such as anchovy and herring, which have early
developmental stages at least an order of magnitude larger than
amphioxus. Also, these studies tend to focus on questions
relating swimming performance to larval energetics rather than
on the descriptive ontogeny of early larval movements
(Blaxter, 1969; Weihs, 1979; Hunter, 1981; Batty et al. 1991).
A comprehensive study of the ontogeny of locomotor
kinematics in the cyprinid Danio rerio (Fuiman and Webb,
1988) only considered changes in later stages, after undulation
had fully developed. The early locomotor responses to
mechanical stimulation along with coincident changes in the
spinal cord neurones in the primitive Australian lungfish
Neoceratodus forsteri (Whiting et al. 1993) have been
examined, and the neuromuscular development of the
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amphibian Xenopus laevis has also received extensive study
(e.g. van Mier et al. 1989; Sillar and Roberts, 1993; Roberts
and Tunstall, 1994). However, both lungfish embryos (5 mm
long) and those of Xenopus laevis (>3 mm long) are much
larger than larval amphioxus when muscle movements first
occur, and a complete kinematic treatment of developing
locomotion is still lacking. Some changes in the tailbeat
frequency and underlying motoneurone activity in larval
angelfish Pterophyllum scalare have been reported (Yoshida
et al. 1996). However, these larvae are also much larger than
the lancelet (4 mm long), and they are unusual in that they
remain attached to the substratum, via cement glands in their
heads, for 4–5 days after hatching.
Although kinematic data for microscopic animals moving
using muscular undulation are scarce, the undulatory beat
frequency and changes in swimming speeds in larval lancelets
are similar to observations that have been made on similarsized Mastigophora, nematodes, small polychaetes (Holwill,
1974, 1977; Azuma, 1992) and ascidian tadpoles (Bone, 1992).
Tailbeat frequencies as high as 50 Hz have been observed in
larval anchovy and mackerel (Hunter, 1981), and for fish in
general tailbeat tends to scale inversely with body length. The
lancelet body shows a large anterior yaw while swimming,
sometimes displacing itself 90 ° from the axis of motion.
Ascidian tadpoles (Bone, 1992) similarly show a wide yaw
while swimming. In larger animals operating at higher Re,
more efficient and faster swimmers minimize head yaw to
decrease drag and increase propeller efficiency (Webb, 1993;
Wardle et al. 1995). Minimizing drag in this manner is not as
important in the relatively low Re realm experienced by the
swimming lancelet larvae.
It was recognized by Bone (1958) that the development of
muscular movement in lancelets occurred very early as
opposed to Garstang’s (1928) beliefs. Bone (1958) observed
early flexions at approximately 27 h post-fertilization, and
more rapid body undulations at approximately 90 h. These
observations were made on B. lanceolatum, which apparently
develop at a slower rate than B. floridae (Stokes and Holland,
1995a). The first muscle movements in B. floridae occurred
approximately 16 h after fertilization and these movements
were essentially fully developed after approximately 30 h.
Coghill (1908), examining the embryo of the amphibian
Triton torsus, saw the first muscular movements as flexure near
the embryonic head. As the embryo aged, the reaction
progressed caudally until the entire trunk was involved,
gradually developing into S-shaped bends. This apparently
reflected the migration of the cranial nerve roots caudally
during development. The development of swimming in
Xenopus laevis shows a progression from irregular
contractions on alternating sides of the body to fully developed
undulation coincident with the caudal progression of primary
motoneurones in the spinal cord and the development of a
critical number of neural connections in the central pattern
generator (van Mier et al. 1989; Roberts and Tunstall, 1994).
Initial flexures in Neoceratodus forsteri embryos were also
near the anterior end (Whiting et al. 1993). A similar

progression of flexure caudad was not seen in the larval
lancelet in the present study. The first motions appeared at the
level of the mid-body, and the amplitude of the flexure and the
wavelength of undulation increased during ontogeny until a
fully developed wave could be propagated down the body by
approximately 30 h post-hatching.
When the first body flexures occur, lancelet larvae have
approximately six or seven myotomes and are approximately
600 µm long. For comparison, the first spontaneous muscle
contractions occur in the zebrafish Danio rerio embryo at 18 h,
when it has approximately 18 somites and is approximately 2 mm
long (Kimmel, 1993), and, in the amphibian Xenopus laevis, the
first muscle flexures occur around stage 26 (approximately 17
somites) and approximately 3 mm long (van Mier et al. 1989;
Sillar and Roberts, 1993). By 30 h post-fertilization, and full
undulatory wave production, the lancelet larvae have 11 or 12
myotomes and are approximately 1200 µm long (Fig. 3B). In
addition to requiring the development of the correct neural and
muscular systems to generate (and then propagate) a complete
sinusoidal wave, it may be physically impossible to bend the
larval body through more than 1 degree of flexure (i.e. half a
sinusoidal wavelength) until a minimum number of myotomes
have formed. Until that time, muscle contraction against the
notochord, which acts as a flexible strut, may only produce
bending with 1 degree of flexure centred midbody. Blight (1976,
1977) distinguished between passive wave propagation down the
body dependent upon the material properties of the body (in
particular the notochord) and the dynamic propagation of a wave
down the body due to the sequential contraction of myotomes.
For effective locomotion, it is the propagation of the waves that
is important, not the nature of the bend formation. In lancelets,
the first body motions do flex the body, although this movement
is not effective for locomotion until the bend(s) can travel down
the body. This is essential in the low Re realm of the larvae
because of temporal asymmetries in fluid flow (Vogel, 1981).
Even when undulatory swimming behaviour has developed
completely, it is not known to what degree wave propagation
is a result of differential stiffness in the amphioxus notochord
or a result of sequential nervous stimulation of muscle
myotomes. The notochord of amphioxus is a complex and
highly specialized hydrostatic organ containing fluid-filled
vacuoles, paramyosin filaments, ventral root connections to the
dorsal nerve cord and other specialized cells (reviewed by
Flood, 1975). It has been suggested by Webb (1973) that
forward and reverse swimming in the adult is associated with
stiffening of either the anterior or posterior end of the
notochord, respectively. If this is the case, the material
properties of the notochord undoubtedly have an important role
in undulatory wave propagation and may function as a dynamic
strut under neuromuscular control (Guthrie and Banks, 1970;
Guthrie, 1967, 1975). The behavioural data in the present paper
should be correlated with the detailed cytological development
of the larval nervous system and notochord during the crucial
first 30 h after fertilization established using the reconstructive
techniques of Lacalli et al. (1994) and Lacalli (1996).
The undulatory swimming of a larva, once fully developed,
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is essentially the same as in the adult, and shows a similar wave
form, beat frequency and degree of yaw (Webb, 1973, 1976a).
Adults can swim faster than larvae owing to their larger size
and because they are moving in a medium that is no longer
governed strictly by viscous forces, but also by inertia.
High-speed undulation
The high-speed undulation of amphioxus larvae was first
observed by van Wijhe (1927) and also by Wickstead (1967),
who noted that the larvae occasionally flipped off the bottom
if lying on their side, in order to begin feeding. With the aid
of high-speed video analysis (Fig. 9), it can be seen that this
behaviour takes the form of an extremely rapid burst of body
undulations lacking the coordination of normal swimming.
This motion is different from the C- or S-start of a rapidly
accelerating fish (Webb, 1993) or the escape response seen in
a juvenile lancelet. Body flexure occurs faster than in the
juvenile escape response and there is no controlled direction of
travel during the violent twitching, unlike in a fish C- or Sstart. Despite a lack of coordination, this high-speed undulation
response of amphioxus larvae does result in reorientation of
the body for feeding if lying on a substratum and may also
function as an escape response for evading capture by
planktonic predators.
The ability of the lancelet to swim rapidly both forwards and
backwards was believed by Webb (1973, 1976a) to be a facility
acquired after metamorphosis. Reverse swimming was not
observed in the larvae of B. floridae in this study; however, their
small size might have precluded this observation since it was
sometimes difficult to discern the anterior from the posterior
end during rapid undulation. Undulatory motions in the reverse
direction were seen in pre-metamorphic larvae during the highspeed undulation behaviour (Fig. 9I), so backward movement
might not be exclusively an adult attribute.
Power
The estimates of energy expenditure during locomotion by
the ciliating larvae are similar to the few measurements
available for other organisms and correlate well with direct
estimates of the force exerted by hovering lancelet larvae
(Stokes and Holland, 1995b). Within the cilia sublayer (the
fluid layer surrounding the larvae with a thickness equal to the
length of the beating cilia), the power expended by
Paramecium sp., swimming at 2.5 mm s−1, has been estimated
as 6.7×10−11 W (Keller and Wu, 1977). The estimated power
output in the lancelet ranged from approximately 10−9 to
10−11 W depending upon the age of the larvae and the model
used. The Keller and Wu (1977) model produced a much lower
estimate of the energy expenditure during the first 50 h of
development than did the Roberts model (1981). This
discrepancy is due to the manner in which power is estimated.
The Keller and Wu (1977) sublayer model estimates power by
making an integrated estimate of the total power expended by
each cilium over the entire surface area of the organism. The
total number of cilia on the lancelet epidermis first increases
during growth and then decreases as the density of cilia begins

to decline as larval size increases. The Roberts (1981) estimate
of power depends upon larval ciliary swimming speed, which
is greatest during this period. However, after approximately
100 h of development, both estimates yield very similar results
despite their different approaches, and a power of 10−10 to
10−11 W may be a reasonable estimate of ciliary power
production within the sublayer.
All other estimates of energy expenditure utilized swimming
speed as a model parameter and thus show maximum power
occurring during the first 100 h post-fertilization when ciliary
swimming speeds were greatest. The Keller and Wu (1977)
free-swimming model estimated that approximately 2–4 orders
of magnitude more energy is expended within the sublayer than
outside it. For recently hatched larvae, energy expenditure was
approximately 10−12 W, which compares favourably with the
3×10−12 W estimated for Paramecium sp. (Keller and Wu,
1977). The radical difference in energy expenditure within the
sublayer compared with outside it is due to the exponential
decay of flow speeds away from a propeller (in this case the
cilia, approximately 10 µm long) (Roberts, 1981; Blake and
Sleigh, 1974). Power output is greatest within the sublayer in
which the water is viscously entrained next to the cilia, and
energy must be expended in accelerating and decelerating this
fluid during each ciliary beating cycle. For consideration of total
larval energetics, the energy expended outside the ciliary
sublayer might be considered to be negligible. It should also be
noted that these are estimates of minimum locomotory power
and constitute only that portion of the total energy expended to
modify the fluid flow during locomotion but do not include the
energy expended by the individual for other processes (i.e.
growth and differentiation, basal metabolism, heat production).
The efficacy of the Keller and Wu (1977) porous prolate
model is illustrated by a comparison between the results of the
energy expended in fluid flow around an inert larva (i.e.
sedimenting at swimming speed via gravity) and the estimate
by Emlet (1994) for a passive body moving through a fluid at
the same swimming speed. Both estimates give approximately
10−12 W depending on the speed of the larvae. However, they
will underestimate the power expended during locomotion.
After the first 30 h of development, lancelet larvae begin to
locomote effectively using muscular body undulations. The
energy expended during undulation is greater than that
expended while ciliating (see Figs 12, 13). Comparable
measurements of power for equally small undulating bodies are
not available, although the power expended by a 5 cm long
salmon was estimated to be 2.6×10−4 W (Webb, 1976b) and for
a hovering 7 mm perch larva was 0.8×10−6 W (M. D. Stokes
and J. R. Strickler, unpublished data). In comparison, the
estimates for undulatory power in the larval lancelet, 10−6 to
10−9 W, are not unreasonable.
The Azuma (1992) model consistently predicted greater
energy expenditure than did the Roberts (1981) undulatory
model. Unfortunately, for undulatory motion at low Reynolds
numbers, there is no simple comparative analogue similar to the
inert sedimenting larva that can be used to the test the
appropriateness of either model. Similarly, the differences in
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the models that result from the choice of viscous drag
coefficient cannot be tested. Even though the results appear to
be reasonable, it will require a complete empirical description
of the fluid flow around an undulating larva for comparison with
theoretical models to test how accurately these different models
estimate energy expenditure. Despite this, it is probably safe to
assume that the energy expended during undulatory swimming
is much higher than for ciliary swimming, particularly when
realistic swimming speeds are used in the calculation.
Evolutionary considerations
Lancelet larvae have the ability to swim effectively using
their body musculature by approximately 30 h after fertilization,
once they are capable of propagating an undulating wave along
the body, and the effectiveness of this locomotion increases
rapidly thereafter. Even so, planktonic lancelet larvae spend
most of their time hovering mid-water using their epidermal
cilia even when they have the ability to undulate (Stokes and
Holland, 1995b; Lacalli, 1996). As shown in Figs 12 and 13,
the energetic cost of undulation is approximately an order of
magnitude greater than that of ciliation. Larvae may hover
predominantly because it conserves energy while permitting
continuous filter feeding, thereby allowing the redirection of
energy towards growth and development rather than
locomotion. In addition to energy conservation, it has been
postulated by some researchers (Paffenhöfer, 1983; Strickler,
1984) that movement can be ‘noisy’ and therefore might be
more attractive to predators in the low Reynolds number realm.
As illustrated in Fig. 11, undulation disrupts a larger volume of
water than does ciliary swimming, in which energy is expended
primarily within the cilia sublayer, and undulation therefore
may produce a larger signal for predators to detect. However,
the exact degree to which planktonic predators can utilize these
signals needs further study. The difference in the fluid motion
around ciliating versus undulating lancelet larvae is essentially
the difference between those flows generated by an organism
tunnelling through a very viscous medium as opposed to
pushing against it.
The radical asymmetry of the lancelet larva has engendered
considerable speculation (see Stokes and Holland, 1995a).
Many authors have proposed larval asymmetry as an
adaptation linked to the feeding process (e.g. van Wijhe, 1913;
Garstang, 1928; Bone, 1958). Both van Wijhe (1927) and
Gilmour (1994) have suggested that asymmetry provides an
effective design for feeding while swimming along a rotating,
spiral path. The observations in the present study suggest that
this is not the case. A helical swimming path is most evident
in larvae before feeding is initiated (see Fig. 3A), and
planktonic larvae more than a few days old tend to hover
almost motionless in the water column. In view of this, the
structural arguments of Bone (1958), that the mouth has been
displaced to the side of the body to maximize the size of the
opening for effective filter feeding, seem more reasonable.
Lancelet larvae apparently have the nervous and muscular
development necessary for undulatory locomotion at
approximately 30 h post-fertilization. However, during their

planktonic life, cilia-powered swimming predominates. It
promotes feeding, is energetically less costly and may be less
likely to attract predators than is undulation. Muscular body
movements, in particular high-speed undulations, may be
important as an escape response during planktonic life.
Contemporary scenarios of vertebrate evolution include the
shift from ciliary to undulatory locomotion as an important
transitional step and have used locomotion in amphioxus as a
recapitulation for this transition. This may be justified, but it
is apparent that locomotory development in the larval lancelet
is complicated by adaptations to their particular lifestyle, to
hydrodynamic restrictions due to changes in the Reynolds
number as they increase in size, and to constraints due to their
morphological development.
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