The Journal of Experimental Biology 205, 969-980 (2002) 969
Printed in Great Britain © The Company of Biologists Limited 2002
JEB3942

Effects of temperature on sustained swimming performance and swimming
kinematics of the chub mackerelScomber japonicus

Kathryn A. Dickson*, Jeanine M. DonléyChugey Sepulvedand Lisa Bhoopét
Department of Biological Science, California State University Fullerton, Fullerton, CA 92834, USA
*Author for correspondence (e-mail: kdickson@fullerton.edu)
TPresent address: Marine Biology Research Division, Scripps Institution of Oceanography, University of California San Ditigp, La

CA 92093, USA
*Present address: Anaheim High School, 811 W. Lincoln Avenue, Anaheim, CA 92805, USA

Accepted 24 January 2002

Summary

The effects of a 6°C difference in water temperature on analyzed with a computerized, two-dimensional motion-
maximum sustained swimming speed, swimming energetics analysis system. At a given speed and fish size, there were
and swimming kinematics were measured in the chub no significant effects of temperature on tail-beat frequency,
mackerel Scomber japonicus(Teleostei: Scombridae), a tail-beat amplitude or stride length, but propulsive
primarily coastal, pelagic predator that inhabits subtropical ~ wavelength increased significantly with temperature as a
and temperate transition waters of the Atlantic, Pacific and result of an increase in propulsive wave velocity. Thus, the
Indian Oceans. New data for chub mackerel acclimated main effects of temperature on chub mackerel swimming
to 18°C are compared with published data from our were increases in botHJmax.c and the net cost of swimming
laboratory at 24 °C. Twelve individuals acclimated to each at 24°C. Like other fishes,S. japonicusapparently must
of two temperatures (15.6-26.3cm fork lengthFL, and  recruit more slow, oxidative muscle fibers to swim at a
34-179¢g at 18°C; 14.0-24.7ciAL and 26-1569 at 24°C) given sustainable speed at the lower temperature because of
swam at a range of speeds in a temperature-controlled the reduced power output. Thus, the 24 °C mackerel reach
Brett-type respirometer, at the respective acclimation a higher speed before they must recruit the fast, glycolytic
temperature. At a given fish size, the maximum speed that fibers, thereby increasingUmax,c at 24°C. By quantifying
S. japonicuswas able to maintain for a 30-min period, while in vivo the effects of temperature on the swimming
swimming steadily using slow, oxidative locomotor muscle performance of an ectothermic species that is closely related
(Umax,0, was significantly greater at 24 than at 18°C to the endothermic tunas, this study also provides evidence
(52.5-97.5cmts at 18°C and 70-120cnts at 24°C). At a  that maintaining the temperature of the slow, oxidative
given speed and fish size, the rate of oxygen consumption locomotor muscle at 6°C or more above ambient water
(Vo,) was significantly higher at 24 than at 18°C because of temperature in tunas should significantly increase
a higher net cost of transport (1073-4617Jkmkg at  sustainable swimming speeds, but also increase the
18°C and 2708-14895Jkmtkgl at 24°C). Standard energetic cost of swimming, unless cardiac output limits
metabolic rate, calculated by extrapolating the logo, muscle performance.
versusswimming speed relationship to zero speed, did not
vary significantly with temperature or fish mass (126.4+67.2
mgOz2h—1kg=! at 18°C and 143.2+80.3mgg&h-lkg—1 at Key words: Scombridae, chub mackerebcomber japonicys
24°C; means *sbD., N=12). Swimming kinematics was locomotion, kinematics, cost of transport, metabolism, sustained
quantified from high-speed (120Hz) video recordings swimming, energetics, respirometer, temperature.

Introduction

This paper reports the effects of a 6 °C difference in watedorsal and ventral finlets — all of which are thought to reduce
temperature on sustained swimming in the chub mackerdrag or increase thrust production during swimming (Aleev,
Scomber japonicuslouttuyn (Teleostei: Scombridae). Like 1969; Webb, 1975; Collette, 1978; Magnuson, 1978; Nauen
all scombrid fishesS. japonicusis an epipelagic predator and Lauder, 20005. japonicusgs primarily a coastal species
specialized for rapid and efficient swimming. Scombrids havand is widely distributed, inhabiting subtropical and temperate
a streamlined body shape, a high-aspect-ratio caudal fin,tensition waters of the Atlantic, Pacific and Indian Oceans
hypural complex with caudal fin rays completely covering th€Schaefer, 1980; Collette and Nauen, 1983). Conventional
hypural plate, a narrow caudal peduncle, caudal keels andgging studies have documented migrationsSbyaponicus
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along the west coast of the United States and the east coasbbkustained swimming in teleosts exist, but most show small
Japan (for a review, see Schaefer, 1980). The lower and upparinsignificant effects. At a given sustainable speed, neither
lethal temperatures foB. japonicusacclimated to 16-17°C tail-beat frequency nor tail-beat amplitude varied with
and subjected to a 1°Cddytemperature change were temperature in carp (Rome and Sosnicki, 1990). Similarly, no
6.1+0.9°C and 28.8+1.1°C, respectively; the fish ceasetémperature effect on tail-beat frequency was found in scup
feeding at 9.9+1.0°C and 26.7+0.5 °C, respectively (Schaefe(Rome et al., 1992) or in goldfisbarassius auratugSmit et
1986). al., 1974). However, the tail-beat frequeneysusswimming
Quantifying the effects of temperature on swimmingspeed relationships varied with temperature in rainbow trout
performance is important for active ectothermic species suqistevens, 1979; Taylor et al., 1996), largemouth bass
as S. japonicusthat experience wide ambient temperatureMicropterus salmoides(Stevens, 1979) and striped bass
ranges as well as for the few endothermic fish species thé&isson and Sidell, 1987), and Swank and Rome (2000) found
maintain the temperaturd& ) of their slow-twitch, oxidative a small but significant increase at 20 °C compared with 10°C
locomotor muscle significantly above water temperaturein tail-beat frequency measured at a swimming speed of
Among teleost fishes, only the tunas have been documented3®cms?® but not at 40cntg for scup. The latter findings
maintain an elevatedn using vascular counter-current heatsuggest that swimming efficiency may change with
exchangers (Carey et al., 1971) (for a review, see Block, 199%emperature.
Steady-stat@m values measured by acoustic telemetry in tunas We know of no published study that has simultaneously
are elevated above water temperature by as much as 6-13égamined the effects of temperature on sustainable swimming,
(Carey and Lawson, 1973; Holland et al., 1992; Stevens swimming energetics and swimming kinematics for a species
al., 2000; Marcinek et al.,, 2001). Although it has beeras well adapted for rapid and continuous swimming as the chub
hypothesized that elevatingTm enhances swimming mackerel. Thus, the objective of the present study was to
performance in tunas, no study has yet been able to test tliempare the previously reported data for chub mackerel at
hypothesis directly by comparing the swimming performanc4 °C (Donley and Dickson, 2000; Sepulveda and Dickson,
of tunas possessing significantly elevated muscle temperaturg800) with data for the same species at 18 °C to determine the
with that of closely related ectothermic fishes of similar sizeeffect of a temperature change of that magnitude on sustainable
(see Sepulveda and Dickson, 2000). Because the ectothermigimming performance and swimming kinematics of scombrid
chub mackerel and the tunas are members of the famifishes.
Scombridae, the effects of temperature on swimming in the
chub mackerel may be used to model the potential enhancing
effects of maintaining an elevat@g on sustainable swimming
performance in tunas. The present study examined continuous Fish collection and maintenance
swimming, which is assumed to be powered by the slow- The present study compares new data for chub mackerel
twitch, oxidative myotomal muscle (for reviews, see RomeScomber japonicublouttuyn at 18 °C with data at 24 °C that
1995; Jayne and Lauder, 1996; Webb, 1998) because thaere previously reported in a comparison of swimming
muscle is perfusedvia vascular counter-current heat performance in chub mackerel and kawakawa &Euthynnus
exchangers and maintained at significantly elevatedffinis (Donley and Dickson, 2000; Sepulveda and Dickson,
temperatures in the tunas (Carey et al., 1971). 2000). Chub mackerel were captured by hook and line off the
Several previous studies that have quantified the effectoast of southern California, USA, and were transported to
of temperature on continuous swimming in teleost fishe€alifornia State University Fullerton (CSUF) in an 80litre
have shown that metabolic rate and maximum sustainabtylindrical bait tank in aerated sea water. The sea surface
swimming speed generally increase with temperature [e.g. iemperatures at capture for the two groups of mackerel were
sockeye salmo@ncorhynchus nerkéBrett and Glass, 1973); approximately 18 and 22 °C. Fish were maintained for at least
carp Cyprinus carpio(Rome et al., 1984); scuptenotomus 2 weeks with a 12h:12h light:dark photoperiod cycle, in a
chrysops(Rome et al., 1992); striped bas®rone saxatilis 15001 indoor fiberglass tank 1.6 m in a diameter, in filtered,
(Sisson and Sidell, 1987); rainbow traicorhynchus mykiss recirculating sea water with a salinity of 32-34%. and
(Kieffer et al., 1998); Atlantic menhad@&revoortia tyrannus temperature of 18.5+0.5°C or 24.0+1.0°C. Fish were fed
(Macy et al., 1999)]. In some cases, there is a decrease in thebopped fish and/or squid once a day, in an amount
variables at high temperatures that approach the maximuapproximating 5-10% of their body mass; generally, the
environmental temperature experienced by the specigsS°C-acclimated mackerel were fed less than those held at
[sockeye salmon (Brett and Glass, 1973); juvenile walley@4°C. No feeding occurred for at least 12 h prior to removal
Stizostedion vitreum vitreuBeamish, 1990); rainbow trout of a fish for an experiment.
(Taylor et al., 1996)]. Surprisingly, some studies have failed to

Materials and methods

show a significant effect of temperature on sustainable Respirometry
swimming performance [e.g. for the delta snidyipomesus All experiments were conducted in a Brett-type, temperature-
transpacificugSwanson et al., 1998)]. controlled, variable-speed respirometer containing a total

Fewer studies of the effects of temperature on the kinematie®lume of 35litre (13.5ca27.0cmx101.6cm), as described
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previously (Donley and Dickson, 2000; Sepulveda andnstruments polarographic oxygen electrode and meter
Dickson, 2000). Individual fish swam against water currents afonnected to a chart recorder, as described by Sepulveda
known velocities, determined by calibration with a Generahnd Dickson (2000)Vo, was measured during the middle
Oceanics mechanical flow meter (model 2030 R). Corrections0—27 min of each 30-min period at each speed; the time
for solid blocking effects were not necessary because all fislequired depended upon the fiskits, and thus varied with fish
had maximal cross-sectional areas that were less than 10%sgife, speed and temperature. The minimum level of oxygen
the cross-sectional area of the 13.%&815cmx50.8cm fish  saturation in the respirometer for all trials for each fish was
test chamber (Brett, 1964; Webb, 1971). Each fish was remov&®-95% at 18°C and 88-98% at 24 °C, and all tracings of
from the holding tank by capture with a baited, barbless hooWater oxygen concentratiorersustime were linear. During

and placed, with minimal handling, into the respirometerthe remainder of the 30-min period at each speed, the
Before starting an experiment, each fish was allowed to adjusgspirometer water oxygen content was brought back to the
to the respirometer chamber for 4h in the case of the 24 °@iginal 100% saturation level by allowing water to flow to
mackerels or for 12-19h (overnight) for the 18°C mackerelsand from a reservoir of oxygenated or aerated sea water
Water temperature within the respirometer system wasonnected to the respirometer by a valve system. The valves
maintained at 18.4+0.2 °C or 24.0+0.2 °C, respectively, with aio the reservoir were closed wheneVeywas measured. After

in-line heater and chiller system. each experiment, the fish was removed and the respirometer
_ _ S was re-sealed for the determination of the background
Maximum sustainable swimming speed respiration rate, which was subtracted from alb,

In total, 12 chub mackerel at each temperatureneasurements to determine figh, at each speed.
[15.6-26.3 cm fork lengti) (20.9+4.0 cm, mean £p.) and The net cost of transport (C@% in Jknrlkg?), or
34-179g at 18°C; 14.0-24.7crRL (20.3+3.4cm) and incremental cost of swimming, was calculated by plottiag
26-156g at 24°C] were used in swimming performancerersusswimming speed for each fish. The slope of the best-
experiments. A modification of the Brett (1964) procedure fofitting linear regression of the resulting graph is proportional
measuring critical swimming speedJ«it) was used to to the average net cost of transport for the fish (see Sepulveda
determine the maximum sustainable speed. Each fish wasd Dickson, 2000). The slope units (mg@nlcnrls)
forced to swim for sequential 30-min periods at specifiovere multiplied by (1 mir60s?) to remove time and then
speeds, starting at 15-40crhsSpeed was increased in converted to Jkmkg1by multiplying by 13.54 J mg O2 and
increments of 7.5 or 10cm’s We attempted to use a speeddividing by fish mass.
increment of approximately 10% of the expected maximum Each fish’s standard metabolic rate (SMR) was estimated by
sustainable speed; the increments were actually 10.7+1.7 &ktrapolating the dgo, versusswimming speed relationship
and 10.8+1.9% (meansn.) of that value for fish at 18 °C and to zero speed. Although these estimates are associated with
24°C, respectively. The maximum speed that each fish wansiderable error, it has been shown for tunas that SMRs
able to maintain for an entire 30-min period while swimmingcalculated in this way are similar to oxygen consumption rates
using a gait characterized by steady, continuous tail beat§ paralyzed, restrained individuals (Brill, 1987; Dewar and
(Umax,9, assumed to be powered by the slow-twitch, oxidativeasraham, 1994).
myotomal muscle, was determined.
Several investigators have shown that the aerobic myotomal Swimming kinematics
muscle powers sustainable swimming in fish and that Individual chub mackerel were videotaped at 120 Hz using
recruitment of the fast-twitch, glycolytic muscle fibers ata Peak Performance Technologies high-speed video camera
higher speeds is evident in a change in gait from a continuo@sodel TM640) positioned in front of a mirror mounted at 45°
tail beat to intermittent bursts of high-frequency tail beatsbove the respirometer to obtain a dorsal view of the fish. The
followed by gliding (for reviews, see Videler, 1993; Rome,swimming kinematics of 13 chub mackerel (15.6—26.3¢m
1995; Webb, 1998). Thus, when the fish shifted from a steadgt 18 °C and eight chub mackerel (14.0-23.4dh at 24 °C
tail beat to a ‘burst-and-glide’ gait three times within 30s, wavere analyzed. Video recordings were made onto Maxell
assumed that it could not maintain speed using the aerobRrofessional SVHS tapes over a 2- to 10-min period at each
muscle alone and had to recruit the fast-twitch muscle fiberspeed at which the fish swam during s, measurements.
The preceding speed that the fish had maintained for 30 mWideotapes were analyzed using a Peak Performance
was designated ddmax,c (maximum continuous or cruising Technologies two-dimensional motion-analysis system, as
speed) for that fish. Thulmax,c values in the present study described by Donley and Dickson (2000).
are lower tharcrit values determined using the Brett (1964) Video segments in which the fish was swimming steadily
formula, which takes into account the period the fish swam dior 8-10 tail beats and was positioned in the center of the
the speed at which it switched to burst-and-glide swimming.chamber, away from the walls and bottom of the chamber,
were selected for analysis. Six points along the dorsal midline
Swimming energetics of each fish that could be identified consistently were
Fish oxygen consumption raté/d;) was measured at digitized in sequential video fields for 8-10 tail beats at each
each speed during thdmax.c trials using a Yellow Springs speed: the tip of the snout, the points along the dorsal midline
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between both the anterior and the posterior insertion poin 140

of the eyes, the midpoint between the anterior insertions ¢ - 18:C

the pectoral fins, the caudal peduncle and the tip of the upp 120| W 24°C u

lobe of the caudal fin. The kinematic variables tail-bea ~ 100 u
frequency, tail-beat amplitude, stride length (the distanc %) - .
traveled per tail beat) and propulsive wavelength wer 5 go{ ® o ® Hw
calculated for each individual at each speed by analyzing tt ¢ o mg-m m| O
progression of these digitized points over time, as describe :;E“ 601 o

by Donley and Dickson (2000). Propulsive wave velody ( 40-

the speed of the wave of undulation that travels down th

body during swimming, was calculated from the time (s)

20 T r T T T T T
between the peaks in lateral displacement at two points, tt 12 14 16 18 20 22 2 26 28
tip of the snout and the tip of the tail. For each individual a Fork length (cm)

each speed, 7-10 measurements were averaged to calCufig. 1. Maximum continuous swimming speddix.d versusfork
progression time. The distance between the two points (Whidength EL) in chub mackerel Scomber japonicysacclimated to

is equal to fish total length) was divided by the averagd8°C (open squares) or 24°C (filled squares) measured at the
progression time to obtain the propulsive wave velodlly ( respective acclimation temperature. The lines are the best-fitting
in cms?! at each speed for each individual. Propulsivelinear regressions (with coefficients +sem.): Umax.c

wavelength X) was calculated by dividing by the fish’s ~ (0.168+0.075fL+(36.6+16.0), r>=0.33, N=12, P=0.049, at 18°C
tail-beat frequency at that Speed. (dashed |Ine)Umax,(,:(0.30810.1145L+(31.4122.9),r2:0.48,Nzlo,
P=0.027, at 24°C (solid line). At a givelrL, Umaxc was
significantly greater at 24°C (ANCOVAP=0.001), butUmax,.c

Statistical analyses ; ]
increased withFL at the same rate at the two temperatures.

Differences between the two mackerel groups in the
relationships betweelmax,g COTnet of SMR and fish size
(both fork length and mass) were assessed using a genesakignificant difference between the two mackerel groups,
linear model (GLM) analysis of covariance (ANCOVA) in indicating a significant effect of temperature, in the
Minitab (version 10.5). Because speed and size covary amdlationship between each variable and swimming speed and
both may affecVo, and each of the kinematic variables, it wasfish size. After determining that the data were normally
necessary to use a multivariate analysis to determine whethdistributed and thus did not need to be transformed, a repeated-
temperature had a significant effect on these variables (seseasures multiple regression analysis (ANCOVA) was
Donley and Dickson, 2000). We determined whether there wagserformed with SAS (version 6.12) using the regression

Table 1.Fork length, mass, maximum continuous swimming speed, net cost of transport and linear and exponential regression
equations for the plots of rate of oxygen consumpterausswimming speed for individual chub macke&tdmber japonicgs

at 18°C

Umax,c
FL Mass —— COFet
(cm) (9) (cmsh  (FLsY (Ikglkm D Linear fit r2 P Exponential fit r2 P
15.6 34 60.0 3.8 4617 y=0.00%-0.130 0.956 <0.001 y=0.022¢100-01% 0.980 <0.001
15.8 38 67.5 4.3 3550 y=0.006¢+0.068 0.962 <0.001 y=0.128¢100-00% 0.925 <0.001
17.7 50 67.5 3.8 4461 y=0.01(-0.068 0.937 <0.001 y=0.094x100-01% 0.986 <0.001
18.0 50 75.0 4.2 3218 y=0.00%-0.011 0.949 <0.001 y=0.093«10°-01k 0.953 <0.001
19.2 54 52.5 2.7 3368 y=0.00&+0.032 0.931 <0.01 y=0.114<10°-01% 0.974 <0.001
19.3 71 67.5 35 3392 y=0.01%x-0.028 0.808 <0.01 y=0.150x10°-01%x 0.671 <0.025
19.8 77 75.0 3.8 4190 y=0.014-0.037 0.796 <0.01 y=0.171x1QP-01k 0.781 <0.01
23.0 107 67.5 29 3494  y=0.01%-0.207 0.875 <0.01  y=0.094¢100-01& 0.736 <0.05
24.8 145 97.5 3.9 2904 y=0.01%-0.269 0.930 <0.001 y=0.206¢10°-00% 0.957 <0.001
25.6 162 82.5 3.2 1621 y=0.01%+0.054 0.798 <0.01 y=0.279%1(0P-00% 0.842 <0.01
26.2 170 825 3.1 1073 y=0.00&+0.343 0.716 <0.025 y=0.44p10P-00% 0.733 <0.025
26.3 179 67.5 2.6 1186 y=0.00%+0.794 0.825 <0.025 y=0.865¢100-00% 0.818 <0.025

Corresponding data for chub mackerel at 24 °C are in Sepulveda and Dickson (2000).
They-intercept of each linear regression and the coefficieritthe exponential regressioyrex10P) can be used as estimates of the réte o
oxygen consumption at zero speed (standard metabolic rate) for each individual.
For each individual, the bold# value indicates the better fit.

FL, fork length;Umax,c maximum continuous swimming speed (see text); §eOfiet cost of transport.
For the regressions, the rate of oxygen consumptjos,in mg @ min- and swimming speed, is in cms1.
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26 X 24°C chubmackerel
¥ B  140cmFL, 25619
2.4 ¢ 166cmFL,3834g
o A 17.0cmFL, 45389
2.2 A 175cmFL,525¢g
O V 19.0cmFL,64g
2.0+ X ® 21.0cmFL,97.159
o V 213cmFL,1027g
184 / ;‘é .X + 21.5cmFL, 108229
X 23.3cmFL,129.48¢g
16- o x v ¥ 234cmFL, 14683g
— & 24.0cmFL, 155649
H'E 1.4 PP .>K © O 247cmFL, 144019
& 15 g3 + 18°C chub mackerel
Fig.2. Rate of oxygen P ° ® ° é Ag % v O 156cmFL, 34229
consurr_]ption Vo,) versus \(‘;“ 1.0 % s H A v & 158cmFL, 38159
swimming speed for all = ™ 0‘ % % A A 17.7cmFL, 4959 g
individual chub mackerel 08 X o © Ny O 180cmFL 498¢
at 18°C (blue symbols) - X ! A
and 24 °C (green symbols). V.l %*_ V' 19.2emFL, 6693
The fork length L) and 0.6 o %Q L o Vv 193cmrL, 7129
mass of each individual u i 3 ® A 198cmFL, 77039
are indicated. The best- 0.4 4 A + A ﬁ A ¢ ¢ X  23.0cmFL, 10659 g
fitting regressions for each v ; %! Co B 248cmFL, 145369
individual at 18°C are 0.2 (m} + 256cmFL, 16154
presented in Table 1, and & § & O o & 26.2cmFL, 17034
those for each indvidualat ob | | | | ® 263cmrL 17885
Sepulveda ang Dickson 0 20 40 60 80 100 120 140
(2000). Spead (cms)
equation for chub mackerel at 24 °C as a baseline with whic
the corresponding regression for the 18°C mackerel we |
compared. Each variable was tested for the effects
temperature, speed and fish size, in terms of both mass and fi 2.5 69
length, all possible two-way and three-way interactions and 20 MR OO o
four-way interaction term. - Y + |0
Unless indicated, values are presented as meams + T 15 Omis "
% 3 SALMAS D[i' +‘>
O 10 v o | %
Results g X ® on
Maximum sustainable swimming speed 5 05 S 5 140
At a given fish sizeUmaxcWas significantly greater at 24 i< 0 = 10130
than at 18 °CR=0.001, ANCOVA) (Fig. 1). Th&max,cvalues 80 .
ranged from 52.5 to 97.5cmisat 18°C and from 70 to 05 60 &
120cmst at 24°C. For both temperaturédmax.c(in cms?) 40 60 g5 100 0 &
. R . . . 12 20 <
increased significantly withFL (Fig. 1) and with mass ish 140 160 0 &
(Table 1). The effect of fish size dumaxc did not differ Mass g 180500~ @

significantly between the two temperatures (ANCOVA). Fig. 3. Rate of oxygen consumptioiog) at 18°C (blue plane and

symbols) and 24 °C (green plane and symbols) as a function of both
swimming speed and fish mass for all individuals studied. The

In the chub ma(_:kere_l at _bOth tempe_ratures_, the rate ‘maximum and minimum values of speed and mass at 18 and 24°C
oxygen consumption Vo, in mgQGmin) increased ere used to solve the multiple regression equations Vigr
significantly with both fish mass and swimming speed. At {Table 2) for the four corners of each plane. At a given speed and
given speed and fish sizép, was significantly higher at 24 mass Vo, is significantly higher at 24 than at 18°C, and the rate of
than at 18°C (Fig. 2). These findings are best represented increase ino, with speed is greater at 24 °C (ANCOVs0.0001).

Swimming energetics
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three-dimensional, multivariate plots U6, as a function of 18 000
both fish mass and speed at the two temperatures (Fig. 3; Ta i 0 18°C
2). The multivariate ANCOVA indicated significant effects of * W 24°C
, - - 4~ 14000
temperature, speed and fish mas¥@nas well as a significant 5
interaction between speed and temperature (fdP<all,0001). = T
There was a greater rate of increas&/dn with speed at 24 "_é 10 000+
than at 18°C (Fig. 3; Table 2). When the effects of speed ar = i
mass are taken into account, there was no significant effect |_§ 6000-
FL on Vo, (P=0.18). 8
At a given fish size, the incremental cost of swimming ol i
net cost of transport (CQd), which is proportional to the 2000+
slope of theVo, versusswimming speed regression for each 0 ; ; ; ; ; . .
individual (Fig. 2), was significantly greater at 24 than al 12 14 16 18 20 22 24 26 28
18°C (P=0.02, ANCOVA) (Fig. 4). This is reflected in the Forklength(cm)

S|gn|.f|ca'nt speedx. temperature interaction term in the Fig. 4. The mass-specific net cost of transport (g Tor chub
mUIt'Y?”ate analysis for\/oz.. At.both tgmperatureg, mass- mackerel at 18°C (open squares) and 24°C (filled squares) as a
specific COhet decreased with fisRL (Fig. 4) and with fish function of fish fork length KL). The lines are the best-fitting
mass (Table 1) but, when the effectrdf was accounted for, equations: COfeE—25FL+8387,r2=0.72,N=12, P<0.001, at 18°C
there was no significant effect of fish mass on GOT (dashed line); CO®E—31383l0L+46734,r2=0.48,N=12, P<0.02,
(ANCOVA). at 24°C (solid line). At a given fish size, CRffwas greater at 24
The mass-specific SMRs, estimated from the coeffic@ent than at 18°C (ANCOVAP=0.02), even if the highest point for the
in the exponentia‘{/o2 versusswimming speed curves (the 14.0 cmFL mackerel at 24 °C is omitted. Values are meagg..
intercept of the logo, versusswimming speed regression)
for each individual (Fig.2), ranged from 38.6 to
290.2mg Qh1kg? (mean 126.4+67.2mgf kg™, N=12) (Table 2; Fig. 5). The rate of decrease in tail-beat frequency
at 18°C and from 53.2 to 280.0 mgkdlkg® (mean 143.2+ with FL did not vary with temperature (Fig.5). When the
80.3mgQh1kg, N=12) at 24°C. There was a significant effects of speed and fork length were accounted for, neither
effect of mass on SMR when expressed as pgi@! mass nor temperature had a significant effect on tail-beat
(P<0.001), but not when expressed as mg®kg™ There frequency. Thus, at both temperatures, chub mackerel of a given
was no significant effect of temperature on the relationshigize use the same tail-beat frequency to swim at a given speed.
between SMR (mg&h—1kg1) and fish mass (ANCOVA) or The effects of fish size, swimming speed and temperature on

on the mean mass-specific SMIRgst). tail-beat amplitude, expressed both in absolute units (cm)
o _ _ and relative to fish size (as a percentag&lgf %FL), were
Swimming kinematics examined. In both mackerel groups, tail-beat amplitude (in

When the effects of fish size were accounted for, tailboth cm and 9%.L) increased significantly with speed
beat frequency increased significantly with speed at botfP<0.0001) and tail-beat amplitude (in cm) increased Wwith
temperaturesR<0.0001) at the same rate (Table 2; Fig. 5).(P<0.0001) (Table 2; Fig. 6). The rates of increase in tail-beat
When the effects of speed were taken into account, there wasuaplitude with speed and witRL were not affected by
significant effect ofFL on tail-beat frequencyP&0.0001) temperature (Fig. 6). When speed and fork length were

Table 2.Equations for the three-dimensional planes or lines representing the final models of the repeated-measures multiple
regression analysis fo¥o, and each kinematic variable as a function of swimming speed, fish fork length and fish mass

Kinematic variabley Multiple regression equation

Vo, at 18°C (mg @ min-1) y=(-0.283+0.214)+(0.0096+0.0026}(0.0044+0.001 Y1
Vo, at 24°C (mg @ min9) y=(-0.746+0.121)+(0.0204+0.0011}(0.0044+0.001 (1
Tail-beat frequency (Hz) y=(5.20+0.738)+(0.047+0.00@)+(—0.165+0.034jL
Tail-beat amplitude (cm) y=(-0.611+0.511)*+(0.012+0.002)(0.161+0.024FL
Tail-beat amplitude (%L) y=(13.10+0.60)+(0.056+0.008)

I (cm) y=(-5.15+2.06)+(0.086+0.008)+(0.639+0.09 7L

A at 18°C (cm) y=(=1.17+2.56)+(1.11+0.08)

A at24°C (cm) y=(0.98+1.88)*+(1.11+0.0%)L

Standard errors &te.m.) are given for each coefficient.

The final multiple regression equations for all variables exéspandA were the same for chub mackerel at both 18 and 24 °C.
*Indicates a coefficient that does not differ significantly from z&pe0(05).

FL, fork length (cm){, stride length]\, propulsive wavelengtit), swimming speedyl, body mass.
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accounted for, there was no significant effect of mass obe little measurable change in SMR between 14 and 24 °C for
tail-beat amplitude (in cm or #l). When expressed as a S. japonicuswhen fish are acclimated to the respective
percentage dfL, there was no significant effect of fish size onmeasurement temperature.
tail-beat amplitude (Table 2), indicating that dividing tail-beat Sepulveda and Dickson (2000) showed that, at 24 °C, the
amplitude by fish length was an appropriate adjustment for siZ&MIR for S. japonicuswas lower than that for similar-sized
differences in both groups of chub mackerel. When the effecteawakawa tuna, but the SMR values measured in the present
of speed and fork length were accounted for, there was raiudy are similar to or somewhat higher than those reported for
significant effect of temperature on tail-beat amplitude (in cnother active teleosts of similar size at similar temperatures. For
or %FL) (Table 2; Fig. 6). example, SMRs of 73mg®kg?l were measured in
Stride length 1) increased significantly with speed menhaden (303+£38g) acclimated to and measured at 15 °C,
(P<0.0001) and withFL (P<0.0001) at both temperatures and those (283140 g) acclimated to and measured at 20 °C had
(Table 2; Fig. 7). When the effects of speed &dwere SMRs of 87mg@hlkg?l (Macy et al., 1999). Freadman
accounted for, there was no significant effect of fish mass a1979) measured an SMR of 156 mgt®tkg! at 15°C in
I. The slopes of the regressions wérsusspeed and dfversus 217 g bluefishPomatomus saltatrixand the values estimated
FL did not differ with temperature. When the effects of speedrom Fig. 3 of Brett and Glass (1973) for sockeye salmon of
and fork length were accounted for, there was no significathe same mass as the mackerel in the present study are
effect of temperature on(Fig. 7). 90-110mg @h~lkg1at 18°C and 140-190 mgp@1kg! at
There were significant effects of temperatureQ.0024) 24°C.
andFL (P<0.0001), but not of speed or mass, on the propulsive Maximal sustainable speeds have been measured previously
wavelength X) (Table 2). Thus, the relationship between thein mackerel. Atlantic mackered. scombrug29-33 cmFL),
meanA for each individual and fisRL was compared at the swimming in a circular gantry tank and stimulated to swim at
two temperatures. At a given fish size, meanwas different speeds by the optomotor response, could maintain a
significantly greater at 24 than at 18°C (Fig. 8). The rate ofpeed of 4.ELs1(120-137 cm<) for 30 min at 11.7 °C (He
increase inA with FL was the same at both temperaturesand Wardle, 1988). If thdmax,cversus FlLregressions in Fig. 1
(Fig. 8). are extrapolated to that size range, these values fall between
When the data for the 24 °C chub mackerel were analyzetie lines for 18 and 24 °C and, thus, are higher than the present
previously (Donley and Dickson, 2000), there werestudy would predict. Roberts and Graham (1979) sv&am
significant effects of fiskL on both relative stride length and japonicus (34.3—-39.2cm FL) at maximum speeds of
relative propulsive wavelength expressed as a percentage 2P—4.5FL s (125-171cmd) in a swimming tunnel 12cm
FL. This indicates that attempting to normalize stride length# diameter at 16.1-21.8 °C. The time for which each fish swam
and propulsive wavelengths for fish size by dividingRly at those speeds was not explicitly stated, but was apparently
introduces a different size effect to the data and, thus, m&min. These values fall close to tHémaxc versus FL
result in misleading conclusions (see Packard and Boardmarmgression for chub mackerel at 24 °C, when extrapolated to
1999). Therefore, we have not included analyses of ththe higherFL values. The maximum sustainable swimming
relative (size-specific) values of these two kinematicspeeds ranged from 2.75 to 3R5s1 (70-86cmsl) for
variables. 24-28cm FL S. japonicusat 14-15°C (Shadwick and
Steffensen, 2000) (R. E. Shadwick, personal communication),
comparable with the values of 67.5-97.5chs

_ ~ Discussion  (2.6-3.9Ls) for 24.8-26.3cnFL S. japonicusat 18°C in
Maximum sustainable swimming speed and swimming the present study. Thus, thémaxc values for a given
energetics temperature and fish size in the present study appear to be

A 6°C increase in temperature resulted in significansomewhat lower than the only other valuesSoomberspp.
increases iNUmax,c and COTet in S. japonicus Standard that we could find, but methodological differences could at
metabolic rate (SMR) was expected to vary with temperaturdégast partially account for this.
but did not, possibly because the fish were acclimated to their The Umax,c values measured i8. japonicusare similar to
respective temperatures or because of the relatively smalose reported for other active teleost fishes of similar size at
temperature difference and the large error associated wilimilar temperatures. Sepulveda and Dickson (2000) showed
extrapolation to obtain the SMRs. The only other comparablthat, at 24°C, theéUmaxc for S. japonicusdid not differ
energetics data for mackerel are from Shadwick and Steffenssignificantly from that measured in similar-sized kawakawa
(2000), who estimated SMR at 14-15 °C $ofjaponicusising  tuna. We have measurddinaxc values of 74-118cnts at
procedures similar to those in the present study. Their valu@y °C for 19.1-26.0 cm green jaClaranx caballusn the same
(90-120mg @h1kg? for 145-199g fish) fall within the respirometer system (K. A. Dickson, M. W. Hansen, J. M.
range that we measured for similar-sized fishDonley and J. A. Hoskinson, unpublished results). At 13.5°C,
(85-290mg @h~1kg? for 145-179g fish at 18°C and 25.3cm herringClupea harenguscould maintain a speed of
95-177mgQ@h~1kg? for 144-1569g fish at 24°C). Thus, 121cms? for 30min and, at 14.4°C, 25.5cm saithe,
when estimated by extrapolation to zero speed, there seemsRollachius virens could maintain a speed of 98 cm gor
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Fig. 5. The dependence of tail-beat frequency on both swimminFig. 6. The increase in tail-beat amplitude with both swimming
speed and fish fork lengtRL) in chub mackerel at 18 °C (blue plane speed and fish fork lengtRL) in chub mackerel at 18 °C (blue plane

and symbols) and 24°C (green plane and symbols). Each symktand symbols) and 24°C (green plane and symbols). Each symbol
indicates the tail-beat frequenegrsusspeed data for one individual.

indicates the tail-beat amplitugtersusspeed data for one individual.
The maximum and minimum values of speed Bbdit 18 and 24°C  The maximum and minimum values of speed Bhdt 18 and 24 °C

were used to solve the multiple regression equation for tail-beavere used to solve the multiple regression equation for tail-beat
frequency (Table 2) for the four corners of each plane. There was ramplitude (cm) (Table 2) for the four corners of each plane. There
significant effect of temperature on the relationship between tail-bewas no significant effect of temperature on the relationship between
frequency and speed aRtl (ANCOVA, P>0.05). tail-beat amplitude and speed d@ld(ANCOVA, P>0.05).

30min (He and Wardle, 1988). Sockeye salmon (18.5cmjther scombrids (Johnston and Brill, 1984; Altringham and

maintained a speed of 77.4 crhfor 60 min at 15°C but only Block, 1997) and other teleosts (e.g. Rome and Swank, 1992;
69.4 cm sl for 60 min at 24 °C (Brett and Glass, 1973). On theRome et al., 2000). Because of the effect of temperature on
basis of the speed at which the fast, glycolytic muscle fibengsower output, the lower the temperature, the lower the speed

are first recruited, as determined from electromyographiat which the fast, glycolytic muscle fibers are first recruited

recordings, thé&Jmax,cat 24 °C for 18.48+0.32 cm striped bass and, thus, the lower thBmax,q Since that is the maximum
was 2.82+0.32 bodylengthslsor approximately 52 cnrtd

(Sisson and Sidell, 1987), and tHgax,cat 20 °C for 20-25cm

scup was 80-81 cms(Rome et al., 1992; Swank and Rome,
2000). Only the values for the striped bass and the socke
salmon at 24°C are lower than comparable valuesStor 24
japonicusfrom the present study. 22

The fact that the chub mackerel can achieve a highet.c

at 24 than at 18°C is probably due to greater muscle fibeg 20
contraction rate and power output at the higher temperature, £
has been found in isolated slow, oxidative muscle fibers ¢ £

18

=
D

Fig. 7. The increase in stride length With both swimming speed

and fish fork lengthHL) in chub mackerel at 18 °C (blue plane and
symbols) and 24°C (green plane and symbols). Each symbol 1 ; 100
indicates thd versusspeed data for one individual. The maximum :
and minimum values of speed aRd at 18 and 24 °C were used to

solve the multiple regression equation for stride length (Table 2) for
the four corners of each plane. There was no significant effect

of temperature on the relationship betwdeand speed andFL
(ANCOVA, P>0.05).

Stride leng
=
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35 period in the respirometer (4h for the 24°C-acclimated
0 18°C mackerelversus12-19 h for the 18 °C-acclimated mackerel).
W 24°C .

Unfortunately, we were unable to quantify any of these costs
or to separate the effects of temperature on the direct costs of
swimming (production of propulsive force by myotomal
muscle) from these other potential energetic demands.

There are other possible reasons why tdggland COTet
are greater at the higher temperature. First, slow, oxidative
muscle fiber contraction at a given speed could be less efficient
at 24 than at 18 °C in the chub mackerel. There are few studies
of muscle fiber contraction efficiency in fishes, and none that
10 . . . . . . . we know of that has investigated the effect of temperature.

12 14 16 18 20 22 24 26 28 In individual human slow, oxidative muscle fibers, the
Fork length (cm) thermodynamic efficiency of contraction increased with an

Fig. 8. Mean propulsive wavelength) (versusfork length EL) for increase in temperature (He et al'., 2000_)._In frog muscle, there
individual chub mackerel at 18°C (open squares) and 24°C (filled@S little change in the mechanical efficiency of contractlpn
squares). Because there was no significant effect of spekdioa  With temperature (Rall and Woledge, 1990), and we could find
mean of the propulsive wavelengths at all swimming speeds w430 studies of vertebrate skeletal muscle showing a decrease in
calculated for each individual. Error bars represents£i. The  efficiency with an increase in temperature. Nevertheless, in the
lines are the best-fitting linear regressioks1.11FL-1.32,r>=0.89,  mackerel in the present study, a change in muscle fiber
N=9, P<0.001, at 18°C (dashed line\=1.09L+1.32, r>=0.83,  characteristics leading to an increase in efficiency could have
N=12, P<0.001, at 24°C (solid line). Meakincreases witL at  occurred during the acclimation period at 18°C, as suggested
the same rate at the two temperatures but, at a glem is  for scup by Swank and Rome (2001). In other teleosts
significantly greater at 24 than at 18°C (ANCOR%0.0024). acclimated to low temperatures, the amount of slow, oxidative
myotomal muscle increased [e.qg. in carp (Sidell, 1980), striped
speed powered only by the aerobic muscle fibers. This is theass (Jones and Sidell, 1982) and rainbow trout (Taylor et al.,
‘compression of recruitment order theory’ of Rome et al1996)], and cyprinid fishes can alter their muscle contractile
(1984) (see also Sisson and Sidell, 1987; Rome, 1990, 199%)operties to compensate for low temperature (for reviews, see
However, if more slow, oxidative muscle fibers are contractingidell and Moerland, 1989; Rome, 1995), as can scup (Swank
at a given speed at 18 than at 24 °C, G&mould be expected and Rome, 2001). However, we did not measure any of these
to be higher at 18°C, not lower. variables, so we cannot determine whether any temperature-
The total energetic cosig,) at each speed was higher at 24compensatory adjustments occurred.
than at 18 °C, and the difference between the two planes alongSecond, at a given speed and tail-beat frequency, the slow,
the y-axis in Fig. 3 represents the magnitude of the effect obxidative muscle fibers could be operating at a different point
temperature on a combination of locomotor and support costsn the force/velocity or power output/stimulation frequency
This difference was not affected by fish mass but did increasmirves at the two temperatures (Stevens, 1979; Sisson and
with swimming speed at the higher temperature, as indicatesidell, 1987; Rome, 1995). In isolated slow, oxidative muscle
by steeper slopes for thé, versusspeed regressions (i.e. the of the eastern Pacific boniarda chiliensisan ectothermic
COThnet values). The higher CQd: may be a consequence of scombrid species, and the yellowfin tuFfaunnus albacares
the fact that mackerel reached higher speeds at 24 than Adtringham and Block (1997) found an increase with
18°C, since the amount of muscle contractile power requirettmperature in the frequency at which maximum power was
to swim should increase exponentially with speed. Howevegenerated. Thus, in the chub mackerel, a given tail-beat
if the data points for the higher speegslQ0cms?l) at 24°C  frequency could be closer to the optimal stimulation
are excluded, the slopes of tkle, versusspeed regressions frequency at 18 than at 24°C. However, since maximum
decrease somewhat, but are still greater at 24 than at 18 ®@wer output also increases with temperature, more power
suggesting that other factors contribute to this difference. can be produced by stimulating the muscle fibers at 24 °C at
The Vo, at each speed could be higher at 24 °C because afsub-optimal frequency than by stimulating the muscle fibers
higher swimming support costs, such as a higher cardiac outpatt 18 °C at their optimal frequency. Furthermore, Rome and
and blood flow to the slow, oxidative locomotor muscle tocolleagues found that, even though acclimation to 10°C
compensate for the lower 2Osolubility at the higher improved power output at 10 °C, scup produced less power
temperature. Other energetic expenditures, such as those foom their slow, oxidative muscle at 10 °C than they could at
ion regulation and osmoregulation, could also be higher at tH20 °C (Rome et al., 2000; Rome and Swank, 2001; Swank and
higher temperature. In addition, the mackerel at 24°C maRome, 2000, 2001). To understand slow, oxidative muscle
have been more stressed than those at 18 °C, or post-feedingction at the different temperatures in chub mackerel, it
specific dynamic action may have contributed morggoat  will be necessary to combire vivomeasurements of muscle
24 °C because of the different lengths of the initial adjustmergtimulation pattern and muscle strain along the length of the
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fish with in vitro work loop studies, as a function of propagated posteriorly down the fish or if the latent period
temperature. between electrical activation and muscle contraction
Third, Sisson and Sidell (1987) suggested that an increaskecreased. However, in scup acclimated to and studied at both
in water kinematic viscosity at a lower temperature could delag0 and 20 °C, there was no significant effect of temperature on
boundary layer separation, thus reducing drag and the energetie speed at which electrical activity (measured by
cost of swimming at a given speed at the lower temperaturelectromyography) moved posteriorly along the body or on
Although not tested in the present study, others have shovgropulsive wave velocity (Rome and Swank, 2001).
that changes in water kinematic viscosity contribute little to A higherA at the higher temperature could result from an
temperature effects on fish swimming performance for the sizaecrease in flexural stiffness (Long et al., 1994; McHenry et
of fish swimming at the speeds used here; significant effects af., 1995; Long and Nipper, 1996). Stiffness could be increased
water viscosity have been demonstrated only with fish larvaiéthe active muscles were to do more negative work at 24 than
and small juveniles at relatively low speeds, i.e. at lowat 18°C (McHenry et al., 1995; Long and Nipper, 1996), but
Reynolds numbers (Fuiman and Batty, 1997; Johnson et athere is no evidence of net negative work being produced by
1998). However, in the water flow regimes associated witslow, oxidative muscle contraction in swimming chub
swimming tunnels, boundary layer effects may becomenackerel (Shadwick et al., 1998). Furthermore, on the basis of
important. With new methods of visualizing and quantifyingwork loop studies with isolated slow, oxidative muscle of other
flow within the boundary layer of swimming fish (Anderson etteleosts, including two scombrid species (Altringham and
al., 2001), the hypothesized effects of water temperature arlock, 1997; Rome et al., 2000; Rome and Swank, 2001;
kinematic viscosity on boundary layer separation could b&wank and Rome, 2000, 2001), more net positive work should

explored. be produced at the higher temperature. It should also be noted
that there is considerable overlap in the propulsive wavelength
Swimming kinematics data at the two temperatures in the present study (Fig. 8).
At both 18 and 24°C, there were significant effects of
swimming speed and fish size on tail-beat frequency, tail-beat Relevance to endothermy in tunas

amplitude and stride length, as expected on the basis of aThe positive effect of temperature on whole-animal
number of other studies of swimming kinematics in fishes (foswimming performance Umax,J measured in the present
a review, see Donley and Dickson, 2000). The data for tailstudy is very similar in magnitude to the effect of temperature
beat frequencyersusspeed in the present study are similar toon contraction rate and power output in isolated slow
those reported previously f&. japonicug26.3—-32.2 cnfL) oxidative myotomal muscle fibers of the two scombrid fishes
at 17.0-19.5°C by Hunter and Zweifel (1971). studied by Altringham and Block (199U max,cvalues in the

At a given speed and fish size, there were no significarthub mackerel increased by approximately 30% with an
effects of temperature on tail-beat frequency, tail-beaincrease of 6°C compared with a 22-37% increase in
amplitude or stride length. This is consistent with severamaximal power output between 20 and 25°C in the isolated
previous investigations with other teleost fishes in which tailscombrid muscle fibers. This suggests that results of isuch
beat frequency and/or tail-beat amplitude at a given speed weriro experiments may be used to estimate the effects of
not affected by temperature (Smit et al.,, 1974, Rome antémperature on sustainable swimming speeds of fish;
Sosnicki, 1990; Rome et al., 1990, 1992). However, in otheénowever, one must consider the precautions for doing so
studies (Stevens, 1979; Sisson and Sidell, 1987), the tail-bediscussed by Rome (1995) and Rome et al. (2000). If the
frequency at a given speed did vary with temperature, whichower output of slow, oxidative myotomal muscle in tunas is
was attributed to higher thrust per tail beat, greater propell@emhanced at higher temperatuiasvivo, as was found by
efficiency and/or lower drag at the lower temperatures. In thosgltringham and Block (1997 vitro, then increased maximal
studies, fish were acclimated to and/or measured a&ustainable swimming speeds should result from the
temperatures representing a wider range than was used in thaintenance of elevated myotomal muscle temperatures in
present study. tunas. This hypothesis needs to be tested by comparing the

The only kinematic variable that was significantly affectedmaximal sustainable swimming speed of larger tunas, in
by temperature in the chub mackerel was propulsivevhichTnyis elevated more than a few degrees above the water
wavelength, which also increased significantly with, as  temperature, with that of similar-sized ectothermic scombrid
expected, but not with fish mass or swimming speed. Thiishes (preferably a bonito, one of the tunas’ sister group) at
increase iM\ (=propulsive wave velocity/tail-beat frequency) the same water temperature. Because this has not yet been
with temperature is due to a higher propulsive wave velocitaccomplished, there has been no unequivocal test of the
at 24°C because tail-beat frequency was not significantlilypothesis that endothermy enhances sustainable swimming
affected by temperature. It is not clear whybut none of the performance in tunas (see Sepulveda and Dickson, 2000). The
other kinematic variables measured, would vary withpresent study, by measuring the effects of temperature on an
temperature. A faster propulsive wave velocity at 24 °C couléctothermic species that is closely related to the tunas,
result if temperature enhanced the rate at which actioprovides evidence that maintaininn =6°C above the
potentials within the motor neurons and muscle fiberambient water temperature may significantly increase
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sustainable swimming speeds in tunas. The present study asgamish, F. W. H.(1990). Swimming metabolism and temperature in juvenile

suggests that the tunas would incur a higher &OT walleye, Stizostedion vitreum vitreur&nviron. Biol. Fish27, 309-314.
Block, B. A. (1991). Endothermy in fish: thermogenesis, ecology and

HOW_everj there is an |mp_ort§1nt dlfferen_ce between a tunaevolution. InBiochemistry and Molecular Biology of Fishe®l. 5 (ed. P.
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tunas (Korsmeyer et al., 1997), cardiac output will be reduced,speeds of sockgye salmo®r(corhynchus nerRain relation to size and
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reduced. If the rate of perfusion is not sufficient to maintain including the effect of body size and acute temperature ch&isie.Bull.
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h . tainabl . . d d bBrlII, R. W., Block, B. A., Boggs, C. H., Bigelow, K. A., Freund, E. V. and
rates, the maximum sustainable swimming speed would D€y arcinek, D. J. (1999). Horizontal movements and depth distribution of

lower than that predicted on the basis of the elevated slow,large adult yellowfin tunaTfhunnus albacargsear the Hawaiian Islands,

oxidative muscle temperature. In fact, on the basis of recorded using ultrasonic telemetry: implications for the physiological
. . havior i lati ) ! il ecology of pelagic fishesdar. Biol. 133 395-408.
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