3

% WILLIAM & MARY
CHARTERED 1693 W&M ScholarWorks

VIMS Articles Virginia Institute of Marine Science

2001

Aerobic respiratory costs of swimming in the negatively buoyant
brief squid Lolliguncula brevis

lan K. Bartol

Roger L. Mann
Virginia Institute of Marine Science

Mark R. Patterson
Virginia Institute of Marine Science

Follow this and additional works at: https://scholarworks.wm.edu/vimsarticles

6‘ Part of the Aquaculture and Fisheries Commons

Recommended Citation

Bartol, lan K.; Mann, Roger L.; and Patterson, Mark R., Aerobic respiratory costs of swimming in the
negatively buoyant brief squid Lolliguncula brevis (2001). Journal of Experimental Biology, 204,
3639-3653.

https://scholarworks.wm.edu/vimsarticles/1453

This Article is brought to you for free and open access by the Virginia Institute of Marine Science at W&M
ScholarWorks. It has been accepted for inclusion in VIMS Articles by an authorized administrator of W&M
ScholarWorks. For more information, please contact scholarworks@wm.edu.


https://scholarworks.wm.edu/
https://scholarworks.wm.edu/vimsarticles
https://scholarworks.wm.edu/vims
https://scholarworks.wm.edu/vimsarticles?utm_source=scholarworks.wm.edu%2Fvimsarticles%2F1453&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/78?utm_source=scholarworks.wm.edu%2Fvimsarticles%2F1453&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarworks@wm.edu

3639

The Journal of Experimental Biology 204, 3639—-3653 (2001)
Printed in Great Britain © The Company of Biologists Limited 2001
JEB3818

Aerobic respiratory costs of swimming in the negatively buoyant brief squid
Lolliguncula brevis

lan K. Barto}*, Roger Manig and Mark R. Pattersén

1Department of Organismic Biology, Ecology, and Evolution, 621 Charles E. Young Drive South, University of
California, Los Angeles, CA 90095-1606, USAI2School of Marine Science, Virginia Institute of Marine Science,
College of William and Mary, Gloucester Point, VA 23062-1346, USA

*e-mail: ikbartol@lifesci.ucla.edu

Accepted 6 August 2001

Summary

Because of the inherent inefficiency of jet propulsion,
squid are considered to be at a competitive disadvantage
compared with fishes, which generally depend on forms of
undulatory/oscillatory locomotion. Some squid, such as
the brief squid Lolliguncula brevis, swim at low speeds in
shallow-water complex environments, relying heavily on
fin activity. Consequently, their swimming costs may be
lower than those of the faster, more pelagic squid studied
previously and competitive with those of ecologically
relevant fishes. To examine aerobic respiratory swimming
costs, @ consumption rates were measured for L. brevigf
various sizes (2-9cm dorsal mantle length,DML)
swimming over a range of speeds (3-30cmi¥ in swim
tunnel respirometers, while their behavior was
videotaped. Using kinematic data from swimming squid
and force data from models, power curves were also
generated. Many squid demonstrated partial (J-shaped)
or full (U-shaped) parabolic patterns of @ consumption
rate as a function of swimming speed, with ©
consumption minima at 0.5-1.BDML s. Power curves
derived from hydrodynamic data plotted as a function of
swimming speed were also parabolic, with power minima

at 1.2-1.DML s™1. The parabolic relationship between @
consumption rate/power and speed, which is also found in
aerial flyers such as birds, bats and insects but rarely in
aguatic swimmers because of the difficulties associated
with low-speed respirometry, is the result of the high cost
of generating lift and maintaining stability at low speeds
and overcoming drag at high speedd.. brevishas a lower
rate of Oz consumption than the squid lllex illecebrosus
and Loligo opalescens studied in swim tunnel
respirometers and is energetically competitive (especially
at O, consumption minima) with fishes, such as striped
bass, mullet and flounder. Therefore, the results of this
study indicate that, like aerial flyers, some negatively
buoyant nekton have parabolic patterns of Q@
consumption rate/power as a function of speed and that
certain shallow-water squid using considerable fin activity
have swimming costs that are competitive with those of
ecologically relevant fishes.

Key words: squid, respiration, power,
swimming,Lolliguncula brevis, locomotion.

negative buoyancy,

Introduction

Many squid rely on jet propulsion for locomotion, which is velocity. This is costly because the energy required for thrust
inherently less efficient than the undulatory/oscillatoryincreases with velocity squared (E=mwhere Bs energy, m
locomotion employed by many fishes (Vogel, 1994). Jets mass and is velocity) (O’'Dor and Webber, 1991; Vogel,
propulsion is thought to be inefficient because jetters, such994). Not surprisingly, direct comparisons between fish, such
as squid, fill a cavity of limited volume with water and ejectas Salmo spp., and certain squid that rely heavily on jet
that water through an orifice, thus expelling relatively smalpropulsion for locomotion, such a#lex illecebrosusand
volumes of water backwards with each jet pulse. Undulatorylloligo opalescens, show that squid typically have O
oscillatory swimmers drive significantly larger volumes ofconsumption rates 5—7 times higher than those of fish (O’'Dor,
water backwards with each sweep of the body, tail and/or fin4982; Webber and O’Dor, 1986; O’Dor and Webber, 1986;
and the mass of water directed backwards is not constrain€dDor and Webber, 1991). As a result, O’'Dor and Webber
by internal morphology. Since thrust is the rate of momentunfO’Dor and Webber, 1986) conclude that ‘squid are not so
transfer (momentum being equal to massgelocity of fluid  much competing with fish as trying to stay out of their way’.
expelled backwards) and jet-propelled organisms cannot The assumption that all squid, the most mobile of the
substantially increase the mass of water because of interr@@phalopods, are not competitive with fishes because of the
volume limitations, jet locomotors must expel the water at higlinefficiency of jet propulsion may be too simplistic. Squid, like
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fishes, are diverse and have evolved many behavioral as#im at these intermediate speeds may be more competitive
physiological mechanisms that allow them to compete in aith fish than is presently thought. Therefore,cOnsumption
variety of environments. One species, the brief squidates and power estimates for L. brewf various sizes
Lolliguncula brevis, is particularly distinctive from the squid swimming over a continuum of speeds were measured (i) to
Loligo opalescenand lllex illecebrosusonsidered in previous characterize the £ consumption/power versus speed
studies. Brief squid have small rounded bodies, large roundedlationship and (ii) to compare their energetics with those of
fins, heavily keeled third (lll) arms, and may live in shallow,other ecologically comparable nekton.
complex, temporally variable environments (Hixon, 1980;
Bartol et al., 2001a). Converselyligo opalescensind lllex ,
illecebrosusare larger, more elongate and pelagic (Hixon, Materials and methods
1980; Hixon, 1983; O’Dor, 1983; Hanlon and Messenger, Experimental animals
1996). Brief squid swim at low speeds, at which the costs of jet Lolliguncula brevis(Blainville) (2.9-8.8cm dorsal mantle
propulsion are reduced, and they use significant fin movemenégngth,DML,; 1.7-48.3 g) were captured by trawl both within
avoiding the volume limitations of jet propulsion. Thus, theembayments along the seaside of Virginia's Eastern Shore and
inherent inefficiencies of jet propulsion may not be asn the York River, Virginia, a sub-estuary of the Chesapeake
pronounced forL. brevis Loligo opalescensand lllex Bay. Squid captured along the Eastern Shore of Virginia were
illecebrosusswim at moderate to high speeds and use their finsansported to the Virginia Institute of Marine Science (VIMS)
primarily for steering and maneuvering (O’Dor, 1988a; Hoar eEastern Shore Laboratory located in Wachapreague, Virginia,
al., 1994). L. breviss also the only cephalopod to invade thewhile squid captured in the York River were transported to the
inshore, euryhaline waters of the Chesapeake Bay, where it\MS main campus located in Gloucester Point, Virginia.
abundant [ranking in the upper 10% of annual nektonic trawdquid were kept alive in the field using 1141 coolers equipped
catches (Bartol et al., 2001a)] and competes as a predator witlith filtration and aeration systems, which were powered by
bay fauna that number in the hundreds of species. sealed rechargeable batteries. At both Wachapreague and
Aside from jet propulsion, squid are distinct from manyGloucester Point, squid were kept in flow-through raceway
pelagic nekton because they are often negatively buoyartanks and fe@d libituma diet of grass shrimp, Palaemonetes
Birds, which are negatively buoyant in air, expendpugio. All squid considered in this study were kept in captivity
considerable energy staying aloft at low speeds, when lifor at least 1 week prior to experimentation and were not fed
forces are minimal, and overcoming drag forces at higlior 24 h before trials so that digestion (specific dynamic action)
speeds (drag increases exponentially with speed). Oxygewas not reflected in ©Omeasurements. Experiments were
consumption/power is low at intermediate speeds when lifperformed on three squid 2.9-3.9cm DML, four squid
forces are greater than at low speeds because of increased fb®@—4.9 cm in DML, four squid 5.0-5.9 cmML, six squid
over the body and wings and when drag forces are le€0-6.9cm in DML, five squid 7.0-7.9cm DML and five
important than at high speeds. The resultingc@sumption/  squid 8.0-8.9 cm iDML. After experimentation, some squid
power versusspeed curve is U-shaped [see Tucker (Tuckernvere released; others were over-anesthetized in an isotonic
1968; Tucker, 1973) and Pennycuick (Pennycuick, 1968solution of MgCt (7.5% MgCh.6H0) and sea water
Pennycuick, 1989)]. A similar relationship may exist in(Messenger et al., 1985) and transferred to 10% buffered
negatively buoyant squid because they also presumably haf@malin for future morphological examination.
high lift generation costs at low speeds and substantial drag
costs at high speeds. Parabolic poweersus speed O2 consumption measurements
relationships have been detected in the negatively buoyantTwo separate swim tunnel respirometers, one with a
mandarin fish Synchiropus picturat{Blake, 1979a). No such capacity of 15.61 and the other with a capacity of 3.81, were
relationship has been observed previously in squid, but lowsed. Within each swim tunnel respirometer, flow velocity was
speeds (1-10 cm3y, speeds frequently used by brief squid andcontrolled using two propellers attached to a stainless-steel
when lift generation costs are highest, have not yet beeshaft in a rotor-stator configuration driven by a 187W
examined. (0.25horse power) variable-speed motor with a belt and
L. brevis is morphologically, ecologically and pulleys. To keep the water temperature as constant as possible
physiologically unlike many cephalopods, especially thosevithin the respirometer and to facilitate the removal of air
considered in previous comparisons between squid and fishésbbles, each of the tunnels was completely submerged in a
and may swim differently. The reliance of brief squid on fin3781 aquarium filled with aerated sea water. During the
motion and their preference for low-speed swimming mayexperiments, water from within the respirometers was pumped
minimize the inefficiencies of jet propulsion and thereforeto a submerged microcell using a peristaltic pump, and
reduce the costs of swimming. Moreover, negative buoyanagissolved Q levels were measured using a Strathkelvin 1302
and the costs associated with maintaining vertical position i@, electrode and Strathkelvin 78 Lo@eter. Electrode output
the water column may influence the relationship between Ovas expressed as percentage $aturation and recorded
consumption/power and speed, such that costs are lower @intinuously over the speed trials using a Kipp and Zonen BD
intermediate speeds than at high or low speeds. Brief squid thét strip chart recorder.
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Lolliguncula brevis shorter than 4cm in DMLwere  acoustic Doppler velocimeter (Son-Tek, Inc., San Diego, CA,
examined in the 3.81 respirometer, dndrevis4d cm or more  USA), bottom flow profiles were recorded in each swim tunnel
in DML were tested in the 15.61 respirometer. Each squid wafer the range of speeds considered in this study. These
placed in the respirometer and allowed to acclimate for 40 minmeasurements were used in conjunction with mean height
Flow was set at 3cms during the initial 10min and final above the bottom and mean horizontal change in position to
20min of the acclimation period. During an interim 10mincalculate actual swimming velocities. A few squid exceeded
period, flow speeds were gradually elevated to 18-21ttas 10% of the cross-sectional area of the tunnel; speed
allow the squid to acclimate to higher flow speeds. The 40 miadjustments were made for these squid to account for blocking
acclimation/training period was selected on the basis ddffects (Webb, 1975).
recovery times from exercise and stress, which are extremely
short in squid (Pértner et al., 1993), and acclimation periods Statistical procedures
used for L. brevign other studies (Finke et al., 1996; Zielinski  Polynomial regression analysis was performed both on data
et al.,, 2000). After the 40min adjustment period, thepooled by size class (size classes: 2.9-3.9, 4.0-4.9, 5.0-5.9,
respirometer lid was closedp@vels were recorded for 15min 6.0-6.9, 7.0-7.9 and 8.0-8.9cm DML) and on data collected
while the squid swam at 3crmls and the respirometer was for individual squid. Regression analysis involved fitting the
then opened, allowing water from the surrounding waterbatbata initially to a linear regression and subsequently to
to enter the respirometer. This flushing procedure was carriddgher-degree polynomial regressions when additional terms
out for 10min to ensure that fresh, oxygenated water wasignificantly improved the accuracy of the prediction of
present in the system for the next trial. This procedure wadependent values (Zar, 1984; Sokal and Rohlf, 1981).
repeated for speeds of 6, 9, 12, 15, 18, 21, 24, 27 and 36 cm &nfortunately, regression analyses performed on pooled data
or until the squid could no longer keep pace with flow velocitydid little to characterize the nature of patterns apparent in
Because of high behavioral variation and higtc@hsumption  scatter plots for individual squid. This was because high
rates at the lowest speed tested, repeat measurements at 3 cnwariability among individuals masked underlying relationships.
were periodically performed following an intermediate speedrurthermore, when the data were analyzed separately for each
(9-12cms?)  flushing period. When low-speed 20 squid, the limited number of data points precluded the
consumption rates measured at the beginning and at aonsistent detection of significant linear or curvilinear
intermediate stage in the trial differed significantly, the trialrelationships.
was terminated. Because of this high variation among individual squid, an

During each trial, swimming behavior was recorded using additional procedure was employed to determine whether a
Sony Hi-8 video camera. After the final trial, each squid wasignificant parabolic relationship existed betweer, O
measured (DML) (0.1 cm) and weighed (£0.01 g), and blanksonsumption rates and speed, i.e. wesec@sumption rates
were run to correct for bacterialo@onsumption, electrode at intermediate speeds lower than those at low and high
drift and/or the endogenous @onsumption of the electrode. speeds? For each squid tested, the data were divided into
Rates of @ consumption were determined from the slope ofthree speed ranges: <@®Ls?, 0.5-1.DMLs?! and
percentage © saturationversustime curves (corrected for >1.5DMLs™L. A speed of 0.BMLs™ was a logical low-end
background components and/or electrode drift) recorded oveut-off because the squid demonstrated greater lateral variation
the final 10min period of each speed range. Mean watebout a given point at speeds belowDML s (mean lateral
temperature and salinity for this study were 24.5+2.0 °C andeviation 4.16+4.53cm, mean sp., N=19) compared with

29.2+5.6 %o (means &.E.M.), respectively. speeds of 0.BMLs™ or above (mean lateral deviation
_ _ 1.78+1.67 cm, mean<p., N=19). A speed of 1LBML sl was
Video analysis a reasonable high-end cut-off because anaerobic end products

Portions of the video footage were analyzed on a Peakay begin to accumulate in L. brevat speeds above
Motus v.3.0 motion measurement system (Peak Performande5DML s (Finke et al., 1996). Mean &onsumption rates
Technologies, Englewood, CO, USA) to account for somevere calculated for each speed range for each squid tested, and
of the variability in swimming behavior. For all squid tested,a randomized-block analysis of variance (ANOVA), treating
two representative minutes of footage at each speed weeach squid as a block, was used to determine whether there was
examined. Mantle angle (x1°), arm angle (x1°) and then overall significant difference in,@onsumption rate for the
distance from the eye to the respirometer floor (0.1 cm) werthree speed ranges. A randomized-block ANOVA (also called
recorded every second within the 2min video sequencean ANOVA with repeated measures) was used because
Changes in position along the axis parallel to flow and theepeated measurements@nsumption rates) were collected
number of fin beats per second were also recorded. For &lbm the same squid over time and blocking subjects helped
squid, the mean overall body angle of attack (which was simplgccount for variation among squid. Level differences were
the mean of the mantle and arm angles), the mean distandetermined using Newman—Keuls multiple-comparison tests
from the bottom of the respirometer, the mean number of fifor randomized-block ANOVAs (Zar, 1984).
beats per second and the mean horizontal change in positionMean wet masses and mean mass-specificoBsumption
during each 2min video sequence were computed. Using aates for the three speed ranges were calculated for the six size
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classes. To characterize the metabolic scaling relationship measurements [see Rayner (Rayner, 1979), Spedding
brief squid, a power-law regression of mean mass-specific Spedding, 1987) and Norberg (Norberg, 1990)], were beyond
consumption rates pooled across the three speed ramges the scope of this project. Moreover, induced power estimates
mean wet masses for the six size classes was performed. (Dating Rankine—Froude axial momentum jet theory are known
from the three speed ranges were pooled because there vggmificantly to underestimate induced power at low speeds
little difference in power-law relationships among the speetbecause non-steady effects are not considered (Norberg, 1990).
ranges.) The power-law function was defined as: Vertical jet power (W) was the product of vertical jet thrust

R=aMb (N) and the vertical component of jet speed {H arasite/

=aMP, )
profile power (W) was the product of total drag (N) on the

whereR is mass-specific rate of@onsumptionais the mass body, fins and arms and swimming speed ) sind refilling

coefficient,M is wet mass and is the mass exponent. power (W) was the product of refiling force (N) and
N _ swimming speed (nT3).
Power and efficiency calculations Using power estimates from a 4.4 and 7.@vL squid and

Power curves for two Lolligunucla breyisne measuring Oz consumption rates from a 4.5 and 7.592kL squid,
4.4cm in DMLand the other measuring 7.6 cmDML, were  respectively, aerobic efficienciedd) were calculated for a
generated to determine the nature of the hydrodynami@nge of speeds. Aerobic efficiency was defined as the ratio of
power/speed relationship. The power curves were based ¢ime power required to move the squid through the water [i.e.
kinematic and force data presented in the companiopower output, which is simply total power (W) calculated as
manuscript published in this volume (Bartol et al., 2001b), t@bove divided by wet mass (kg)] to the aerobically supplied
which we refer the reader for detailed descriptions of

the forces discussed below. Five power terms 2-3 c¢cm DML 4 cm DML
P : 50~ 50+

galculated. 0] mdqced power, the power requwed by y = -8.32x+29.85 y = 6.99x+32.99

fins to gg_neratg |Ift't0 keep the squid up in the w 401 ¢ P=0043:72=034 404 * P<0.0001:%=0.69

column; (ii) vertical jet power, the power needed by

jet to generate lift to keep the squid up in the w 304 30-

column; (iii) parasite/profile power, the power require

overcome pressure and friction drag on the fins, bod 20+ 20

arms; (iv) refilling power, the power required to overci

mantle refilling forces; and (v) total power, the sum o 101 104

above power terms. Induced power (W) was computt 0 0

multiplying predicted vertical fin thrust (N) by induc 0 0

velocity (ms?), the only term in this section r
described in Bartol et al. (Bartol et al., 2001b). Indt
velocity, which is the velocity of fluid passing througt
area swept out by the fins (Pennycuick, 1972; B
1979b; Norberg, 1990), was determined by high-s
(250 framesd!) videotaping of the two squid swimmi
in a flume seeded with brine shrimp eggs (see Bar
al., 2001b) and measuring fin flapping speeds and p:
trajectories underneath the fins during downstroke:
low speeds, the vertical components of fin flapping s

5 cm DML 6 cm DML

507 4 y=-6.63x+31.30 y = —4.63x+26.99
¢ P<0.0001;#=0.40 P <0.0001;%#=0.58

Mean angle of attack (degrees)

and particle speed were reasonably consistent, t : 0 : : : : :
higher speeds the vertical speed component of pz 5 0O 1 2 3 4 5
trajectories was much lower than that of the fins bec 7 om DML 8 cm DML
translational flow had a large effect on induced velo 50+ _ 50~ _
Consequently, only particle trajectories were use ?;;_06'02(;58(; 2%1;501 42 é;_gbg()?(;(; 2%7_'83 74
determine induced velocity at speeds above 6ér 404 ' T 40 ' o
More precise methods of measuring induced pc
which are based on vortex theory and circule 30". 301

20+ 204
Fig. 1. Linear regressions of mean body angle of attack
(degrees)versusswimming speed (mantle lengthid)s for six 10+ 10
size classes of Lolliguncula brevis: 2.9-3.9, 4.0-4.9, 5.0-5.9, 0 0
6.0-6.9, 7.0-7.9 and 8.0-8.9cm dorsal mantle lerigi¥l.. 0 1'1 0 0'5 '1 1'.5 '2 2'_5 é

Regression equationB-values and4 values are included for
each size class. Swimming speed (mantle lengthd)s
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power (i.e. power input, which is based on active metabolimverted V-posture, with the tips of the mantle and arms
rate). Active metabolic rate (mb®g1h-1) was converted to touching the tunnel floor and the head projected upwards.
power input using the common assumption that 1 ml pf OSince these squid were in contact with the bottom, they were
yields 20J and multiplying by 1/3600s to arrive atlkg™  not actually swimming. Other squid frequently pushed off the
(Wkg™). For aerobic efficiency comparisons with otherbottom and/or downstream collimator with their arms during
cephalopods, it was necessary to generate gross cost toéls to assist locomotion. Some squid even swam with their
transport (COT) curves and to determingr@the speed of body and fin pressed against the respirometer side wall to
maximum range), which is the minimum of the COT curveexploit low flows near the wall and to help maintain horizontal
For hydrodynamic estimates of COT (Jkm™), power and vertical position. These behaviors were most prevalent
output (Wkg?) calculated as above was divided by speediuring low- and high-speed trials when squid had the most
(ms1). For aerobic estimates of COT, power input (Wixg difficulty matching free-stream flow.
calculated as above was divided by speed{jins Speed trials in which the above behaviors were used more
than 30% of the time were eliminated. This cut-off was
selected because there was generally a clear division between
cooperative and uncooperative swimming at the 30% time
Swimming behavior division at most speeds, with the majority of squid either
In the swim tunnel respirometers, brief squid were capabl&Eheating’ more than 90% or less than 10% of the time. For
of both arms-first swimming, in which the arms extend in froneight squid, this resulted in no measurements at speeds below
in a streamlined, conical arrangement while the mantle and

Results

fins trail behind, and tail-first swimming, in which 2-3 ¢cm DML 4 cm DML

mgr_ltle and fins are foryvgrd while the arms.fo.rm a s 51 e y = .56x + 4.89 5+ y = -0.83x + 3.59

trailing edge. Upon initial placement within eit *P=00005%=076 P < 0.0001: ? = 0.84

respirometer (during the acclimation period), most < 44 ' 41 '

oriented arms-first in the direction of flow. Howe 3 3] R

during exposure to higher speeds, brief squid freqr o

shifted to tail-first swimming, which allowed them to k 2] 2 °

pace with flow more effectively. The majority of d .

reported here were collected during tail-first swimr 1- 14 .

periods because tail-first swimming appeared to b . *

preferred mode of swimming throughout the speed | 00 05 T 15 3 35 3 00 T, 5 4 %

tested. However, many squid would not swim exclus

in either mode at low speeds (<6cmi)sand thus low 5 cm DML 6 cm DML

speed @consumption rates often reflected both mod 54 B 5 B

swimming. Oxygen consumption rates during tail-first );;61'00;'8(;%3_'7; 89 é;;l'(?oeé(;;_ﬁg 94
4_ . y - . 4_. . y - .

arms-first swimming were not separated at low sf
because squid switched erratically between tail-firsi
arms-first modes, making it difficult to extract consis
linear relationships from the strip chart data for a parti
swimming mode.

For all size classes, there was a clear decline in
angle of attack and number of fin beats per seconc
increased swimming velocity (Fig. 1, Fig. 2). Most st

Fin motion (beats ¥

tested were capable of detecting areas of lower flow v >
the tunnel respirometer and consistently swam at s 7 cm DML 8 cm DML
lower than the target velocity. Moreover, several beha 51 5-

were employed by some to aid swimming and presur y=-0.70x + 2.85 y =-0.84x +3.26

to reduce swimming costs. A number of squid rems 4s P=0.0003;¢=052 44 P <0.0001;#=0.85

on the tunnel floor either in a horizontal orientation,
the body and appendages aligned parallel to flow, or

Fig. 2. Linear regressions of mean rate of fin beating (bdits s
versusswimming speed (mantle lengthd)sfor six size classes
of Lolliguncula brevis: 2.9-3.9, 4.0-4.9, 5.0-5.9, 6.0-6.9,
7.0-7.9 and 8.0-8.9 cm dorsal mantle len§thIL. Regression
equations,P-values and 4 values are included for each size
class. Swimming speed (mantle lengtt)s

0 T T T T T
4 0 05 1 15 2 25 3
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Rate of aerobic respirationrgol Oz 'l g1

2.9 cm DML 3.2cm DML 3.3 cm DML
441 4=34.2, b=33.0, c=39.0 *4] 441
424 424 42-
407 40 40-
381 38; 38-
36 36 36-
34 34, 34
321 321 a=38.2, b=37.3, c=44.8 327 3=36.5, b=34.0, c=38.3
3H——————— 30 —————— 30 —
0 051 152 25 3 0 05 1 15 2 0 05 1 15 2
4.3 cm DML 4.5 cm DML 4.8 cm DML
401 401y =0.76%-0.82x + 19.78 40
36- 36{r?=0.73; P = 0.031 364
321 321 321
28 28 28 .\'\.——/
24 241 | 24
201 _ B 201 . 201
16] 37386,0=828,0737.8 | | a=232"h=17.4,0=263 1¢]a=20.7, b=28.12, c=20.7
05 1 15 2 0 1 2 3 4 5 0 05 1 15 2
5.1 cm DML 5.3 cm DML 5.5 cm DML
561 567 561
524 52{y=253%-8.29x +28.23 5ol a=38.1, b=24.8, c=37.0
484 484r?=0.87; P = 0.006 48
44+ 44 441
ol 30] a=26.1, =219, c=25.7 30
321 321 321
28+ 281 _\.\l_)// 281
244 .- - - 241 241
0 1 2 3 4 0 1 2 3 4 0o 1 2 3 4
6.0 cm DML 6.1 cm DML 6.3 cm DML
32 367 361y =6.016x + 11.954
321 32 r?=0.945; P = 0.010
28{ . 28]
24 u 244
20 _°
y=169%-548x +27.93 201
164 r?2=0.88; P = 0.005 16
121a=27.2, b=22.2,c=28.0 12| 3=28.7,b=258,¢=32.1 | 3-133 b=20.1, c=29.3
0 1 2 3 4 5 0 051 152 25 0 1 2 3 4
7.1 cm DML 7.5 cm DML 7.7 cm DML
421y =11.038 1033+ 26.92 421\ - 5 872 _9.08x+ 2207 2] y= 1.77x+ 14.79
381r°=083P=00 38112=0.88; P =0.005 381 12=0.945; P = 0.010
34 341 344
301 u 30y a=20.6, b=15.4, c=20.1 301 a=14.6, b=17.1, c=20.1
261 267 26
22{ w" 22{w 221
181 a=24.4,b=30.2, c=38.6 18] 18, =
14 —————— 14 —_ L I
0 05 1 15 2 0o 1 2 3 4 0 05 1 15 2 25
8.1 cm DML 8.4 cm DML
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Fig. 3. @ consumption rates (polOzh™1g™1) of 19 Lolliguncula Table 1.Randomized-block ANOVA (upper table) and
brevis(2.9-8.4cm dorsal mantle lengbML) plotted as a function Newman-Keuls multiple-comparison tests (lower table) of
of swimming speed (mantle lengthd)s Each data point is derived mean rates of @consumption for three speed ranges

from the slope of percentage, Gaturationversustime curves

recorded in the final 20min interval of each speed trial. Linear OSource of

. . . . variation d.f. SS MS F P
polynomial regression equatiom$ values and P-values are included
in plots when a significant relationship was detected. As a result Speed 2 365.99  183.00 17.16  <0.0001
limited data, linear or curvilinear relationships were not detected iBlocks (squid) 18  3549.89  197.22 18.50  <0.0001
some squid and, in these cases, data points were simply connecError 36 383.82 10.66
with lines. Mean rates of £consumption (mol O2h1g) for the  Total 56  4299.70
three speed ranges are included for each squid (aP¥L5™%; b,
0.5-1.DMLs?; ¢, >1.5DMLs™?). ’

Comparison

1 . 1 of speed  Difference
0.5DMLs™ and, in one case, speeds aboveDM& s™. ranges inmeanssem. q P @os 36, P Significance

B e o ettt v 015 075 820 3 2a0 s

) . . ) . C versusa 3.84 075 512 2 2.86 Yes
over the entire range of sustained swimming velocities, thesy \arsus 221 075 295 2 286 Yes
squid, which ranged in size from 4.7 to 8.8 cnDML, were
eliminated. When all speed trials were considered for thes The 19 Lolliguncula brevisonsidered in the experiment were
squid with questionable performance, even those trials itreated as blocks.
which squid remained on the bottom, pushed off with thei Rates of @ consumption for all three speed ranges differe
arms and pressed against the side of the respirometer, lineignificantly, with values being lowest in the 0.5-DMLs™ speel
relationships between speed angd @nsumption rate were range (range b).

observed in six of the eight squid (linear regressions: P<0.0! Mean a=26.43; mean b=24.22; mean ¢=30.37.
r2>0.72). DML, dorsal mantle length; d.f., degrees of freedom; SS, sum o
squares; MS, mean square.
Rates of @consumption Speed ranges: a, <OBILsL; b, 0.5-1.DMLsL; ¢, >1.5DMLs ™.

Partial (J-shaped) or full (U-shaped) parabolic patterns o
O2 consumption rate as a function of speed were observed foonsumption rates were lowest at intermediate speeds
many squid with measurements from all three speed rangéd.5-1.5DMLs™, b) and highest at the highest speeds
(<0.5DMLs1, 0.5-1.DMLs 1, >1.5DML s ) (Fig. 3). Mean  (>1.5DMLs™, c).
O2 consumption rates for the three speed ranges (a, b and cData pooled by size class are depicted in Table 2. Despite
respectively) for each of the cooperative squid tested atdgigh variation among individuals, mean Ebnsumption rates
included in Fig. 3. A randomized-block ANOVA performed for the intermediate speed range (0.5-BIML s™1) tended to
on these mean data indicated that there was a significapé lower than those for the low (<@MLs™) and high
difference among the three speed ranges (Table 1). Subsequérit.5DML s1) speed ranges for most sizes, which is consistent
Newman—Keuls multiple-comparison tests revealed that Owith the results of the randomized-block ANOVA and

Table 2.Wet masses, rates op @onsumption values and aerobic swimming capacitiekdthiguncula brevisof three size
classes

Rate of consumption
(umol Ozh™ig)

Range of @

Size class, Mass Velocities Velocities \elocities consumption rates Factorial
DML (cm) (9) <0.DMLs? 05-1.DMLs?!1 >1.5DMLs? (umol Oz h-1g™) aerobic scope
2.9-3.9 2.31+0.59 36.31+2.01 34.77+2.32 40.71+£3.56 33.80£2.62 to 40.71+3.56 1.20
4.0-4.9 7.50+2.21 30.42+7.73 24.77+7.15 29.00+6.45 24.45+8.00 to 34.80+5.64 1.42
5.0-5.9 12.25+3.59 30.71+10.27 23.56+3.24 33.09+10.18 23.47+3.97 to 38.54+14.69 1.64
6.0-6.9 15.75+2.27 22.68+6.98 21.43+£3.45 27.79+4.05 19.02+5.89 to 29.20+4.23 1.54
7.0-7.9 27.70+£2.98 21.49+4.40 20.90+7.99 23.60+£10.68 17.20+3.84 t0 27.19+10.51 1.58
8.0-8.9 41.10410.11 14.41+9.81 17.97+4.76 20.00+6.82 13.20+8.18 t0 21.27+9.48 1.61

Values are meanssib. (N=3-4).

Factorial aerobic scope is the mean maximum rate ;o€ddsumption divided by the mean minimum rate of d@nsumption durin
swimming.

DML, dorsal mantle length.
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0.15- 4.4cm DML and size was: y=47.29%24 (P=0.0001;r2=0.80), where yis
the rate of @consumption (mol Ozh~1g1) and xis mass (g).

0.1257 m Vertical jet power Power and efficiency

Induced power for a 4.4 and a 7.6biML squid was the
highest power demand at low speeds, but decreased
exponentially with speed (Fig. 4). There was a parabolic
relationship between vertical jet power and speed, with power
minima between 1.2 and DML s™L. Refilling and parasite/
profile power increased exponentially with speed for both squid
examined. There was a parabolic relationship between total
power, the sum of all power terms, and speed (Fig. 4). The
speed at which the rate of total power expenditure was lowest
0.025 (minimum power speed, k) was 1.2-1.DMLs™L.

Gross COT curves based on aerobic data revealed that the
speed of maximum range k), the minima of COT curves, was
4.0 and 2.DML s for a 4.5 and 7.5 cidML squid, respectively
(Fig. 5A). COT curves based on hydrodynamic data (Fig. 5B)
0.2q 7.6cm DML revealed that K was 2.5 and 1BML s for a 4.4cm DMLand
7.6 cmDML squid, respectively. The speed of maximum aerobic
performance (&) was 5.0ML s for a 4.4/4.5 cnDML squid
and 3.DMLs for a 7.5/7.6 cnhDML squid. Aerobic efficiency
(Na) curves for a 4.4/4.5 and a 7.5/7.6@ML squid are depicted
in Fig. 5C. For a W of 2.5-4.MML s, aerobic efficiency was
1.2-27% for a 4.4/45cBML squid; for a Uy of
1.5-2.DMLs?, aerobic efficiency was 1.8-5.0% for a
7.5/7.6 cnDML squid. At Uyit, aerobic efficiency was 3.3 % for
a 4.4/4.5cnbML squid and 8.8% for a 7.5/7.6 @ML squid.

¢ Inducedpower
0.19 o Refilling power
A Parasite/profe power
= Total power

05 1 15 2 25 3 35 4 45 5

Power (W kgb)
o

0.1757
0.154

0.1257

0.0757

Discussion
Parabolic @ consumption rate/power curves

The results of this study indicate that partiasaped) or full
(U-shaped) parabolic patterns of rate efddnsumption/power
0 05 1 15 2 o5 3 35 as a fuqction qf swi'mming speed existLiolliguncula .brevis.
Parabolic relationships between power grd®@nsumption rate
and speed have been observed in helicopters (Bramwell, 1976),
Fig. 4. Vertical jet power, induced power, refilling power, birds (Pennycuick, 1968; Pennycuick, 1975; Tucker, 1972;
parasite/profile power and total power requirements for a 4.4cnfycker, 1973; Greenwalt, 1975; Rayner, 1979; Rothe et al.,
dorsal mantle length (DML) and a 7.60m DML LoIIigunpuIa brevis1987: Dial et al., 1997), bats (Thomas, 1975; Carpenter, 1986;
swimming over a range of speeds. Vertical jet power is the pow&orperg  1987) and bees (Ellington et al, 1990). These
required by the jet to keep the squid up in the water column, induceg, ;i os/organisms require considerable power to fly slowly,
power is the power required by the fins to keep the squid up in the . L .
when lift generation is costly, and fast, when overcoming drag

water column, refilling power is the power required to fill the mantle, - but fi icall . di d
cavity, parasite/profile power is the power required to overcome dral§ €xpensive, but fly more economically at intermediate speeds.

on the body, fins and arms and total power is the sum of all the abof@rabolic relationships have been detected in the aquatic realm
power terms. also for slow-swimming negatively buoyant fish, such as the

mandarin fish Synchiropus picturat(Blake, 1979a; Blake,

1979b; Blake, 1981). However, rate of @nsumption/power
Newman-Keuls multiple-comparison tests performed on speéddcreases exponentially with swimming speed for most fish, and
range means for individuals. Furthermore, the mean range péarabolic relationships are rare [for a review of fish swimming
Oz consumption rates generally decreased with increasing sizespiration, see Beamish (Beamish, 1978)]. High metabolic/
and L. brevis had a limited factorial aerobic scope for power costs atlow speeds are lacking for most pelagic swimmers
swimming (i.e. mean maximumz@onsumption rate divided in part because they are neutrally buoyant or close to it, and
by mean minimum @consumption rate) (Table 2). The mass-thus generation of lift at low speeds, a considerable energetic
specific scaling coefficient, b, for brief squid wa®.24, and expense for negatively buoyant organisms, is not a significant
the scaling relationship between mass-specific metabolic ratgsue.

0.054

0.0257

Swimmingspeed hantlelengthss 1)
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Lift generation and stability control at low speeds (Bartol et al., 2001b). Body lift plays a critical role in lift

The high rates of @consumption of L. breviat low speeds generation in ski jumpers (Ward-Smith and Clements, 1982),
are largely because of induced power and vertical jet powédroneybees (Nachtigall and Hanauer-Thieser, 1992), birds
demands. During hovering and at low speeds, littlgTobalske and Dial, 1996) and negatively buoyant fish (He and
momentum is directed downwards as a result of the forward/ardle, 1986; Heine, 1992). Positioning various body
motion of the squid, and lift forces, which scale with theappendages at high angles of attack increases pressure drag,
square of velocity, are low. Consequently, to generate thwhich results from flow separation from the surface of the
necessary downward momentum to counteract negativenimal, and friction drag, which results from viscous shearing
buoyancy (negative buoyancy is approximately 3.4-4.0% istresses in the boundary layer, on the fins and body.
brief squid), L. brevidlaps its fins progressively faster and at Even with added drag forces from high angles of attack,
higher amplitudes as speed decreases (Bartol et al., 2001b)arasite power, the work required to overcome pressure and
phenomenon also observed in birds and fish (Norberg, 199fjction drag on the body, is small at speeds belovD®4s s1
Blake, 1979b; Webb, 1974). The downwash of watebecause forward swimming speed is so low. Profile power, the
produced by the fins (of finite length) alters the pressurevork required to overcome pressure and friction drag on the
distribution so that the lift vector increases, but the resultarfins, is affected by high fin flapping speed and induced velocity
vector also tilts backwards. The power required to overcomat low speeds and, consequently, contributes more to energetic
this rearward component of the resultant force vector (induceebsts at such speeds. However, relative to induced and vertical
drag) is costly at low speeds when large downward deflectiorjst power, profile power demands are low, as in birds
are necessary (Vogel, 1994; Dickinson, 1996)LIrbrevis,  (Pennycuick, 1972). Inertial power, the rate of work needed to
some of the downward momentum at low speeds is alsaccelerate the fins at each stroke, may also add some cost to
generated by the jet, which is directed more vertically at suckwimming at low speeds, when stroke amplitudes, stroke
speeds (Bartol et al., 2001b). Directing the jet vertically igwisting and unsteady effects are high (Norberg, 1990). Inertial
energetically costly because water has to be expelled at higliower was not considered in this study, but was probably
velocity both to keep the squid aloft and for it to swimconsiderably lower than induced and vertical jet power at low
horizontally. The power drains of the fins

(induced power) and jet (vertical jet pow 2+
were clearly apparent in the power cur PR 707 A B
The observed increase in vertical jet pc & g0 Aerobic data Hydrodynamic data
at high speeds was an interesting artifa 2 1.5
a greater dependence on the jet for vei F’; 507
thrust as fin activity decreased and highe g 40+ 1-
velocities at higher speeds. 2 304
Profile, parasite and inertial pov g
demands made up a smaller component § 20+ 0.5
observed low-speed rate o @onsumptior 3 104
To generate greater lift, the fins and third ©
arms with heavy keels, which resen 0 1 T T T T 1 0 T T T T T 1

0 1 2 3 4 5 6 0 1 2 3 4 5 6

traditional human-made lift-generat Swimming speed (DML

airfoils, as well as the mantle, head

remaining arms were positioned at f 0.1-

angles of attack. Both the fins and third C

arms were extended laterally at low spe < 0084

while the body of the squid was positione < 0 4.4/4.5 cm DML

high angles of attack, forcing water tom & T

faster over their upper surfaces, increa & 096 ¢ 7.5/7.6 cm DML

the pressure differential above and belon &

biofoils and, consequently, increasing -3 0-047 Fig. 5. Gross cost of transport (COT)
Similarly, negatively buoyant elasmobranc L and efficiency curves for Lolliguncula

tuna and mackerel increase pectoral fin < 0.025_%§5% brevis. (A) COT curves derived from

and/or angle of attack at low speeds gcé'\cl;mg;?:;"cr::;%g)réﬂ""ﬁf%ﬁ&a
Egﬁﬁ;ﬁ "fltgé'\zﬂ_agggsg;; g 13\7618; d|§°nf9£ Of—T— T T 7 T L saud (B) COT curves dorved from

Although the mantle, head and remair Swimming speed (DMLY g?g:?t_lgC?TB?\AfLOLZiigé(t?:)fgfﬁii;i;m

arms (i.e. the body) do not resemblecyrves, which were determined from ratios of power output (based on kinematic and force
traditional airfoils/biofoils, they too generatedata from the 4.4 and 7.6 cBML squid) to power input (based on active metabolic rates
lift when positioned at high angles of attaclfrom the 4.5 and 7.5 c@ML squid). See text for details of calculations.



3648 I. K. Bartol, R. Mann and M. R. Patterson

speeds given that Norberg (Norberg, 1976) found inertighower estimates did not account for unsteady lift and
power to be approximately 2% of total aerodynamic power gbropulsive mechanisms (Bartol et al., 2001b). Oxygen and
low speeds in bats. power minima at intermediate speeds are reasonable given the
In addition to high power costs, high fin activity andlift, stability and drag demands described above. At
amplitude and high angles of attack at low speeds, furthéntermediate speeds, less of a downward deflection of fluid is
evidence that lift generation is a critical and energeticallyequired to balance the buoyant weight because the fins, body
costly component of low-speec @nsumption may be found and arms come in contact with more water per unit time, and
in the respiratory costs of ‘uncooperative’ squid. Squid thathrust forces are better matched to body inertia than at low
remained on the bottom or that consistently pushed off thepeeds. Therefore, the fins and jet can be used more for forward
bottom generally did not have high costs at low speeds likpropulsion and less for lift generation and stability control, thus
free-swimming squid. These organisms had linear rather thaeducing swimming costs. Furthermore, because swimming
parabolic Q consumption curves. speed and concomitant drag are not high at intermediate
Positioning the body and appendages at high angles of attasgeeds, profile/parasite drag costs are not expensive compared
and actively moving the fins are critical not only for lift with high speeds.
generation at low speeds but also for stability control. High Given that swimming costs are lowest at intermediate
angles of attack increase drag, requiring the propulsors (i.e. tepeeds, negatively buoyant squid suchLagrevis should
fins) to beat more rapidly to provide greater thrust. Thispend more time swimming at intermediate speeds than
increased thrust is better matched to body inertia, a force thlabvering. Observations of negatively buoykoligo forbesiin
can provide significant resistance to the return of aquatinature reveal that it seeks out current speeds close to the
organisms to desired paths at low speeds and, thus, providgstimal speeds detected in this study and holds position against
greater stability control (Webb, 1993; Webb, 2000). Highthe current while swimming (O’Dor et al., 2001). In flow-
body/arm angles of attack coupled with active fins at lowthrough tanks in the laboratory, many brief squid tended to
speeds for purposes of stability control have also beetongregate near tank intakes in areas of low/moderate flow
observed in neutrally buoyant fishes, such as trout and bluegdt swam continuously, which is also consistent with the
(Webb, 1993). prediction above. However, squid were also frequently
observed away from intakes hovering arms-first with their arms
Drag costs at high speeds oriented in front of the body at low angles of attack (often in
Drag forces scale approximately with the square of velocita conical arrangement), while their mantles were positioned
just like lift, which explains the observed exponential increaseear the tank floor at high angles of attack. In this posture, fin
in profile and parasite power as speed increased. In squid, thi@pping was often employed. This behavior is of interest
power required to refill the mantle also increases exponentiallyecause several squid that did not demonstrate parabplic O
with speed, as it becomes necessary to accelerate greatensumption curves swam near the bottom in a similar manner
volumes of water at higher speeds to fill the mantle. Thereforet low speeds. Blake (Blake, 1979a) determined that negatively
exponential increases in rates of @nsumption with speed buoyant fish reduce induced power costs from 30 to 60% by
were expected, as have been widely reported in fish (Breppositioning themselves near the bottom and exploiting ground
1965; Webb, 1973; Blake, 1983; Dewar and Graham, 1994&ffects. Thus, brief squid positioned near the bottom in this
and squid (O'Dor, 1982; Webber and O’Dor, 1986). In thearms-first posture may have been taking advantage of similar
present study, exponential increases in rates ocb@sumption  effects to lower overall low-speed metabolic costs. In nature,
were not always apparent, even at speeds abo@MLS ™. negatively buoyantoligo forbesiand Sepioteuthis australis
Anaerobic metabolism, which may begin as early asppear to use climb and glide behaviors and upwelling
1.5-2.0DML s and account for 14.4 and 21.9 % of the energyregions to reduce the large metabolic costs associated with
required for swimming at 2.5 and DBLsL, respectively counteracting negative buoyancy (O'Dor et al., 1994; Webber
(Finke et al., 1996), may be responsible for the lack oét al., 2000).
exponential relationships. Even with anaerobic recruitment,
sizable lift generation costs at low speeds and considerable Metabolic allometry
drag costs at high speeds allowed for the development of O The relationship between organism mass (M) and metabolic
consumption minima at speeds between 0.5 anBNII5s™. rate (R) is frequently described by a power-law function
R=aM, where ais the mass coefficient and ib the mass
O2 consumption minima and behaviors that reduce costs ofexponent (Schmidt-Nielsen, 1997). This relationship is not
locomotion well understood in most cephalopods, and the scaling data that
A minimum & consumption speed rangdJnin) of are available are quite variable. The mass-specific exponent
0.5-1.DML s and a minimum power speed rangignf) of  (i.e. b when metabolic rates are expressed per unit mass) for
1.2-1.DMLs1 are strong evidence that squid can swim theL. brevisin this study was 8.24, which is within the range of
longest on a given amount of fuel at intermediate speeds. Thigat measured in other aquatic invertebrates and algae [mass-
slight discrepancy in values is not surprising given that Ospecificb ranges from+0.53 to +0.28 (Patterson, 1992)]. This
consumption rates did not incorporate anaerobic costs amdass-specific exponent is also consistent with that reported by
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O'Dor and Webber (O’Dor and Webber, 1986) fitlex et al. (Finke et al., 1996) fok. brevis (11.9-15.1g), but
illecebrosugb=-0.25 to 0.27) and by Seibel et al. (Seibel et anaerobic metabolism may be used at much lower speeds.
al., 1997) for Vampyroteuthis infernalflp=-0.30),Japatella  Finke et al. (Finke et al., 1996) determined that anaerobic
diaphana(b=-0.27) and Histioteuthis heteropgie=-0.20).  metabolism contributes to energy production Lin brevis
However, less concordance has been found in other metabokieginning at speeds of 1.5-BMLs! by measuring e
studies on cephalopods. Manginnis and Wells (Manginnis anglycerophosphate, succinate and octopine accumulation in the
Wells, 1969) determined that mass-specifiwds —0.17 for  mantle tissue. This finding, coupled with the small factorial
Octopus cyanea; Johansen et al. (Johansen et al., 19&2ppe of aerobic metabolism recorded in this study
reported a mass-specifidetween-0.23 and-0.01 for Sepia  (1.20-1.64), suggests that brief squid are adapted for low-
officinalis; Macy (Macy, 1980) found to be betweer0.56 speed swimming. Consequently, it is possible that anaerobic
and +0.28 fotoligo pealei; and Segawa and Hanlon (Segawametabolism during the 10 min training period, when speeds
and Hanlon, 1988) determined a mass-spebifi€ -0.10 for  briefly approached 18-21cmis may have produced anyO
Octopus maya, 6:09 for Lolliguncula brevisand -0.15 for  debt that elevated Oconsumption rates during low-speed
Loligo forbesi. The wide range of mass-specific exponentsials. This is unlikely, howevelL. brevisdoes not accumulate
among the various cephalopods is probably a product of intelarge @ debts, recovers quickly from anaerobic metabolism
and intra-species behavioral variation during experimentatiognd returns to pretrial respiratory rates even after extreme
which was frequently reported. exhaustion within 20 min, the length of the recovery period

The @ consumption rates recorded in this study are irafter training in the present study (O’Dor, 1982; O'Dor and
reasonable agreement with those reported previously.for Webber, 1986; Pdrtner et al., 1993). Moreover, squid that had
brevis. Segawa and Hanlon (Segawa and Hanlon, 1988) placsignificantly higher low-speed xOconsumption rates at the
L. brevisin 2—41 bottles for 0.3-1.3 h, and determined that O beginning compared with the middle of the trials (during
consumption rates of brief squid hovering in the middle ofchecks’) were not considered in this experiment. Therefore,
near/on the bottom of bottles ranged from 24nblh1g1for Oz consumption rates measured above 1M@M2 st in the
a 39.98¢9 squid to 28molh1g~1 for a 2.00g squid. Wells present study may not reflect the total metabolic costs for
et al. (Wells et al., 1988) measured @ptake of L. brevis swimming, but @ consumption rates at speeds of
hovering in 21 jars over a wide range of temperatures, and.5-1.5DML s™1, when costs are lowest, and at speeds below
reported that means&onsumption rates of brief squid (mean 0.5DMLs™1, when costs are high, are probably qualitatively
mass 9.21-10.78 ) varied from 2grBolh~1g™t at 20°C to  representative.
34.1umolh1gt at 27-30°C (@=1.47).

Wells et al. (Wells et al., 1988) and Finke et al. (Finke et Aerobic efficiency
al., 1996) provided limited data orp @onsumption rates of L. As mentioned above, there is some inherent error in aerobic-
brevis during swimming. Wells et al. (Wells et al., 1988) based power estimates (i.e. anaerobic contributions are not
measured @ extraction by five L. breviat two swimming considered) and hydrodynamic-based power estimates (i.e.
speeds, 9.5 and 16cmis Unfortunately, only extraction unsteady mechanisms are not considered). Consequently, it is
percentages were presented and, without knowledge of tmet surprising that aerobic estimates of the speed of maximum
tunnel dimensions and trial duration, swimming2 O range (Un) were 1.0-1.DML st higher than hydrodynamic
consumption rates could not be calculatequimol O;h™2g™l  estimates. Although hydrodynamic-based estimatésphre
for comparative purposes. Finke et al. (Finke et al., 199&)ot available for other cephalopods, aerobic-based estimates
measured @consumption rates of four L. bre\(ik1.9-15.1g) for at least one squid are similar to aerobic-based estimates for
during swimming that increased from [2holO;h™1g™t at L. brevisof similar size. On the basis ob©@onsumption data
0.5DMLs? to 36umolOxh™1g?l at 2.9DMLs?. These at 17.5°C (O’Dor, 1982), a 41boligo opalescenshas a
values, which were measured at 2022 °C, are similar to thogénr of approximately ®MLs™? (40cms?) and a Wit of
recorded in the present study for squid of similar size at 24 °@pproximately 3.DML s (45cmsl). In this study, aerobic-
(see Table 2). No parabolic relationship was detected by Finkeased estimates ofld and Ugrit for a 329 L. brevigested
et al. (Finke et al., 1996), but no speeds lower thaat 24°C were 2.BMLs? (19cms?l) and 3.DMLs?
0.5DMLs™1, speeds at which lift generation is especially(26 cms?), respectively.
costly, were considered. Interestingly, Finke et al. (Finke et al., The aerobic efficiencies for L. brevisported in the present
1996) discovered that the pressure of mantle contractiorssudy appear to be low relative to efficiencies reported for other
actually falls in some brief squid between speeds of 0.5 antkphalopods, but there are some key differences in how
1.1DMLs? and attributed this to a reduction in lift efficiencies were calculated in the different studies. O’Dor and

requirements. Webber (O’'Dor and Webber, 1991) reported aerobic
_ _ efficiencies of 6.1% for Nautilis pompilius, 2.8% for Sepia
Anaerobic metabolism officinalis, 5.9% for Loligo pealeiand 13% for lllex

In the present studyl,. breviswas capable of sustained illecebrosusat Umr. With the exception of Sepia officinalis, all
speeds as high as 27 cthfor 15 min, which is slightly higher these cephalopods have higher efficiencies than the 4.4/4.5¢cm
than the upper aerobic limit (22.3 crdsmeasured by Finke DML and 7.5/7.6cnDML L. brevisin this study, which had
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aerobic efficiencies of 1.2-2.7% &
1.8-5.0%, respectively, &lmr. O’Dor anc
Webber (O’Dor and Webber, 1991) repor
aerobic efficiencies of 8% for Nauti
pompilius, 7% for Sepia officinalis, 15%
Loligo pealeiand 18 % for lllex illecebrost
at Ugit. On the basis of these estima
Loligo pealei and lllex illecebrosushave
higher efficiencies than the 4.4/4.5 ¢
7.5/7.6 chDML L. brevisin this study, whicl
had efficiencies of 3.3% and 8.8
respectively, at Lht. However, direc
comparisons between efficiencies
misleading because O’Dor and Webb
(O’Dor and Webber, 1991) estimates w
based on cephalopods 600g in mass, v
efficiency estimates in this study were ba
on squid weighing less than 35g. Becaus
lower mass-specific ©consumption rate
larger cephalopods will have higher aerc
efficiencies. This was observed in the pre:
study and can be seen when a 500ex
illecebrosus, which has aerobic efficienc
of 84% and 14% atUmr and Ucri,
respectively (O'Dor, 1988b), is compal
with  efficiencies for the 600g llle
illecebrosus described above. Efficienci
for a 6009 L. brevisvere not computed f
comparison because a 60Qg brevis has
little physiological relevance [L. brevioes
not reach sizes above 60g (Hixon, 198
and there is insufficient data for scal
power output to such sizes.

Although power input was calculated il
similar manner for both studies, pov
output was calculated from jet pressures
funnel area by O’'Dor and Webber (O'C
and Webber, 1991), while power output \
calculated from kinematic data and fo
measurements in the present study. T
differences also may lead to dispa
estimates of efficiency. Aerobic efficienc
for Loligo opalescenghat are more direct
comparable with efficiencies in this stL
may be calculated using power out
estimates from hydrodynamic/kinematic c
from O’Dor (O’Dor, 1988a) and power ing
estimates from metabolic data given
O’Dor (O’Dor, 1982). On the basis of the
data, aerobic efficiency at ZBVILs™ for
a 30—40gLoligo opalescenss 3.2 %, whict
is lower than an aerobic efficiency of 5%
a 329 L. brevisn the present study.

Energetic comparisons with cephalopods
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Fig. 6. @ consumption rates (ml&xgh1) of various cephalopods plotted against
swimming speed. Swimming speeds are expressed in (A) lcnasd (B)

mantle lengths 3. The 15 and 31 g Lolliguncula brevisthe figure correspond to the 5.3

and 7.5cm dorsal mantle lengtBNIL) squid, respectively, depicted in Fig. 3. These
squid were selected as representative of this study because they were particularly
cooperative and their£zonsumption rates were close to the mearddsumption rates

for their respective size classes. Since lllex illecebresas considerably larger than L.
brevis, its mass was adjusted to 30 g using the metabolic scaling eqRativ, where

R is metabolic rate (mlgkg=1h1), M is organism mass (kg), ia the mass coefficient

and b is the mass exponentQ.25) (O’'Dor and Webber, 1986). For comparative
purposes, @ consumption rates for |. illecebrosugere extrapolated to slightly lower
speeds than those studied. The mass of each organism and the temperature of the water
within the respirometers are included in parentheses. Sources of the data are listed in the
figure.

periods, whereas Loligo opalesceard lllex illecebrosus
swim up to 45 and 100cm’s respectively, for sustained
periods (O’Dor, 1982; Webber and O’Dor, 1986) (Fig. 6A).

L. brevisrarely swam faster than 24 cmdor sustained When velocities are converted to D, however, L. brevis



is more competitive, reaching speeds
approximately 3.DMLs™, which is simila
to those achieved by Loligo opalesc
(Fig. 6B). Oxygen consumption rates dul
swimming for a typical L. brevig1g, 24°C
recorded in this study are lower than thos
lllex illecebrosus [30g (adjusted), 20C
(unadjusted), 15°C] recorded by Webber
O’Dor (Webber and O’Dor, 1986) and Lol
opalesceng41g, 18°C) measured by O'C
(O’Dor, 1982). Loligo opalescenand llle»
illecebrosus are negatively buoyant,
parabolic metabolic relationships have
been reported. This is surprising given
O'Dor (O’'Dor, 1988a) determined tt
66-92 % of the total force required folex
illecebrosugto swim at 10 cm¥ is associate
with maintenance of vertical position ¢
counteracting negative  buoyancy.
absence of parabolic oxygen consumg
patterns may be because speeds k
10cms? (0.75DML s™1) and below 28 cnrd
(1.2DMLs™1) were not considered
respiratory trials of Loligo opalescens lllex
illecebrosus, respectively. As observed in
present study, high lift generation costs o
at speeds below 0BMLs™.

Energetic comparisons with fishes

Squid are thought to consume 5-7 ti
more Q per unit mass per unit time than 1
during swimming (O’Dor, 1982; Webber ¢
O’Dor, 1986; O’'Dor and Webber, 198
but comparisons between L. brevanc
ecologically comparable fishes reveal tha
O2 consumption differences are less dram
In Fig. 7, brief squid @consumption rates ¢
compared with those of mullet, flounc
menhaden and striped bass. When swim
velocities are expressed in cmsanc
comparisons are made between orgar
of similar mass, brief squid have 2
consumption rates 2.7-3.5 times higher
those of mullet, 1-2.25 times higher t
those of striped bass and 1.3-1.75 ti
higher than those of flounder (Fig. 7A). WI
swimming velocities are expressed
bodylengthss and comparisons are m:
between organisms of similar mass, t
squid actually have lower Oconsumptiol
rates at certain speeds than those of st
bass, flounder and menhaden (Fig. 7B). T
comparisons suggest that brief squid are
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Fig. 7. @ consumption rates (ml£kg=1h-1) of Lolliguncula brevisand various fishes
plotted against swimming speed. Swimming speeds are expressed in (A)acd $B)

body lengthss. The 7.8, 15 and 31ig. brevisin the figure correspond to the 4.8, 5.3

and 7.5cm dorsal mantle lengtBNIL) squid, respectively, depicted in Fig. 3. These
squid were selected as representative of this study because they were particularly
cooperative and theironsumption rates were close to the meaesddsumption rates

for their respective size classes. Squid mantle lengths (ML) were converted to body
lengths (BL) using the equation BL=1.6Meérived from morphological measurements

of L. brevis. The masses of menhaden and flounder (denoted with asterisks) were
adjusted to 15¢g using the equati®=aM’, where Ris metabolic rate (mlgkg1h1),

M is organism mass (kg), ia the mass coefficient andi® the mass exponent(-25)

(O’Dor and Webber, 1986). Moreover, flounder oxygen consumption rate was converted
to 25°C using data on the effects of temperature on the active metabolic rate of flounder
(Duthie, 1982). Sources of the data are listed in the figure.

as ill-equipped to compete with fish as once thought, but rather O’'Dor and Webber (O’Dor and Webber, 1991) and Wells
may be quite competitive with certain fish found in similar(Wells, 1994) suggest that, in environments where food density

habitats.

is low, jet-propelled cephalopods must maximize speed and
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power density to compete effectively. In environments such aglocimetry studies should provide valuable insight into the
the Chesapeake Bay and inshore, complex ecosystems wheggmamics and mechanics of low-speed swimming.

prey are abundant, the requirements may differ. Lolliguncula

brevis swims slowly, uses considerable fin activity and is Intellectual input and critical reviews of this manuscript
competitive metabolically with ecologically comparable fish,boy W. M. Kier, M. Vecchione, S. L. Sanderson and M.
despite the inherent inefficiencies of jet propulsion. FinLuckenbach are gratefully acknowledged. Special thanks to S.
flapping used byL. brevis helps to lower metabolic costs L. Sanderson for the use of video cameras and motion-
because large volumes of water are driven backwards witinalysis equipment. We thank R. Kraus, S. Moein Bartol,
each fin movement, allowing for a more economical generatioG. Coates, J. Gelsleichter, D. Carlini, T. MacDonald, M.
of thrust than with the jet alone. Since the energy require8outhworth, S. Gaichas, M. Wagner and K. Walker for field
for jet propulsion increases exponentially with swimmingassistance, W. Reisner and R. Bonniwell for machining and
velocity, simply swimming at low speeds may also minimizethe VIMS Oyster hatchery staff for maintenance of live
the inefficiencies of jet propulsion and lower cost. As a resulprganisms. This study was supported in part by the Lerner-
of negative buoyancy, there is a lower limit to swimming speeGray Fund for Marine Research, VIMS/SMS Minor Research
before energetic efficiency is compromised. Many mid- andsrants, the Eastern Shore Corporate Scholarship and Newport
deepwater cephalopods have eliminated the problemgews Shipbuilding. Financial support during the writing
associated with negative buoyancy by incorporating tissue witphase of this project was provided by the Office of Naval
many fluid-filled spaces containing ammonium chlorideResearch (research grant N00014-96-1-0607 to M. S.
(ammoniacal tissue) throughout much of their bodies andordon).

reducing muscle density (Wells, 1994; Hanlon and Messenger,

1996). These organisms frequently rely less on the jet and more

on fin motion for propulsion, and consequently their metabolic References
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