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SUMMARY: Bell form strongly affects the hydrodynamic performance of swimming hydromedusae. Although the rela-
tionship between bell shape and hydrodynamic parameters has been documented for static models of different bell shapes,
the dynamic differences in contraction characteristics of different bell shapes have not been described. This is an important
issue in medusan motion because the way in which medusan bells contract may influence the effect of bell shape on swim-
ming performance. We measured differences in bell morphologies and wake velocities during swimming by two prolate
(streamlined) and two oblate (disc shaped) forms of hydromedusae. Our results indicate that propulsion by prolate medusae
is fundamentally different than that of oblate forms. Prolate species were characterized by contraction over the entire length
of the bell and produced a narrower, higher velocity jet. Oblate medusae contracted primarily near the bell margin, and pro-
duced a broader, lower velocity jet. Prolate medusae achieved higher velocities but lower Froude propulsion efficiencies
than oblate medusae. The adaptive value of these patterns are interpreted in terms of foraging and life history patterns.
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INTRODUCTION

The great variety of bell morphologies among
the hydromedusae (Russell 1953, Kramp 1959)
have clear hydrodynamic correlates (Daniel 1983,
1984, 1985; Colin and Costello 1996) which are
related to foraging mode (Costello 1992). Medusae
that sit in ambush for prey do not typically swim
while capturing prey. For these species, swimming
serves to change position of the medusa, either for
escape or migration to a new feeding location.
Rapid acceleration is crucial for escape swimming
and prolate bell forms are optimally designed for
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rapid accelerations (Daniel 1983, Colin and Costel-
lo 1996). As a result, bell form among ambush-for-
aging medusae may be expected to fall towards the
prolate end of the spectrum among hydromedusan
bell shapes. In contrast, hydromedusae that entrain
and capture prey by utilizing the currents created
during swimming are more suited to oblate bell
shapes. The reason for this is that an oblate form,
although minimizing acceleration of the medusa’s
body, maximizes the acceleration of fluid sur-
rounding the medusa’s bell (Daniel 1983, 1985;
Colin and Costello 1996). It is this fluid, known as
the added-mass of the medusa’s bell, that contains
the prey that are sieved through the tentacles hang-
ing in the wake created by the medusa. By maxi-
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mizing the volume of their wake, oblate medusae
maximize the volume of fluid filtered for prey
(Colin and Costello, 1996).

Although there is clear evidence that static models
of different shapes affect hydrodynamic variables
such as drag and the acceleration reaction (Daniel,
1985), the possibility that bell forms have different
dynamic traits has remained unexplored. Specifically,
we wanted to address the possibility that medusae of
different bell forms contracted their bells differently.
In order to resolve this question, we examined two
representative prolate [Aglantha digitale (O.F. Muller,
1776), Sarsia sp. (probably Sarsia apicula (Murbach
and Shearer, 1902), but also frequently referred to as
Sarsia tubulosa in the local literature (A. Brinckmann-
Voss, pers. comm.)] and oblate [Aequorea victoria
(Murbach and Shearer, 1902), Phialidium gregarium
(A. Agassiz, 1862)] species from a guild of co-occur-
ring medusan predators which are seasonally abun-
dant in the waters at Friday Harbor, WA, USA.

In order to evaluate the effect of differences in
bell contraction patterns on swimming, we accom-
panied bell motion measurements with a measure
of the energetic efficiency of swimming by calcu-
lating the Froude propulsion efficiency (Frp). A
highly efficient propulsive mechanism yields an
increase in the velocity of a swimmer equivalent to
that of the water moved backwards in the wake by
the act of swimming. Fr compares the velocity of
an object with that of the objects wake (Vogel,
1994a) and provides an index swimming perfor-
mance with which to compare medusae of different
bell morphologies.

METHODS

Changes in bell morphology during swimming
were measured for three individuals of each hydrom-
edusan species. Swimming by the medusae was
recorded using a backlit optical system (Costello and
Colin, 1994). Medusae were observed while swim-
ming freely in 0.22 um filtered seawater within rec-
tangular vessels ranging in dimensions from 4.5 x 8.0
x 2.0 cm to 25.5 x 30.5 x 18.5 cm (width x height x
depth) and volumes from 50-14,000 ml. Vessel choice
depended upon medusa diameter. Artemia salina eggs
were used as tracers of fluid movements within the
vessels. Particle motions were used to determine the
velocity of the jet produced by the contracting
medusae.

Cross-sectional measurements were made at five
different points along the oral-aboral axis of the bell
to determine the differences in contraction patterns
between the oblate and prolate forms. In order to
accommodate the different sizes of the various
medusae, five equidistant sampling points were
determined for each individual medusa based on the
maximum bell height of that medusa (Fig. 1). As a
medusa’s bell deformed during the pulsation cycle,
the locations of the cross-sections maintained their
relative spacing with reference to the bell margin.
Changes in cross-sectional dimensions of each of
the five bell locations were measured throughout
one complete bell pulsation cycle for three individ-
uals of each species of hydromedusae. Measure-
ments of cross-sectional widths were made with
image analysis software (Optimas Corporation). A

FiG. 1. — Representative cross-sectional sample locations along the bells of (A) Aequorea victoria and (B) Aglantha digitale.
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FiG. 2. — Typical cross-sectional widths (cm) during pulsation cycle for the hydromedusae (A) Aequorea victoria and (B) Aglantha digitale.
Cross-sectional widths were measured every 0.33 sec during swimming at five evenly spaced locations along the height of the bell. Numbers
along the medusa’s bell indicate the position above the bell margin (cm) of each cross section.

metric scale was included within videotaped
sequences in order to allow spatial calibration of the
video sequences. Motion only within the two-
dimensional viewing field was assured by using a
sequence in which bell orientation was level and the
medusa swam from bottom to top of the viewing
field.

Froude propulsion efficiency (Frp; Vogel, 1994a)
measures the energetic efficiency of thrust production
by an organism or vehicle and was employed in order
to compare swimming efficiencies of medusae pos-
sessing different bell forms. A medusa’s velocity was
measured as the rate of change in the position of the
anterior point of the bell during the contraction phase
of the pulsation cycle. The tip of Aglantha‘s bell was
sometimes difficult to locate precisely due to its trans-
parency, so change in position of the bell margin was
used to measure medusan velocity for this species. Jet
velocity was determined by tracking particles (6-8 for
each medusa) ejected through the velar aperture at the
beginning of the contraction phase. Fr was calculat-
ed by comparing the medusa’s body Velocr[y (V_,cm

sec’!) with the velocity of the jet expelled by the
medusa (VJ., cm sec'), where:

2V,
V. +V

] m

Fr =

p

x 100

Fr was measured for 10-14 individuals of each
species of hydromedusae.

Statistical analysis (Statistica, Statsoft Inc.)
relied upon ANOVA of Frp and changes in cross-
sectional dimensions during bell contraction. Differ-
ences between cross-sectional samples within a
species were tested using Tukey’s honest significant
difference test (Tukey’s HSD) and a value of a=0.05
was used as the critical value determining statistical
significance.

RESULTS
Prolate medusae contracted their bells differently

during swimming than did oblate medusae. Figure 2
illustrates representative examples of bell shape
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F1G. 3. — Percent contraction relative to resting bell width at different locations along the bells of (A) Aequorea victoria, (B) Phialidium gre-
garium, (C) Sarsia sp. and (D) Aglantha digitale. These values represent the total percent change in bell cross section that occurred over the
course of bell contraction. Contraction lengths have been scaled to bell diameter for each individual hydromedusa.

alterations during swimming by Aglantha digitale
and Aequorea victoria. Cross-sectional dimensions
of Aglantha’s bell decreased essentially uniformly
along the length of the bell during contraction. The
anterior tip of the bell was an exception to this pat-
tern because it appeared to bulge slightly as the rest
of the bell contracted to its narrowest dimensions. In
contrast, cross-sectional dimensions demonstrated
that Aequorea’s bell contracted almost solely at the
bell margin. Bell cross-sectional dimensions varied
most nearest the bell margin but there was little or
no change at the remaining three sampling locations
that were successively more distant from the bell
margin. Measurements of these individuals indicat-
ed that the jet expelled by Aglantha was created by
a contraction that was evenly distributed along the
full length of the bell while Aequorea used only the
portion of the bell closest to its margin.

Further comparisons within and between medu-
san species required standardization of dimensional
measurements for individuals of different sizes. For
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this reason, the change in width of each bell cross-
section during bell contraction was expressed as a
percentage of the relaxed (prior to contraction) bell
width for that cross-section. This conversion from
absolute lengths to a non-dimensional percentage
allowed statistical comparisons of morphological
changes by different size individuals of one species
as well as between different species with divergent
bell morphologies.

Comparisons of standardized cross-sectional
data of medusae confirmed that bell contraction pat-
terns differed significantly between genera and loca-
tion along the bell (ANOVA, p < 0.001 for both vari-
ables). Although contraction patterns showed some
intraspecific variation (Fig. 3), the average percent
contraction (Fig. 4) was not significantly different
for different locations along the bells of Aglantha
(ANOVA, p=0.088) or Sarsia (ANOVA, p= 0.066).
In contrast, average percent contraction varied sig-
nificantly along the bells of Phialidium (ANOVA, p
= 0.014) and Aequorea (ANOVA, p < 0.001). For
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F1G. 4. — Average percent change in cross-sectional width of medusae during bell contraction. Values represent mean (x1 std dev) of three
individual medusae sampled at each location spanning the bell tip to the bell margin.

both the latter species, contraction was greatest at
the bell margin. However, the two oblate species dif-
fered significantly (ANOVA, p = 0.002) in the man-
ner of bell contraction. The extent of contraction
increased from the distal tip to the bell margin of
Phialidium. In contrast, contraction by Aequorea
was limited essentially to the lower portion of the
bell and there were no significant differences
between contraction at the bell tip and the nearest
two bell sample locations. The overall bell contrac-
tion patterns indicated that contraction by the prolate
genera was distributed essentially evenly along the
bell length whereas oblate genera contracted primar-
ily at the bell margin. Greater variation occurred
within the oblate than the prolate species.

Froude propulsion efficiencies

The manner in which the medusae accelerate
water to generate thrust during swimming, as mea-
sured by Froude propulsion efficiency (Fr), was
distinctly different (ANOVA, p <0.001) for prolate
and oblate medusae. There were no significant dif-
ferences between the two prolate genera (ANOVA,
p >0.999, Fig. 5) or the two oblate genera (ANOVA,
p >0.999, Fig. 5). However, the oblate (Frp avg. =
97%) medusae had significantly higher efficiencies
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FIG. 5. — Froude propulsion efficiencies (Fr) of hydromedusae.
Bars represent the mean of between 10-14 individuals of each
species, error bars indicate *1 standard deviation about the mean.

(ANOVA, p <0.001) than did the prolate (Fr avg. =
56%) medusae.
DISCUSSION

Oblate and prolate shaped medusae function dif-

ferently and these differences are expressed both in
the mechanical nature of bell pulsation and in swim-
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ming performance. Prolate medusae such as Aglan-
tha digitale and Sarsia sp. contract the entire bell
rapidly and essentially evenly along the full bell
length, producing a high velocity, narrow stream of
water jetting through the velar aperture and thrusting
the medusa forward. The resulting accelerations of
the medusa are relatively rapid (Daniel, 1983;
Costello and Colin, 1996). However, from an ener-
getic perspective, the process is inefficient by com-
parison to that of the oblate genera. The high veloc-
ity jet is energetically costly because the energy
expended to accelerate a fluid increases as the
square of the increase in velocity (Vogel, 1994a).
Therefore, each incremental increase in the velocity
of the jet costs an exponential increase in energy
expenditure. The high cost per yield in forward
motion of the medusa is expressed by the Froude
propulsion efficiency, which is significantly lower
for the prolate than for the oblate medusae. Howev-
er, the low efficiency of jet propulsion of prolate
medusae may be justified, in an evolutionary sense,
by the advantages gained by rapid acceleration dur-
ing escape from potential predators. Further,
because they are ambush predators, swimming com-
prises a relatively low proportion of the time budget
of these medusae (Costello and Klos, unpublished
data) and, therefore, may represent a low expense in
their composite energy budget.

The oblate medusae provide an informative con-
trast with the prolate forms. Bell contraction of
Aequorea victoria and Phialidium gregarium occurs
primarily near the bell margin. For Aequorea, the
remainder of the bell moves little during contrac-
tion. The resulting stream of water ejected through
the wide velar aperture is relatively wide and slow
moving. The low velocities of the wake require less
energy during acceleration of the fluid than high
velocity wakes of prolate medusae. The wake veloc-
ities of the oblate medusae are similar in magnitude
to the forward velocities of the medusan bells. The
lower energy expenditure required for acceleration
to these low velocities is expressed in the high
Froude propulsion efficiencies of the oblate
medusae. Essentially, the oblate medusae accelerate
a much larger relative volume of water to a slower
velocity than do the prolate forms. The lower accel-
eration minimizes the energy necessary to move a
given volume of fluid; the larger fluid volume accel-
erated ensures adequate thrust to move the medusan
body forward. The high efficiency and low energetic
cost of this form of propulsion suits a foraging mode
dependent upon continuous swimming. Further,
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because prey capture depends upon entrainment in
the flow created during swimming, movement of
larger volumes of fluid during bell pulsation con-
tributes to the success of the cruising foraging strat-
egy evolved by these oblate medusae. The tradeoff
inherent in this swimming pattern is the loss of rapid
acceleration for escape swimming. Apparently, this
has not been the dominant selective force shaping
evolution of oblate hydromedusae.

Rather than being simply isolated traits of vari-
ably shaped medusae, we suggest that the differences
in bell contraction and propulsive efficiencies reflect
the evolution of different propulsive systems by
oblate and prolate medusae. Prolate medusae use
their entire bell to contract a clearly bounded fluid-
filled chamber and expel that fluid through a narrow
orifice. This propulsive system is a classical example
of the jet propulsion most commonly associated with
medusae (Daniel, 1983; Denny, 1993; Vogel, 1994a,
1994b). Such propulsive systems are typified by low
Froude propulsive efficiencies (Vogel, 1994a). By
comparison, the subumbrellar cavities of oblate
hydromedusae are less clearly bounded by their wide
velar apertures (Costello and Colin, unpublished
data). The relative importance of jet production for
propulsion of these medusae has not been definitive-
ly measured. However, flapping of the bell margin
during contraction clearly contributes significantly to
wake production by large oblate medusae. Flows cre-
ated by entraining fluid adjacent to the bell margin
carry prey items into the tentacle mass trailing the
swimming medusae. Propulsion by flapping a broad,
flattened bell in this manner is more consistent with
a drag-based propulsive system which creates thrust
by pushing against a fluid (Denny, 1993). The resis-
tance of the fluid to shear by the flapping body gen-
erates an opposite reactive force, thrust, which
moves the medusa forward.

The advantages of this propulsive mode for
oblate medusae are twofold. First, the flow generat-
ed during bell contraction entrains and transports
prey to the medusa’s tentacles. Swimming thus
becomes an integral part of foraging. Second, oblate
morphologies can result in substantial hydrodynam-
ic advantages compared to prolate forms for
medusae which are cruising predators. The most
extreme examples of this coupling of oblate mor-
phology with a cruising foraging mode occur in the
scyphomedusae. Pelagic representatives of this
cnidarian class have no velum, and thus no orifice
for jet propulsion, and depend completely on flows
produced during essentially continuous swimming



(Costello et al., 1998) to carry prey to capture sur-
faces (Costello and Colin, 1994, 1995).

Whereas all pelagic scyphozoan classes exhibit
drag-based propulsion coupled with a cruising forag-
ing mode, the proportion of hydromedusae utilizing
this method of propulsion appears to be low. Most
adult hydromedusae are relatively small (<3.0 cm bell
diameter) and large, oblate forms appear to have
arisen primarily within the Leptomedusae (Costello
and Colin, unpublished, based on Mayer, 1910). Thus,
as a group, the hydromedusae are probably dominated
by jet propulsion and the drag-based propulsion of
large, oblate genera is less common. The ecological
consequences of these morphological and functional
patterns are significant and affect patterns of prey
selection (Mills pers comm.; Costello and Colin,
unpublished data). These interrelationships will need
to be elaborated in order to fully understand the role
played by hydromedusae in their natural environment.
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