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Summary

Jet propulsion, based on examples from the Hydrozoa, digitale, Sarsia sp. and Proboscidactyla flavicirrath
has served as a valuable model for swimming by medusae. possessing well-developed velums. However, acceleration
However, cnidarian medusae span several taxonomic patterns of oblate medusaeAequorea victoria Mitrocoma
classes (collectively known as the Medusazoa) and cellularia and Phialidium gregarium) that have less
represent a diverse array of morphologies and swimming developed velums were poorly described by jet thrust
styles. Does one mode of propulsion appropriately production. An examination of the wakes behind
describe swimming by all medusae? This study examined swimming medusae indicated that, in contrast to the
a group of co-occurring hydromedusae collected from the clearly defined jet structures produced by prolate species,
waters of Friday Harbor, WA, USA, to investigate oblate medusae did not produce defined jets but instead
relationships between swimming performance and produced prominent vortices at the bell margins. These
underlying mechanisms of thrust production. The six vortices are consistent with a predominantly drag-based,
species examined encompassed a wide range of bellrowing mode of propulsion by the oblate species. These
morphologies and swimming habits. Swimming patterns of propulsive mechanics and swimming
performance (measured as swimming acceleration and performance relate to the role played by swimming in the
velocity) varied widely among the species and was foraging ecology of each medusa. These patterns appear to
positively correlated with bell streamlining (measured as extend beyond hydromedusae and thus have important
bell fineness ratio) and velar structure development implications for other members of the Medusazoa.
(measured as velar aperture ratio). Calculated thrust
production due to jet propulsion adequately explained Key words: Medusazoa, foraging, drag, shape, function, kinematics,
acceleration patterns of prolate medusae Aglantha  wake structure, feeding, jet propulsion, jellyfish, swimming.

Introduction

Jet propulsion has commonly been described as the principgimming patterns of medusae vary widely (Mills, 1981a;
thrust-generating mechanism underlying swimming byLarson et al., 1992; Strand and Hamner, 1988; Costello and
planktonic medusae (Brusca and Brusca, 1990; Denny, 199@plin, 1995; Costello et al., 1998). For some medusae,
Vogel, 1994). This view has been supported by detailedwimming affects feeding because swimming and prey capture
examinations of swimming by several species ofare simultaneous, interrelated processes (Costello, 1992;
hydromedusae (Gladfelter, 1972, 1973; DeMont and Goslin€ostello and Colin, 1994, 1995; Ford et al., 1997; D’Ambra et
1988a,b,c; Daniel, 1983, 1985, 1995) and siphonophores (Boia¢, 2002). For others, prey capture occurs only in the absence
and Trueman, 1982). Widespread acceptance of this view haé swimming (Madin, 1988). Consequently, because
led to its generalization, with the result that even scyphozoaswimming appears to have different roles during foraging for
medusae, which are morphologically quite different from theidifferent medusae, mechanisms of medusan swimming have
hydromedusan relatives, have also been described as jstgnificant ecological ramifications. The application of a
propelled swimmers (Larson, 1987; Costello and Colin, 1994single, uniform model of medusan swimming to all medusae
1995). may therefore lead to inappropriate conclusions about medusan

However, the accepted view that jet propulsion is thdoraging. Hence, it is important to examine the suitability of
principal thrust mechanism for all medusae deservethe jet-propelled swimming model for all medusae.
examination because medusae comprise a diverse assemblagé/e addressed this issue using a group of seasonally co-
of species and morphologies adapted to living in a variety afccurring hydromedusae found in the waters surrounding
marine, and even some freshwater, habitats. In addition, th&iday Harbor Laboratory, WA, USA. These medusae (Fig. 1)
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Aequorea victoria Mitrocoma cdl ularia

Fig. 1. Representative examples of the hydromedusae from Friday Harbor, WA, USA, selected for comparative study. Medusasviihe sho
their bells relaxed and are drawn to scale among spéa&gqsorea victorimndMitrocoma cellulariacan grow to be twice as large as depicted.

include a variety of bell morphologies ranging from small,scale bars. VHS recordings were used to detail movements of
prolate to large, oblate bells. Swimming behavior (Mills,medusae and their surrounding fluids.

1981a), prey selection (Mills, 1995) and seasonal distribution . .

patterns (Mills, 1981b) have been described for these species. ] Morphologlcal traits of med'u'sae .

Our intention was to use this group to compare three aspectsAlterations in bell shape were quantified by the fineness
of hydromedusan swimming: (i) patterns of swimmingatio,F:

performance, particularly in relation to bell form and function, F=hd, @

(i) the adequacy of jet propulsion to explain observedyhereh is bell height andi is bell diameter. Instantaneous
swimming performance patterns and (iii) thrust-generatingineness ratioF;, represents the fineness ratio at the midpoint
mechanisms. Our intention in using these complementaryf an interval used for measurement of medusa veldgityas
approaches was to achieve an integrated view of key traiffstermined to quantify variations in bell morphology during
influencing medusan swimming mechanisms. the pulsation cycle. The fineness ratio of the bell at rest in its
uncontracted state corresponds closely to the mininkum
. value, whereas maximunti corresponds to full bell
Materials and methods contraction.
Specimen collection and microvideography A second morphological variable, the velar aperture area
Individual hydromedusae of the six species studied (Fig. 1yatio, compared the area of the velar aperture with the total area
Aglantha digitale Sarsia sp., Proboscidactyla flavicirrata encompassed by the velum during bell relaxation. For most
Phialidium gregarium Aequorea victoriaand Mitrocoma  species, the maximum bell diameter occurred at the bell
cellularia, were collected by hand from surface watersmargin, adjacent to the base of the velum. Velar aperture ratio
adjoining the dock off Friday Harbor Laboratories, San Juawas used as an index of the degree to which the fluid jet leaving
Island, Washington, USA, during June—August in 1992-1994he subumbrellar was constricted during its passage through the
Medusae were carefully transported within seawater-filledelar aperture during bell contraction. Measurements were
containers to the laboratory and placed into vessels with s@aade from video recordings of medusae at rest because of the
water. Video recordings of swimming medusae were maddifficulty of imaging the velum during bell contraction. The
within 48 h of collection. bell diameterd) and the diameter of the velar apertwenere
Video recordings (SVHS) were made following the methodsneasured for 7-10 medusae of each species. Assuming that the
of Costello and Colin (1994). Medusan swimming and particlerelar aperture and the bell were circular in cross section, the
flow were recorded using a backlit optical system. Recordingstio of their areas, the non-dimensional velar aperture ratio,
were labeled with a field-counter to provide temporal dataRy, can be simplified to:
Spatial characteristics of the optical field were determined from R, =v2/2
C . : o . v=vAd? . 2)
scale bars periodically included in the original recordings.
Morphological measurements such as bell diameter and lengthA low velar aperture ratio reflects a narrow velar aperture
were thus made directly from video recordings calibrated withelative to the entire velar area. Conversely, a high velar
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aperture ratio reflects a large velar aperture relative to the artlee kinematic profiles (see Figs 2, 3) and morphological
of the entire velum. measurements determined from video recordings of swimming
) ) ) . medusae. Calculations followed the methods of Daniel (1983,
Kinematic analysis of swimming 1985).T was determined as the product of the change in mass
All data were collected from video recordings of normallyof the object per unit time (ddt) and velocity of the fluidj),

swimming medusae. Rapid escape response swimminghth resulting from fluid being ejected away from the object.
sequences ofiglantha digitalewere not used because of the The change in mass per unit time is estimated by:

unigue nature of this type of swimming (Donaldson et al., B
1980). One swimming sequence for each of three replicate drvdt=pdVsfdt, @)

individuals was analyzed for each species of hydromedusgherep is the density of sea water at 25 96={.024 g cmd)
Each swimming sequence consisted of 2-6 complete bedhd Vs; is the instantaneous subumbrellar volume. The
pulsations. subumbrellar volume was estimated throughout the swim cycle
Medusa motion was measured from sequential changes iRing the equation for the volume of a hemi-ellipsaitiie,
position &) of the anteriormost point of the exumbrellar wherel is the height of the subumbrellar cavity) using medusan

surface over 0.05-0.08s intervas The subscriptis used in  cavity dimensions. The jet velocitj) (vas estimated as:
equations to denote instantaneous measurements and

parameters calculated from instantaneous measurements. Ji= (LA (AVs,idi), (8)

Motion only within the two-dimensional viewing field was where A, is the orifice area. The velar aperture area was

ensured by using a sequence in which bell orientation was levgleasured from medusae at rest (see equation 2) because

and the medusa swam from bottom to top of the viewing fieldg|adfelter (1973) found that this value remained constant
The velocity (1) at timei was calculated over the time throughout the swim cycle. Thrust is the product ofdi

intervalt as an average: (equation 7) and the velocity (equation 8) of the fluid ejected:
Xi+1 = Xi-1 - 142
Ui :+T' (3) Ti=(p/Av)(dVs idt)=. 9)
Drag ) was calculated using the equation:
Instantaneous acceleratiof,f was calculated as:
Di=4pui’SCpii, (10)
X1+ Xi-1— 2Xi ; i i i
= (4)  whereu; is the instantaneous velocity of the medusa (equation
t

3) and S is the instantaneous projected surface area. The
Reynolds numberRe was calculated as: surface area was calculated using the equation for the surface
area of a hemi-ellipsoidihidi/4. The drag coefficientp was

Re=duiv, ®) calculated as a function of the Reynolds number from the
whered; andu; are the instantaneous medusan diameter anetlationship:
velocity, respectively, and is the kinematic viscosity of sea Cp,i=24Re" (12)

water. . .
- N . . provided by Daniel (1983), where=1 for Reynolds numbers
Statistical analysis utilized analysis of variance (ANOVA) less than 1 and=0.7 for Reynolds numbers between 1 and

tests'(Statlstlca, Statsoft Inc.). Ir,1d|V|duaI comparisons _betweeé‘bo_ The mass of fluid surrounding a medusa that is accelerated
species were based on Tukey’'s honest significant difference

(HSD) test. Linear relationships between two variables Wer\évIth the medusa, terme’d the added mass, was calculated as the
quantified using linear regression, and the strength of roduct Qf the medusa’s mass and the added-mass coefficient
relationship is reported as the coefficient of determinati®)n ( a) (Daniel, 1984, 1985):

and the probability that the relationship was significant. o =0.5di/hi14, 12)

Model of jet propulsion Thus, the effective masg)was the sum of the medusa’s mass

Morphometric and kinematic data were combined to mode"ilnd its added mass:
jet thrust production for all medusae. The net force available Ei =Vp,ip[1 + (0.5di/hi)14. (13)
to accelerate an animal was defined as thrust minus th y , .
: . . b,i is the volume of the medusa’s bell based on the equations
combined effect of its weight and drag (Denny, 1993).for a hemi-ellipsoid (Colin and Costello, 1996)
Accordingly, we used estimates of jet thruBt énd drag D) ' '
to calculate an instantaneous modeled acceleragigndue to
jet thrust such that: Flow field description
- , : Quantitative description of the fluid motions surrounding the
Ami=[Ti- Qi+ W& ©®)  medusae utilized particles tracked in the fluid surrounding the
Medusan weightW) was neglected since the medusae werdell. The particles used for tracking were naturally occurring
essentially neutrally buoyant (Denton and Shaw, 1961)phytoplankton cells. Particle tracks were collected during the
Estimates ofT, D and effective massEj were based on period of maximum medusan acceleration. However, the
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Of, a free-sw]mm'lng medus Fig. 2. Representative kinematic profiles of individual prolate medusae. All graphs in the left-hand
Sln(;g the swimming medgsa column refer tAglantha digitale(2.03cm height, 0.83 cm diameter), in the middle colunfBaisiasp.
position changed, thewy grid  (0.91cm height, 0.85cm diameter) and in the right-hand colurrotmscidactyla flavicirrat€0.40 cm
was positioned relative to tl height, 0.56cm diameter). Note the differences in #hand y axes. Re Reynolds number;
medusa’s bell. Therefore, . F, instantaneous fineness ratio.
particle velocities wer
measured with respect to f
medusa’s bell. Particle velocities were determined on the badiydromedusan morphology and function. Nominally on the
of the changes in their positions over a 0.05s interval. Thbeasis of bell shape, but also of kinematic patterns (Figs 2, 3),
position of the particle throughout the interval was traced, thusiedusan species were grouped as ‘prolat&glantha
allowing us to draw the paths of particles not travelling in aigitale, Sarsia sp. and Proboscidactyla flavicirratp or
straight line. ‘oblate’ (Aequorea victoria Mitrocoma cellularia and
Phialidium gregarium forms. The oblate species all
possessed flatter bells (fineness ratio less than 0.5) than the
prolate medusae (fineness ratio greater than 0.5). In addition,
Kinematic patterns a number of other traits delineated the two categories
Cyclic bell pulsation, indicated by changes in the finenessef medusae. Oblate species did not differ in their velar
ratio, Fi (Figs 2A,F,K, 3A,F,K), resulted in positional changesaperture ratios, maximum accelerations or maximum
of medusae as they swam through the water (Figs 2B,G,lvelocities (ANOVA, P>0.05, Fig. 4C,D,E). Within the
3B,G,L). Maximum accelerations for all species immediatelyprolate species, bell contraction duration did not vary
preceded maximum bell contraction (Figs 2C,H,M, 3C,H,M)significantly (ANOVA, P=0.224) among species. Velar
and typically peaked prior to maximum medusan velocitiegperture ratios foBarsiasp. andProboscidactyla flavicirrata
(Figs 2D,I,N, 3D,1,N). Reynolds numbers were closely relatedvere not significantly different (Tukey’s HSP=0.693), but
to medusan velocities and typically peaked at the end of bahe velar aperture ratio was significantly lower (Tukey’s
contraction (indicated by pedk) and the beginning of bell HSD, P<0.001) forAglantha digitalethan for the other two

Results

relaxation (Figs 2E,J,O, 3E,J,0). prolate species. These groupings, although reflecting
o morphological and functional traits, were used for
Swimming performance and bell morphology comparative generalizations and were not intended to imply

The kinematic data (Figs 2, 3) for replicates of eachthat all species of either group were uniform in their
species were combined to examine underlying patterns afwvimming patterns.
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A comparison between the obl A A aa
and prolate medusae reveals, howe Aequorea victoria Mitrocoma cédlularia Phialidium gregarium
that the swimming performance of - 1A 17 K
two groups varied. Bell contraction i 067 0.6 0-6-/\/\/\/\/\
the prolate group was more ra M ] 1
(ANOVA, P<0.002; Fig. 4B,H) an 04 = M NMNMAM ALY 04
velar aperture areas we 81B 4] G 1L
proportionately smaller in the prol: Se 4l 4]
(ANOVA, P<0.001; Fig.4C|l) tha B8& 2+ 2-
the oblate group. As a result, prol Ot 0' : 0
medusae achieved higt 5  j04C 104H 104M ' '
accelerations than oblate ger 'E&k: ] ]
(Fig. 4D,J). Although all the prola -E £ O_M O—W 0+
species accelerated more rapidly t § = T T
the oblate forms, the differences _10'_ —10- _10'_
acceleration were only significant = >4~ 2]P 2]! 2]N
Aglantha digitale (Tukey's HSD 8 2 15W\ 1 15-‘\/‘\/\/\/\
P<0.001). With the exception > ol 0 o

Proboscidactyla flavicirrata prolate

species reached higher maxim 5001 E 500 J 30010
velocities (Tukey's HSOP<0.001 fou o) 1 1
. ) @ ] 200
all comparisons of botBarsiasp. anc 300+ 300 100]
] 0 |

Aglantha digitalewith other specie: 0 —
Fig. 4K) than did oblate species. 0123 45@86 0 2 4 6 8 10 0 1 2 3
Peak flows around all the swimmi Time (s)

medusae, except Proboscidactyl _ o _ . N .
flavicirrata, were dominated k Fig. 3. Representative kinematic profiles of individual oblate medusae. All graphs in the left-

inertial f 100° Eig. 4F LR hand column refer té\equorea victoria(2.09cm height, 5.00cm diameter), in the middle
iner I,a orces Re> ’ Ig'_ L)Re column toMitrocoma cellularia(2.03 cm height, 6.50 cm diameter) and the right-hand column
was influenced by two major patter to Phialidium gregarium(0.84 cm height, 2.14 cm diameter). Note the differences ir dmely

F.irst.,. peak Re_ values inF:rease axes.Re Reynolds numbef, instantaneous fineness ratio.
significantly ~ with  bell diamete

(linear regressionr2=0.79, P<0.001

Fig. 4F). Second, the higher velocities of rapidly swimmingaccelerated rapidly in bursts between periods of gliding
Aglantha digitalewere reflected in higRevalues and formed characterized by low values for both modeled and observed
the basis of a secondary trend relating incred&edalue to  acceleration (Fig. 5A). In comparisoRhialidium gregarium
increases in bell fineness. This pattern was significant (lineawam with more even, sinusoidal variations in acceleration
regression, r=0.90, P<0.001) when oblate species were (Fig. 5B). Whereas modeled and observed peak accelerations

excluded from consideration. were fairly similar for Sarsia sp. (ANOVA, P=0.42 for
_ _ combinedSarsiasp. individuals), modeled peak accelerations
Model of jet propulsion were significantly lower than observed values Rbialidium

The utility of jet-based swimming models for describinggregarium (ANOVA, P<0.02 for combined Phialidium
medusan swimming was tested by comparing pealregariumindividuals). More generally, these patterns were
accelerations derived from a model assuming solely jetepresentative of differences in accelerations between the
propulsion (equation 6) with observed accelerations fronprolate and oblate species (Fig. 6). Modeled peak accelerations
swimming medusae. The modeled and observed accelerationwsre not significantly different from observed values for any
would be most likely to diverge during periods of maximumof the prolate species (ANOVA&R=0.1 for all prolate species),
acceleration. Consequently, these peak values were usedbtiat modeled values were significantly lower than observed
estimate the goodness of fit between modeled and observealues for all the oblate species (ANOWRs0.0001 for both
accelerations during medusan swimming. Aequorea victoriaand Mitrocoma cellularig. Therefore,

Accelerations, either modeled or observed, were nodcceleration patterns calculated using a model that assumed
significantly different among individuals of a speci®g; solely jet propulsion adequately explained observed
ANOVA, P>0.05). This high consistency within each speciesacceleration patterns for the prolate but not the oblate medusan
permitted comparisons of acceleration patterns among speciapecies.

A representative comparison of acceleration patterns for a
prolate and an oblate species illustrates some of the patterns  Fluid motions surrounding swimming medusae
common to species of both groups (Fig. Darsia sp. Fluid flows, quantified by using particle paths, varied among
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Fig. 4. Relationships between bell morphology and swimming performance for individuals representing six species of co-occurring
hydromedusae from Friday Harbor, WA, USA. Performance variables (maximum velocity and maximum acceleration) and velaatigerture

of individual medusae are described as a function of both bell diameter and fineness. Grey and black symbols denote pbidéte and
medusan forms, respectivelye Reynolds number.

medusae. Prolate speciésglantha digitale Sarsiasp. and vortices, shed at the bell margin during contraction, were
Proboscidactyla flavicirrata created strong jets during bell pronounced for all oblate, but not prolate, medusae. These
contraction. These species also contracted their tentacles whilertices traveled through the tentacles extended by all three
swimming. As a result, a strong jet component was evident ioblate medusae during swimming (Fig. 7). As a result, prey
their wake (Fig. 7), with maximal flow velocities located suspended in the fluid adjacent to the bell margin were
directly behind the velar aperture. In contrast, the oblatentrained and often observed to be carried into contact with the
medusae created substantially more diffuse jets (Fig. 7). Broddntacles trailing in the medusa’s wake.
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_10 . . . accelerations achieved during each pulse of the swim cycle for the

1 2 3 six species of hydromedusae studied. Asterisks designate a
Time (s) significant difference betweékin andA, (ANOVA, * P<0.05).
Fig. 5. Observed acceleratioldo filled symbols) and modeled ] o )
acceleration 4m, open symbols) from the force balance equationProlate medusae can be explained mechanistically by relating
(equation 6) ofSarsiasp. (A) andPhialidium gregarium(B) during ~ their body form to the balance of forces in swimming.
the swimming profiles illustrated in Figs 2 and 3. Swimming performance is optimized by maximizing thrust
production while minimizing the forces that resist movement
in a fluid. The velocity and the momentum flux of the fluid
expelled from the medusa’s subumbrellar cavity determine the
Relationships between bell form, function and swimming amount of force produced during a pulse (Daniel, 1983; Vogel,
performance 1994). By maximizing the rate of decrease in subumbrellar
The assemblage of medusae found in waters surroundimglume (i.e. rapid bell contraction) and minimizing the area
Friday Harbor, WA, USA, is characterized by diversethrough which water exits the subumbrellar cavity during bell
morphologies, swimming performance and swimmingcontraction (i.e. low velar aperture ratio), medusae increase the
mechanics. However, this diversity is underlain by patterns thatlocity and momentum flux of the fluid jet. As a consequence,
relate bell form and function during swimming. One of thethese same patterns maximize jet-dependent thrust production.
most outstanding morphological features differentiatingThe comparatively low bell contraction durations and velar
medusae, bell shape, has long been recognized as a laperture ratios of the prolate medusae (Fig.4) result in
variable affecting swimming performance (Gladfelter, 1973yelatively high jet thrust production. In turn, high rates of thrust
Daniel, 1983, 1985; Colin and Costello, 1996) and served aspoduction contribute to high acceleration rates and velocities.
first organizing parameter with which we characterizedBy comparison, the long contraction durations and larger velar
distinctions in swimming between medusan species. aperture ratios of the more oblate medusae are not traits that
Swimming performance, here defined as the ability of aptimize jet thrust production.
medusa to translate its body through the surrounding fluid, was In addition to thrust production, swimming performance is
higher for the prolate hydromedusaglantha digitaleSarsia  dependent on the medusa’s ability to reduce the forces that
sp. and Proboscidactyla flavicirratp than for the oblate resist motion. The variables involved in determining the
hydromedusaePhialidium gregariumAequorea victorisand  magnitude of these forces were described by Daniel (1983,
Mitrocoma cellularig. Both velocity and acceleration (Figs 2, 1985) and subsequently quantified by Colin and Costello
3) profiles confirm that the oblate hydromedusae do not prop€l996) for hydromedusae. The dominant forces acting on the
themselves through the water as well as do the prolavimming hydromedusae, based on the measured ramRge of
hydromedusae. values (Fig. 4), are drag, the acceleration reaction and the force
The higher velocities and accelerations achieved by theeeded to overcome the inertia of the medusae. Streamlining

Discussion
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Aglantha digitale — Sarsasp. — Proboscidactyla flavicirrata
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Aequorea victoria — Mitrocoma cdlularia  — Phialidium gregarium —

Fig. 7. Flow patterns around swimming hydromedusae. Arrows represent particle paths at the end of the effective phasksaifobell pu
Arrow lengths represent particle velocities. The bars to the right of each species’ name are a scaling reference aralpafiesentlocity

of 3cmsl. Medusae diameters (cm) were as folloglantha digitale 0.68; Sarsiasp., 0.8;Proboscidactyla flavicirrata0.54; Aequorea
victoria, 4.32;Mitrocoma cellularia 6.8;Phialidium gregarium2.2. Medusae are drawn at maximum contraction.

(higher fineness ratio) reduces drag. Therefore, the streamlinetedusa (Daniel, 1983). Thus, the reduced body size of the
body forms ofAglantha digitaleandSarsiasp., and to a lesser prolate medusae further reduces their acceleration reactions
extentProboscidactyla flavicirrataare able to contribute to during swimming. The results of Colin and Costello (1996)
their high swimming performance. support this by demonstrating that, despite its considerably
However, the influence of the acceleration reaction can bleigher acceleration, the acceleration reactionAgfantha
a major force resisting motion of organisms that periodicallydigitale was two orders of magnitude less than that of
pulse, such as medusae, and therefore undergo frequeéhé comparatively larger oblate medusaquorea victoria
changes in their acceleration (Daniel, 1983, 1984, 1985). Thehe small volume of the prolate medusae also reduced the
amount of fluid that is accelerated along with the medusanitial force required to overcome inertia at the outset of
termed the added mass of the medusa, is estimated usingwmming.
coefficient determined by bell shape. The added mass Taken together, the traits characterizing bell form and
decreases in magnitude with increasing fineness ratio (Danidélnction — bell fineness ratio, bell size, velar aperture ratio and
1985). Therefore, the streamlined body forms of the prolatbell contraction rates — favor relatively high thrust production
medusae reduce the acceleration reaction experienced duriaigd low hydrodynamic resistance to forward motion for prolate
swimming (Colin and Costello, 1996). In addition, themedusae, whereas the same traits result in comparatively low
acceleration reaction is directly related to the volume of théhrust production and elevated hydrodynamic resistance for
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oblate medusae. Within the medusae examined here, the tre A B
affecting swimming performance appear to occur as a cc
evolved suite of characteristics. For example, high bell finenes
ratio, relatively small size, low velar aperture ratio and rapic
bell contraction are most characteristic of medusae that a
well suited for comparatively rapid swimmingia jet
propulsion. The terms we have used to group species — eitt
prolate or oblate — nominally refer to bell fineness ratio bu
more realistically reflect the balance of the full suite of thes:
characters. Thus, despite its intermediate bell shap
Proboscidactyla flavicirratavas included within the prolate
group because it shared the other morphological an y i

performance characteristics of the prolate medusae. L'keW'SEig. 8. Schematic diagram illustrating the change in bell shape

althoughPhialidium gregariumwas smaller and some aspects gy ring bell contraction of swimming prolate (A) (eSarsiasp.) and

of its swimming differ from those of larger oblate species suclypjate (B) (e.gPhialidium gregarium medusae and the region of

as Aequoria victoria(Ford and Costello, 2000), the oblate maximum flow (arrows) around each medusa. Bell shapes are based
genera examined here tended to be similar in performanon the measured fineness ratios of each medusa at minimum and
characteristics. maximum contraction.

Thrust production mechanisms for medusan swimming

Swimming performance traits were a reflection of thethe highest velocities within the wakes of oblate medusae
importance of jet propulsion for thrust generation during(Figs 7, 8B).
medusan swimming. A comparison of peak accelerations This type of bell movement and wake production pattern
calculated on the basis of the model of jet thrust productiois more consistent with a rowing type of thrust production
(Am) with observed acceleration&of indicated that, although than with jet propulsion. In this case, the bell margin acts like
jet propulsion provided sufficient thrust to explain the observe@ paddle as the medusa rows through the fluid. Accordingly,
acceleration patterns of prolate medusae, it was unlikely thétrust may be generated by both the drag acting on the bell
the oblate medusae we examined could rely exclusively upanargin (drag-based propulsion) and the acceleration reaction
jet propulsion as the primary source of their propulsive thrusaissociated with the bell margin. During drag-based
(Fig. 6). In fact, jet thrust production accounted for onlypropulsion, the rearward drag equals the forward thrust
21-43 % of the observed acceleration rates of the three oblglake, 1981). When the velocity of the bell margin is
species, compared with 90-100% for the prolate speciegreater than the velocity of the water movement adjacent
Therefore, we suggest that, although jet propulsion alon® the margin, the movement of the bell will impart
provides sufficient thrust for swimming prolate species, amomentum to the surrounding fluid and create thrust
alternative mechanism is necessary to describe swimming lfizauder and Jayne, 1996). The thrust produced is
oblate medusae. proportional to the excess velocity of the appendage over the

Changes in the bell shape during bell contraction providéorward motion of the body to which it is attached (Blake,
insight into mechanisms of thrust generation by swimmind981). In addition, as a result of its added mass, the
medusae. Bell contraction by prolate medusae (specificallgeceleration of the margin at the end of the power stroke
Aglantha digitaleand Sarsiasp.) occurs essentially evenly accelerates the surrounding fluid, resulting in a net forward
along the length of the bell. In contrast, bell contraction byhrust (Daniel, 1984; Lauder and Jayne, 1996). Analysis of
oblate generaAequorea victorieandPhialidium gregariumy  bell margin motion relative to overall body motion by oblate
occurs primarily at the bell margin (Ford and Costello, 2000)medusae is consistent with this type of rowing (Fig. 8) (Ford
The uniformly distributed bell contraction by prolate and Costello, 2000).
medusae produces pressure in the subumbrellar chamber and’he relative contributions of jet and rowing propulsion to
results in the expulsion of fluid through the velar aperture amtal thrust production reflect variations in bell form and
a jet directed normal to the direction of bell contractionfunction and vary among oblate medusan species. Although the
(Fig. 8A). In contrast, non-uniform bell contraction along theflow-field patterns of oblate medusae indicate that maximum
bells of oblate genera causes the region experienciftpws occurred near the bell margins, there was also evidence
extensive contraction, the bell margin, to move relative to lessf jet production through the velar aperture. Therefore,
actively contracting bell regions (Fig. 8B). As a result,although rowing may dominate thrust generation by oblate
movement at the bell margin of oblate medusae describes aredusae, jetting does contribute to total thrust production, and
arc which initially, during the period of maximum fluid the two mechanisms of thrust generation may act
acceleration, parallels the direction of medusan motiosynergistically. The relative importance of either mechanism
(Fig. 8B) and creates vortices adjacent to the bell margirdepends upon the morphology and contraction characteristics
These flows adjacent to the bell margin are characterized f a medusa’s bell.
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