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Salps are marine invertebrates comprising multiple jet-propelled swimming

units during a colonial life-cycle stage. Using theory, we show that asynchro-

nous swimming with multiple pulsed jets yields substantial hydrodynamic

benefit due to the production of steady swimming velocities, which limit

drag. Laboratory comparisons of swimming kinematics of aggregate salps

(Salpa fusiformis and Weelia cylindrica) using high-speed video supported

that asynchronous swimming by aggregates results in a smoother velocity

profile and showed that this smoother velocity profile is the result of unco-

ordinated, asynchronous swimming by individual zooids. In situ flow

visualizations of W. cylindrica swimming wakes revealed that another conse-

quence of asynchronous swimming is that fluid interactions between jet

wakes are minimized. Although the advantages of multi-jet propulsion

have been mentioned elsewhere, this is the first time that the theory has

been quantified and the role of asynchronous swimming verified using

experimental data from the laboratory and the field.
1. Introduction
Salps are barrel-shaped marine invertebrates (Phylum Chordata, Class Thaliacea)

that swim using a pulsatile jet (figure 1; electronic supplementary material,

Movie S1 and S2). Water is drawn in through an oral siphon and subsequent con-

traction of circular muscle bands ejects water from the posterior atrial siphon to

propel the animal forwards. While jet propulsion is not unique to salps—cnidar-

ian jellyfish [1] and cephalopods [2,3] also swim using pulsed jets—salps are

unusual in having a two-part life cycle comprising an asexually reproducing soli-

tary stage and a sexually reproducing aggregate stage (figure 1). Aggregate-stage

salps are genetically identical zooids that are connected in a chain and swim

together as a unit through the coordination of multiple jets [4,5]. The presence

of solitary and aggregate stages provides an ideal system for testing whether

there are hydrodynamic advantages to swimming using multiple jets.

Individual salps can increase the thrust produced by periodic expulsion of

water by tens of per cent compared to a continuous jet with the same ejected

momentum. This increased thrust has been described as arising from the for-

mation of discrete vortex rings, which interact positively, reducing losses [3].

This prediction has since been verified with squid in the laboratory and with

salps in the natural environment [5,6]. The influence of periodicity on the effi-

ciency of jet motion has been pointed out in other areas, as for example, in

studies of periodically emitting smokestacks [7].

These previous studies focused on the thrust produced, but did not consider

important side effects: drag is also increased when a body moves by period-

ically accelerating and decelerating. The drag increase results from a

combination of two effects: (i) the periodic formation and release of a viscous

boundary layer along the body, and (ii) the acceleration reaction, which does

not occur during steady, time-independent motion. This drag penalty may

negate the thrust advantage of pulsatile swimming.

This study offers a possible explanation for organisms with multiple zooids,

where each individual can propel itself periodically, but the whole group moves
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Figure 1. (a) Weelia cylindrica oozooid and (b) blastozooid stage. Note that
one zooid is absent in (b). For movies of swimming W. cylindrica, see elec-
tronic supplementary material. (Online version in colour.)
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at a constant speed by averaging the thrust at each instant.

Thus, the thrust advantages of periodic expulsion of water

are preserved, while reducing the losses due to the drag incre-

ment mentioned above. However, maintenance of constant

speed should require asynchronous swimming by zooids

because synchronous swimming (i.e. all zooids pulsing simul-

taneously) will produce unsteady swimming. Previous

studies suggested that normal forward swimming by salp

chains (Salpa fusiformis) was characterized by uncoordinated,

asynchronous swimming [4] that resulted in a lack of pattern

in the timing of jet production. It has recently been shown in a

laboratory set-up that in-phase pulsing jets have lower thrust

when closely spaced and this reduction is significant at the

distances observed in salp chains [8]. This finding underscores

the advantage of out-of-phase, especially anti-phase, jetting.

Here, we examine the combined effect of thrust and drag,

showing that swimming in chains can combine the advan-

tages of periodic thrust, while minimizing the effect of the

drag increment due to instantaneous velocity changes. This

hydrodynamic advantage is obtained by coordinating the

phase difference of ejection of the jets so that, on average,

the chain produces an almost uniform, steady velocity. Exper-

imental data of salps swimming in the laboratory and in the

natural environment support these assumptions and provide

additional insight into how multiple jets are coordinated.

Though different salp species exhibit a diversity of chain

architectures, including wheel-shaped, transverse and linear

chains, this study focuses on two species with linear geome-

tries—S. fusiformis and Weelia cylindrica. Linear forms are

known to produce the highest swimming speeds [9].

The goals of the present study were to (i) examine the

theory explaining the combined effect of thrust and drag in

individual versus aggregate salps, (ii) verify with experimen-

tal data that aggregate salps swim at a relatively constant

speed when compared to solitary counterparts, (iii) analyse

the volume flow rates produced by pulsing aggregates to

examine how swimming is coordinated, and (iv) to observe

the timing and formation of pulsed jets produced by aggre-

gate chains in situ. Understanding the coordination of

multiple jets improves our understanding of principles gov-

erning effective locomotion and can potentially inform the

design of underwater vehicles.
2. Results
2.1. Theoretical analysis of hydrodynamic advantages
Salps swim at relatively low Reynolds numbers,

Re ¼ UL
n
: ð2:1Þ
where U is velocity, L is the length of an individual zooid and

n is the kinematic viscosity. For an aggregate chain of

W. cylindrica, Re � 5000 based on mean in situ swim speeds

of 9 cm s21, individual zooids approximately 1 cm in length

and seawater viscosity (n ¼ 1.83 � 1026 m2 s21 at 208C) [9].

Therefore, a relatively thick boundary layer is formed and

re-formed during each cycle of jet emission and resting.

Pulse frequencies are up to 3 Hz, so a fully developed

steady state is probably never fully achieved. At the Reynolds

numbers experienced by salps, the drag due to body speed

periodically varying with time (Dv) is larger than the drag

of the same body moving at constant speed (Dc) as transient

acceleration effects [10] are still present.

First considering the steady component only, at these

Reynolds numbers a laminar boundary layer is produced

on the outer surface of the salp, which can be roughly mod-

elled as a cylinder. For a cylinder, the total drag force over a

period T is

DC ¼ 0:5rATU2CD ¼ KATU2, ð2:2Þ

where r is the seawater density, A is the wetted area of the

animal and CD is the steady drag coefficient. The drag coeffi-

cient does not vary with speed for the reported range of salp

swimming speeds [5,9], for both two- and three-dimensional

bodies [11]. The exponential decrease in speed during the

coast portion of the cycle indicates that one can use a constant

drag coefficient during coasting [12] and, for the burst seg-

ment, the speed of solitary zooids grows at a decreasing

rate that can be attributed to the constant drag coefficient.

Now, looking at periodic speed changes in a single salp,

the drag increases due to two effects: the drag, which is pro-

portional to the instantaneous speed, and the added mass (or,

as sometimes called, the acceleration reaction).

The velocity change during a single jetting cycle

can be expressed as a fraction of the average speed

(V ¼ Umax �Umin=2Uav, where Umax is the maximum vel-

ocity, Umin is the minimum velocity and Uav is the

average velocity), and the instantaneous drag can be simpli-

fied as being proportional to the speed squared (i.e.

assuming that the instantaneous drag dependence on

speed is equal to the drag under steady conditions at the

same speed). The total drag over a period T is [12]

DV ¼ KA
ðT

0

½UðtÞ�2dtþmð1þ mÞ
T

ð
dU
dt

� �
dt

¼ DV1 þDV2, ð2:3Þ

where A is taken to be independent of speed (this assump-

tion will be examined below), m is the animal mass, m is the

added mass coefficient and T is now the cycle period. The

function U(t) can be anything between a harmonic (sinusoi-

dal) function and a step function (U ¼ Umax for 0 , t , T/2

and U ¼ Umin for T/2 , t , T ) and is a constant for steady

swimming. The limits of integration are not specified in

equation (2.3) as integration over full cycles of a periodic

function may lead to unrealistic cancellations. Note that the

total drag over the period DVi has units of force � time.

Calculating the contribution of DV1

DV1 ¼ KA
T
2
ðU2

max þU2
minÞ, ð2:4Þ

while

DC ¼ KATU2
av: ð2:5Þ
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For the step function

Umax ¼ Uav 1þ V
2

� �

and Umin ¼ Uav 1� V
2

� �
:

9>>>=
>>>;

ð2:6Þ

So

DV1 ¼ KAT
U2

av

2
1þ V

2

� �2

þ 1� V
2

� �2
" #

¼ KATU2
avð1þ V2Þ ð2:7Þ

and

DV1

DC
¼ ð1þ V2Þ: ð2:8Þ

As a simple numerical example, take a case where the

salp moves at a maximum velocity of 9 cm s21 for one half-

period and 3 cm s21 for the other half, for a peak to peak

difference of 6 cm s21 and an average speed of 6 cm s21, so

V ¼ 0.5 and the drag increment is 25%.

We now apply another speed profile, a sinusoidal cyclical

motion, where

UðtÞ ¼ Uav 1þ V
2

sinvt
� �

: ð2:9Þ

In this case, it can be shown that the ratio

DV1

Dc
¼ 1þ pV2

8

� �
: ð2:10Þ

In our example with V ¼ 0.5 the gain is only 10%.

Next, we look at the relative contribution of the added

mass (acceleration reaction), DV2.

From (2.3)

DV2 ¼ mð1þ mÞ dU
dt

� �
¼ rWð1þ mÞ dU

dt

� �
, ð2:11Þ

which, unfortunately, through m and especially m, is highly

specific to animal shape and water through-flow speed. So

we take the volume W to be 3 � 1024 m3 and a cycle time

of 0.3 s (table 1 and figure 5), V ¼ 0.5, m ¼ 0.2 [13], with the

slenderness ratios (1.5–3) taken from Madin [9] and the accel-

eration as the speed difference (0.06 m) divided by half a

cycle time (0.17 s) to arrive at a rough value of 1.3 �
1025 kg m s22. The constant speed drag, using the same

rough data, and a drag coefficient based on a frontal area

of 0.5 results in a value of about 18 � 1025 kg m s22, i.e. the

ratio DV2=Dc
, which for the sinusoidal speed variation is

rA1:5ð1þ mÞV
2
v cosvt: ð2:12Þ

So that

DV2

Dc
¼ 1:3

18
¼ 0:072: ð2:13Þ

Moreover, the acceleration drag contribution is less but

not negligible. This estimate needs to be qualified, as

during periods of flow through the animal, the added mass

coefficient m is much smaller.
Bone & Trueman [4] provide a comprehensive set of data

from which another estimate of the drag increment may be

made. The acceleration phase is at higher drag—Bone &

Trueman [4] estimate the ratio to be up to 1.9 for solitaries,

but to be much less (,1.3) for aggregates. This provides

another advantage of swimming at roughly constant

speeds, as at low swimming speeds, and low maximum to

minimum drag ratios, the energetic cost of periodic speed

changes can be higher than swimming at constant speed

([12], figure 2, for example).

The assumption made above that the wetted area is con-

stant during the whole cycle needs to be discussed, as the

salp takes in a large amount of water (20–30% of body

volume) to produce the jet. As the external area of a cylinder

is linearly proportional to the radius, and the volume

enclosed varies as the square of the radius, this corresponds

to a roughly 10–20% increase in surface area for the fully

‘filled’ salp. However, when actively swimming, the fluid is

taken in during the lowest part of the velocity cycle, and

quickly ejected to produce the jet, so that for most of the

period, the smaller volume is found, and the assumption is

thus justified.

An additional contribution to drag reduction in a chain is

the fact that parts of the circumference do not come in contact

with the water. While the conjoined area has never been

measured accurately, in a transverse chain, a conservative

estimate based on stills and videos of such chains is that

the hidden area is at least 10% per lateral partner, or 20%

for each member except for those at the ends. The wetted

area that the chain presents to the flow is thus reduced, and

from equation (2.1) a 20% decrease in total drag is obtained

for large linear chains. For linear chains, this proportion

may be higher still, especially as the jets ejected by individ-

uals are tilted diagonally outwards, so that the body of the

following individual is less exposed to the oncoming flow.

Another, probably less significant contribution to drag

reduction is the fact that volume changes by 11–27%

during jetting [15], causing periodic radial flows of 3–8%

that add up. This can also be estimated from the body

length change by assuming a constant volume. Data from

Bone & Trueman [4] show a body height change of approxi-

mately 6%, which translates to an approximately 3% diameter

change from this effect. This contribution will mainly

affect linear chains and will probably be a much smaller

contribution to drag reduction than the other sources.
2.2. Swimming kinematics of Salpa fusiformis and
Weelia cylindrica

Experimental observations in the laboratory of swimming

S. fusiformis from Bone & Trueman [4] show that pulsatile

swimming by single salps produces unsteady swimming

where velocity increases during jet production and decreases

during the refill period (figure 2). This unsteady pattern repli-

cates a burst and coast mode of swimming as seen in fish

[12,14] zooplankton [16] and crustaceans [17], and is

observed in both solitary-stage salps and individual aggre-

gate-stage salps that have broken off from a chain.

Swimming by an eight-member aggregate chain when all

individuals were pulsing resulted in a much smoother vel-

ocity profile than the velocity profile exhibited by the same

chain when a single individual was actively pulsing

http://rsif.royalsocietypublishing.org/


Table 1. Parameters and fit of sine curves representing volume change during swimming in eight zooids shown in figure 5. The mean of each parameter
(MEANS) and curve fit parameters produced from a mean of all zooids (aggs. 1 – 8 black line in figure 5b) are also shown.

aggregate

sine curve parameters ANOVA

a (ml) b (s) c (s) y0 (ml) R2 F p d.f.

1 0.01 0.33 1.63 0.31 0.67 41.42 ,0.0001 65

2 0.02 0.35 5.23 0.30 0.83 99.77 ,0.0001 65

3 0.01 0.37 0.24 0.31 0.65 37.90 ,0.0001 65

4 0.01 0.34 2.91 0.30 0.78 74.13 ,0.0001 65

5 0.01 0.30 3.45 0.29 0.73 55.72 ,0.0001 65

6 0.01 0.33 4.65 0.30 0.73 55.77 ,0.0001 65

7 0.01 0.30 5.20 0.31 0.35 11.21 ,0.0001 65

8 0.01 0.31 1.39 0.30 0.81 86.05 ,0.0001 65

MEANS 0.013 0.33 3.09 0.30

aggs. 1 – 8 0.005 0.35 4.60 0.30 0.87 584.50 ,0.0001 256
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(figure 3). Active pulsing by all members also produced an

overall higher swimming velocity of the chain (figure 3).

Laboratory swimming kinematics of eight W. cylindrica
zooids from a chain during ‘normal’ forward swimming

revealed an asynchronous pulsing pattern. The time-varying

volume change curves were well approximated by a four-

parameter sine curve (figure 4). For all eight curves the four

fitting parameters approximated the raw data successfully

(R2 values and ANOVA statistics are given in table 1). The

baseline parameter, y0, represents the average volume of a

zooid (ml) and b is the pulse time (s per pulse). The ampli-

tude a represents the volume change from the baseline but

was probably an underestimate because, in some cases, the

peak volumes were not captured by the sine fit (figure 4).

The curves showed asynchronous swimming and, as a

result of the different individual pulse patterns by the eight

zooids, the volume flow rate of the chain as a whole was rela-

tively smooth over time (figure 5). Investigating a subset of

the zooids (1–4 in figure 5c and 5–8 in figure 5d ) reveals

that the specifics of the pulse patterns and how they interact

can result in a relatively variable (figure 5c) or relatively

smooth volume flow rate (figure 5d ). Examination of the

pulse rates of individual zooids (table 1, pulse rate ¼ 1/b)

shows that each zooid had a unique pulse rate that was

offset from its neighbours; these slight offsets explain the

asynchrony in swimming. The lack of apparent pattern or

coordination of pulse rates still achieves a relatively smooth

velocity profile.

To find an independent estimate of the drag coefficient,

we use eq. 24b from Weihs [12], which shows that the time

spent during the coast phase varies with the decrease in

speed during the coast phase. We chose this because the

coast phase of burst and coast swimming is longer, so the

measurement error in time, from figure 2, is smaller.

The distance is ([12], eq. 24b)

tco ¼
m
c

1

Ui
� 1

Uf

� �
¼ 2rV

rAwCDW

1

Ui
� 1

Uf

� �
: ð2:14Þ

So

CDW ¼
2V

Awtco

1

Ui
� 1

Uf

� �
, ð2:15Þ
where tco is the time spent during coasting, m and V are the

salp mass and volume, respectively, AW is the wetted area,

CDW is the drag coefficient based on the wetted area, and

Uf and Ui are the speeds at the beginning and the end of

the coast section of the cycle.

We can examine an example case of coasting from

figure 2b, between t ¼ 0.16 and 0.5 s, where the speed

decreased from 8.5 cm s21 to 1.7 cm s21. To simplify the cal-

culation, we estimate the oozooid to be, on average, a sphere

of 3 cm radius, using the expressions for spherical volume

and surface area.

We arrive at a drag coefficient of 0.025 based on the

wetted area, which is of the right order of magnitude.

Obviously, more accurate measurements need to be made,

but this is beyond the scope of this paper.
2.3. In situ wake visualizations of Weelia cylindrica
In situ flow visualizations with fluorescein dye revealed the

formation of multiple jets produced by W. cylindrica during

asynchronous swimming (figure 6; electronic supplementary

material, Movie S3). Individual jets were produced from dis-

crete locations at each atrial siphon and at discrete points in

time due to offsets in pulse frequencies (figure 5), resulting

in non-interacting jet wakes.
3. Discussion
Taken together, theory and experimental data support that

salp chains with multiple swimming units have a substantial

hydrodynamic advantage over solitary forms. Previous

studies have hinted at the hydrodynamic benefits of swim-

ming with multiple units in salps [4,5,9,15] and

siphonophores [18,19], but a robust quantitative analysis

was lacking until now. Here, we have shown the hydrodyn-

amic advantage of swimming with multiple jets in terms of

drag reduction, and also begin to demonstrate the coordi-

nation of those jets (figure 5) and the consequences in

terms of wake interactions (figure 6).
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Stereotypical burst and coast swimming (figure 2) is

common in aquatic invertebrates and swimming with mul-

tiple propulsors can potentially produce a smoother

velocity profile. However, if all zooids pulse synchronously,

the less efficient burst and coast pattern is conserved. Asyn-

chronous swimming is therefore required to derive these

hydrodynamic benefits. Asynchronous swimming may be

coordinated—examples include the metachronal waves gen-

erated by pleopods in swimming krill [20] and comb rows

in ctenophores [21]—or, it may be uncoordinated as was pre-

viously suggested for salps [4]. Our results confirm that

‘normal’, forward swimming is uncoordinated in salps and

the pattern arises from individual differences in pulse fre-

quencies and phase shifts (table 1, figure 5). There are

advantages of uncoordinated, asynchronous swimming.

First, though salp chains have neurological connections

between zooids, uncoordinated swimming does not require
neurological integration between swimming units. Second,

the chain is robust to the loss of individuals within the

chain (figure 1b) or to shortening of the chain. At some mini-

mum number of zooids, uncoordinated swimming will no

longer reliably produce steady swimming. For example,

‘beating’ effects where individual pulses become synchro-

nized momentarily can produce spikes in thrust production

(figure 4c). A more detailed understanding of the minimum

number of zooids and the combination of parameters that

optimizes steady swimming presents an interesting area of

future investigation.

Earlier work on the neurophysiology of salps is consistent

with our observations of their swimming coordination. Each

individual salp has a dorsal brain composed of motor neurons

and ‘pacemaker’ neurons [22]. The firing rate of pacemaker

neurons is directly influenced by action potentials generated

from the epithelial sensory system (skin impulses) and from

a simple eye [23], which in turn probably determines the

firing rate of the motor neurons [24]. Interestingly, the firing

rate of the pacemaker neurons (1–1.7 Hz in S. fusiformis,

[23]) does not match the locomotory pulse frequency and

the details of how pacemaker neurons control the swimming

frequency are not completely understood [24]. Nevertheless,

the presence of a pacemaker neuron helps explain how the

pulse frequency of each individual salp is governed during

uncoordinated swimming.

Coordination among blastozooids in a chain is achieved

through the transmission of electrical impulses between indi-

viduals via attachment plaques [25]. Each blastozooid in a

chain has eight attachment plaques. Flow of signals is uni-

directional, necessitating two distinct plaque types linking

the blastozooid to each neighbour for sending and receiving

electrical events [26]. These neurological connections allow

for the coordination of synchronous forward and reverse

swimming, but synchronous swimming is only observed

during escape responses [4]. In response to extreme mechan-

ical stimulation, the chain can break apart so that individuals

can swim away individually and are still functional, though

this is rare in nature [27].

Asynchronous swimming influences not only the net

volume being expelled from the chain but also the degree

of wake interactions. In situ flow visualizations, especially

of linear chains where the jets are tilted outwards

(figure 6), demonstrate that jets may not interact substantially

http://rsif.royalsocietypublishing.org/
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(b) and (c) show fitted data for individuals 1 – 4 and 5 – 8, respectively. Dark lines show means for individuals in each plot.
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during swimming. The production of discrete, non-interact-

ing wakes may provide an added hydrodynamic benefit:

laboratory research shows that interactions between closely

spaced pulsed jets come at a hydrodynamic cost in terms of

decreased thrust [8]. Future research on freely swimming

salps could directly investigate whether and to what extent

jets interact. Although we have focused on the more linear,

streamlined forms here, salp species display a range of

chain architectures [9]. The relative position of individuals

within the chain as well as the timing of jets will influence

hydrodynamic efficiency among the different chain

arrangements.

Broadly speaking, coloniality presents a number of poten-

tial adaptive advantages. Modular organisms replicate

functional roles and can therefore contain damage or the
loss of some units (e.g. figure 1b). Furthermore, the colony

as a whole can depart from allometric constraints faced by

a single zooid. A large range of possible colony architectures

can arise from a single zooid morphology [28]. Though colo-

nies or organisms with multiple units are relatively common

on the sea floor, coloniality is rare in the pelagic realm in spite

of the potential hydrodynamic advantages; salps and sipho-

nophores present perhaps the most striking examples [29]

and are the only pelagic organisms to our knowledge that

use multiple pulsed jets (pyrosomes use continuous jets).

Newly released salp chains comprise tens to hundreds of

blastozooids [30,31] and depending on individual zooid

lengths, which vary among species (3–190 mm; [32]),

chains can reach up to 10 metres and still swim effectively

in open water (K.R.S. 2009 and 2012, personal observation).

http://rsif.royalsocietypublishing.org/
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The locomotory benefits arising from multi-jet propulsion

can be considered in the context of ecological roles. The

salp species investigated in this study—S. fusiformis and

W. cylindrica—have linear, streamlined forms. Salp species

are known to make diel vertical migrations (DVMs) [33] and

in the genus Salpa, daytime depths can exceed 800 m [34,35],

representing some of the largest vertical excursions among

marine plankton. A recent global analysis of DVMs showed

that typical daytime depths range from 200 to 650 m [36].

The remarkable migratory depths achieved by salps are at

least partially explained by their effective locomotion.

Studying the locomotory kinematics that govern swim-

ming efficiency of salp chains sheds light on their

behaviour, neurophysiology and ecological roles and can

also provide design rules for underwater vehicles. Non-uni-

form pulse rates among zooids suggest that each zooid is

controlled by an individual pacemaker and does not derive

a swimming frequency from its neighbours during normal

steady-state swimming. This emergent behaviour—steady,

hydrodynamically efficient swimming—can inform control

variables for salp-inspired multi-jet vehicles. Pulse generators

programmed with slight frequency offsets would be suffi-

cient to create relatively steady, asynchronous locomotion

and there may be additional benefits in terms of reducing

wake interactions.
4. Methods
4.1. Swimming kinematics of Salpa fusiformis and

Weelia cylindrica
Velocity profiles from swimming S. fusiformis solitaries and

aggregates were extracted from Bone & Trueman [4] to examine

whether actively pulsing aggregate chains produced more

uniform velocities than solitary-stage salps.

Laboratory and in situ swimming observations of

W. cylindrica were made at the Liquid Jungle Laboratory off the

pacific coast of Panama (78500 N, 818350 W) during January

2009 and April 2012. Specimen collection and in situ videography

were performed using bluewater diving techniques [5,37]. Thrust

production is directly related to the volume expelled during jet

formation, and hence in order to examine time-varying thrust,

we collected high-speed videos (Photron Fastcam, 125 fps,

1024 � 1024 pixels) of swimming W. cylindrica in custom-built

glass tanks. Images from sequences where salps were pulsing

normally through the centre of the tank were subsequently ana-

lysed using Image J (http://rsbweb.nih.gov/ij). Instantaneous
volume (V ) during swimming by eight individual zooids in a

chain was measured over multiple pulse cycles (7–8). Volume

measurements were based on a prolate triaxial ellipsoid shape

with three semi-axes (r1, r2, r3).

V ¼ 4

3
pr1r2r3: ð4:1Þ

Semi-axes r1 and r2 represent the atrial height and width, respect-

ively, and were assumed to be equal during the resting phase

between pulses. Semi-axis r3 represents the zooid length. Atrial

height, r1, decreased during a pulse and increased during relax-

ation; atrial width and zooid length were assumed not to vary

during swimming. Time-varying volume measurements were

fitted with a four-parameter sine equation in Sigma Plot 12.5

(Systat Software, Inc.).

y ¼ y0 þ a sin
2p

b
ðtþ cÞ, ð4:2Þ

where y0 is the height of the baseline or mean volume (ml), a is

the amplitude or change in volume, b is the period or pulse time,

and c is the offset (s). The fit of each sine curve was assessed with

an ANOVA after testing for normality (Shapiro–Wilk) and con-

stant variance. All volume flow data fit the constant variance

assumption and though two of the curves did not pass the nor-

mality test, a four-parameter sine curve was deemed the best

overall fit to the raw data and the parameters provided useful

kinematic data.

4.2. Wake visualizations of Weelia cylindrica
In situ dye visualizations of swimming W. cylindrica were taken

with a Sony HDR-HC7 camcorder in an Amphibico housing

during night bluewater SCUBA dives [5]. Fluorescein dye was

injected into the oral siphons with a micropipette and a 10 W

high-intensity discharge light (Light and Motion) was used to

illuminate jet wakes.
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