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Summary. Single fast fibres and small bundles of 
slow fibres were isolated from the trunk muscles 
of an Antarctic (Norotlienia neglccta) and various 
warm water marine fishes (Blue Crevally, Ccirangus 
iiie1miipjyq.s: Grey Mullet, Mugil cep1idu.s; Dol- 
phin Fish. Corjpliacriri lzippurus; Skipjack-tuna. 
Katsiriiwiirs prlaniis and Kawakawa, Eutlijwuus uf- 
finis). Fibres were chemically skinned with the non- 
ionic detergent Brij 58. 

For  warm water species, maximum Ca2+-acti- 
vated tension ( P o )  almost doubled between 
5-20 "C with little further increase up to 30 "C. 
However. when measured at their normal body 
temperatures. Po values for fast fibres were similar 
for all species examined, 15.7-22.5 N.cm-'. Ca'+- 
regulation of contraction was disrupted at temper- 
atures above 15 "C in the Antarctic species, but 
was maintained at up to 30 "C for warm water 
fish. 

Unloaded (maximum) contraction speeds 
(V,,,) of fibres were determined by the "slack- 
test" method. In general, V,,, was approximately 
two times higher in white than red muscles for 
all species studied. except Skipjack tuna. For Skip- 
jack tuna, l',,, of superficial red and white fibres 
was similar (15.7 muscle 1engths.s-' (L , . s - ' ) )  but 
were 6.5 times faster than the VmaX of internal red 
muscle fibres (2 .4k0.2 L o ' s - ' )  (25 "C). 

V,,, for N .  riegkecta fast fibres a t  0-5 "C 
(2-3 L 0 . s - ' )  were similar to that of warm water 
species measured at 10-20 "C. However, when 
measured at their normal muscle temperatures, the 
V,,, for the fast muscle.fibres of the warm water 
species were 2-3 times higher than that for N .  neg- 
lecta. 

In general, Ql0~, , - , ,  -cl values for V,,, were 
in the range 1.8-2.0 for all warm water species 
studied except Skipjack tuna. V,,, for the internal 
red muscle fibres of Skipjack tuna were much more 
temperature dependent (elo ( - 3o a,-) = 3.1) (P < 
0.01) than for superficial red or white muscle 
fibres. The proportion of slower red muscle fibres 
in tuna (28% for 1 kg Skipjack) is 3-10 times high. 
er than for most teleosts and is related to the tuna's 
need to sustain high cruising speeds. We suggest 
that the 8-10 "C temperature gradient that can ex- 
ist in Skipjack tuna between internal red and white 
muscles allows both fibre types to contract a t  the 
same speed. Therefore, in tuna, both red and white 
muscle may contribute to power generation during 
high speed swimming. 

Introduction 

Myosins from cold-water fish are unstable and sus- 
ceptible to aggregation on isolation compared to 
those prepared from tropical species (Connell 
1961: Johnston et al. 1974). The greater suscepti- 
bility of myosin ATPase from Antarctic fish to 
thermal denaturation has been correlated with an 
increased enzyme activity a t  low temperatures and 
reduced free energy of activation relative to myosin 
ATPase from warmer water species (Johnston and 
Walesby 1977, 1979). Previous studies of tempera- 
ture compensation of contraction have dealt with 
the properties of isolated proteins in solution (see 
Clarke 1983, for a review). The extent to which 
the mechanical properties of muscles of animals 
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from widely different thermal environments are 
similar is unknown. There is evidence to suggest 
that the thermal dependence of biochemical sys- 
tems in vitro does not reflect that of more highly 
organised systems in vivo. For example, MgCa- 
ATPase activity of Sculpin (Myosocephufus scor- 
pius) fast muscle myofibrils increases 8-fold be- 
tween 0.5 and 20 "C, compared with an  increase 
of only 2.5-fold for unloaded (maximum) contrac- 
tion speed (V,,,,,) (Johnston and Sidell 1984). 

The present study was undertaken to examine 
the thermal dependence of muscle contraction 
speeds at  the two extremes of body temperature 
found among fishes. Notothenioid fishes are re- 
stricted to South Polar seas (DeWitt 1971), and 
have a number of adaptations, such as glycopro- 
tein antifreeze molecules, which enable them to live 
at  sub-zero temperatures (Clarke 1983). At the 
other extreme, tuna species are highly specialised 
tropical and sub-tropical scrombroids that are able 
to maintain elevated red muscle temperatures 
which are especially dramatic during periods of 
high speed swimming. 

Elevated muscle temperatures are achieved us- 
ing retia mirabilia as counter current heat ex- 
changers to conserve metabolic heat (Carey and 
Teal 1969; Stevens and Neill 1978). Stevens and 
Neil1 (1978) have reported that for Skipjack tuna, 
aerobic metabolism can produce internal red mus- 
cle temperatures 10 "C above ambient water tem- 
peratures during periods of burst swimming. 

Tuna have substantially higher metabolic rates 
than other fish (Stevens and Neill 1978) and a 
number of special adaptations for high speed 
swimming including the adoption of ram ventila- 
tion and various morphological features to reduce 
drag, such as caudal peduncle finlets, eye fairings, 
and slots for the dorsal fins (Magnuson 1978; 
Sharp and Pirages 1978). Therefore, a second ob- 
jective of this study was to determine if adaptations 
for high speed swimming were also reflected in 
higher muscle contraction velocities. 

Materials and methods 
I . i \ / i .  ~ V o / o / / w i i k r  t i q / i > c / t r  (Nybelin) (500 -700 g) h e r e  obtained 
from Signy Island, South Orkncys,  British Antarctic Territories 
(Lat .  6Oo43'S Lon.  45"36'W) during Aiistr:iI summer,  19x1. 
They were transported to  the [J .K.  abed the R.R.S .  Brans- 
licld and maintained at St  Andrews in liltercd scawater tanks 
at + 2  "c'. .Yo/o//riw/tr were fed ;I diet of chopped .;quid and 
l i s h  Ilcsh. The rcni;iiiiiiig spccics studied wci-c caught by c(1iii- 

incrciiil l i shcrmcn around thc Ilawxiian I s l a n d  01' 0,ihu. I ' i \h 
were maintaiiied ;it the Nat ions1  Mal-iiic l'ishcrich Service. 
I lonolulu. I lawaii. ( U S A )  Keua lo  l<c\c;irch Facility i n  o u t d o o r  
0 in diainctcr circular tanks with clircct Ilow-throu!$ \c;i-\v:iter 
\upply. Water tcmpcraturc was that  01' ainbicnt surfacc \cav,:i- 

ter for June-July. 24-28 "C.  All l i s h  were fed a diet of sprats 
and chopped squid. Species studied were Skipjack tuna (Kirr- 
.sun.ottu.sprkir,iis. 8 fish, l . 2 i 0 . 2  kg. 39.8+0.4 em) :  Kawakawa 
(Eirrhjtinic.7 uffiiiiz. 5 lish. 3 .210 .4  kg, 5 1 . 2 3  1.1 cm); Dolphin 
lish (Cor>.p/rwiia /rippirrii.\, 1 lish. 1 1  kg, 120 cm): Grey mullet 
(.Mii,qil c~~plicr lu.~ L.. 6 fish, 1.1375 164 g. 31 il cm) and Blue 
Crevally (Curut ips i d r r t ? i p j ~ g i t s  Wakiya. 5 lish. 304+ 21 g, 
25 1 cm). 

Choice of '  prcyuirnriorr. Both fast and  slow muscle fibres are 
polyneuronally innervated in most teleosts often with as many 
as 15-20 motor-endplates per libre (Bone 1978: Johnston 
1983a. b). Dissection of small fibre bundles inevitably results 
in a variable proportion of damaged and inexcitable fibres. 
Such preparations produce relatively low tetanic tensions on  
electrical stimulation (Flitney and Johnston 1979). Single 
skinned fibre preparations from fish produce much higher max- 
imum tensions in the range reported for skinned preparations 
from other vertebrate muscles (Altriiigham and  Johnston 1982). 
Fo r  frog fibres. maximum isometric tensions are  somewhat 
lower for skinned than intact preparations. whereas maximum 
contraction velocities are  similar (Julian 1971: I'.dman a n d  
Hwang 1977). Skinned fibres have therefore been chosen a)  
the most suitable preparation for comparative studies of muscle 
mechanics in fish. 

E\-pcrirrii~r7/nl protocol. Fish were stunned by a blow to the head 
and  pithed. Strips 01' red and white muscle were dissected from 
2-3 myoniercs half way along the length of the l runk.  In the 
case of the tuna  species, both superficial and  internal decp red 
muscle were sampled (Fig.  I ) .  Subsequent dissection was car- 
ried out  under silicon oil (HDH MS 550) in a 2 mm deep glass 
trough. Single red and  white libres were isolated from a 2 0 -  
30 fibre bundle dissected from a single myotome. Fibre lengths 
in the region sampled were 1 . Y  em for Grey mullet and  
0.8-1.0 cm for a11 other spccics studicd. Single fibre scgmcnts. 
90--100 pin diameter and I .3-3.2 mni length. were transferred 
directly to the appiiratus using jewellers' forceps. A thin coating 
of oil remained on cach libre and helped prevent dchydrLition 
during the 15-30 

.Ifi,ir\iiri,iiic,trr oJ' (orrrrtrc~rili, propwrii,.\. C l u c k  lihrcs \\ere 
mounted with the  aid o f  ii binocular microscopc and  thcn chcin- 
ically skinned with I 'X, Brij 58 (polyoxyethylenc 20.cctyI ether) 
dissolved in relaxins solution. Relaxing wlu t ion  contained 
20 m M  imidazole- HCI. 1 10 m M  KCI. 3.0 mivl MgC12. 5 mM 
EGTA (cthylcncglycolbis /~-aminocthylcther N,N'-tctraacctic 
acid). 10 m M  phosphocreatine. 2.5 m M  ATP. pH 7.2 a t  20 "C. 
Crystalline crc:itinc phosphokinase ( >20 iinits .ml- '. Sigma 
Chemical Co.  I'oolc. England) wii\ addcd to ;ill incubation solii- 
tiotis just prior to cxpcrimcnts. I n  ;ill cxperiincnts. p l l  was iil- 
lowed to vary frccly with temperature. Iiiiidwole M;IS chosen 
:is the buffer since i t  has a ,1 pl 1, :I 7 c u n c  \iinilar to  t l i ' i t  rc- 
ported l o r  blood and  tissue froin i n a n y  li\h rp 
1077). Activating solutions \vcrc prcparcd b) :idclitioti 01' :I 1 M 
\olumetric solution o f  C'aCI, t o  yield ;I l inol concciit~;itioii of 
-1.0 - 5 . 0  mM. Ionic compositions were dctci-inlncd uring ;in iter- 
; i t i \c  computer progr:immc uriltcii in H I K '  13a.;ic, h;iscd on 
t h a t  described by I:abiato a i d  I::ihi;ito 1 lY79) flic p r o p i n m e  
\\;I\ modilicd t o  correct I'or cliaiigc.; i n  io i i ic  ccmpo\it ion ~ i t h  
xltcratioii.; in tcinpcraturc aiid pl I (\ttihilit> con\t, i i i t C':il.,GT-A 
( 'a. I,G.I-/! = x.xU x 10"' a t  22 O(') 1 ota l  ionic \trciigth 0 1 '  the 
Lic[ i \ : i t i i ig rolut ioi i  \\:I\ 0.1 7 bl. I'rcc c o i i c c i i t i ~ ~ i i i ~ ~ i i ~  01. ( 'a2 ' . 
hlg'  . ; i t id  M g A  1.P \ \ere 5 15 ~ IM,  I1 SO I1 53 tnhl ;itid 
2.31 2.52 mhI. rc\pecti\cIy. Cci' ' - c ~ ~ i i c c ~ i t r ; ~ ~ i o i i ~  rcquirccl to 
<i \c  m ; i \ i m a l l y  acti\; i tcd c ~ ~ i i c c t i t r ~ i t i o t i ~  ;I[ c;icIi tcmperaturc 
nc i -c  dctcrmincd iii ;I wit\ 01' pi-climinary c\pcr imcnts.  

rcquired t o  transfer and mount  librcs. 
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Fig. I .  Sample points for isolation of the different muscle libre types in  Skipjack tuna ( K U / . F U I W I U . ~  pc,kr/ni.s): S R  superficial 
red muscle; D R  dccp intcrnalised red muscle; W white musclc. Deep red muscle has a much higher myoglobin concentration 
than superficial red muscle 

. R 1  

H4 

. R 2  . R3 

R6  Fig. 2. A typical series of records 
(RlGR6) illustrating the 'slack- 
test' method for determining 
unloaded contraction velocity. 
White fibre segment, 2,300 Wm in 

R5 

length and 90 i m  in diameter, 
isolated from Skipjack tuna 
muscle P indicates tension and L 

/ 
/,e- P5 

#------ 

L I  100 ,urn P I  0 1 rnN 
5rnsec 

Unloaded contraction velocity (V,,,,,) was determined by 
the slack test method (Hill 1970). The apparatus and experimen- 
tal protocol used have been described in detail elsewhere (John- 
ston and Sidell 1984; Johnston and Gleeson 1984). Force was 
measured using a silicon beam tension transducer (Akers 
AE801, AME, Horton, Norway) attached via a small glass 
hook to one end of the fibre. The other end of the fibre was 
attached to a second hook glued to a servo-controlled length 
transducer (Johnston and Sidell 1984). Fibres were attached 

muscle length. Note the direction 
of shortening i s  down and tension 
redevelopment is up 

to the glass hooks using plexiglass acetone glue (Altringham 
and Johnston 1982). In a typical experiment, fibres were trans- 
ferred sequentially to baths containing skinning solution, relax- 
ing solution, activating solution and relaxing. solution. The 
baths were water-jacketed and temperature control (in the range 
of &3O "C) was maintained using a circulating constant temper- 
ature water bath (kO.1 "C). The sarcomere length of fibres 
was determined prior to releases by laser diffraction using a 
2 mW Helium-Neon laser and adjusted to 2.3 pm. Once steady 
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Grey Muller 
25 1 I 

\ I  
A R  

Notothenla neglecla 

2 59: 

h 5 10 15 20 25 30 35 

? Carangus rnelampygus Hawaiian Reef-fish 
E, 251 

1 1  
A R  

Nolothenta neglecla 
18OC 

Fig. 3. Records showing isometric contractions of white fibres 
isolated from Nororhenia neglecia at 2.5 "C and 18 "C. Arrows 
indicate transfer Crom relaxing to activating solutions ( A )  and 
vice versa (R) .  Fibres from Antarctic fish failed to relax follow- 
ing transfer from activating to relaxing solution at temperatures 
above 14-15 "C 

20 - 

15 ~ 

10 - 

5 I Table 1. Maximum CaZ + -activated tension ( P o )  generation by 
red and white myotomal muscle fibres of fish measured at their 
normal body temperature. Means +SEM. numbers of fibres 
used in brackets 

. . . , , . . 
5 10 15 20 25 30 35 

S k i p j a c k  Tuna 
Species and environ- 
mental temperature 
range 

Temperd- 
ture 
("C) 

Maximal CaZ'- 
activated force 
( N  .cm-  2 ,  20 1 
Red White 
fibres libres 

l5 1 
Notorheniu neglectu 

Antarctica 

Gadus morhua" 
(North Sea, 2-15 "C) 
Mugil cephulus 
(Pacilic reefs, 
2 G 2 8  "C) 
Curangus nirlutnpygus 
(Pacific reefs, 
20-28 "C) 
Kursriwnius pe1unii.s 
(Pacific, open ocean, 
15-28 "C) 
Eurhynnus t r f f i n ~ ~ ~  
(Pacific, open ocean, 
15-28 " C )  

( - 2  to + t  "C) 

0 - 22.5 f 2.2 
(6) 

lo i 
5 1 

8 

20 5 10 15 20 25 30 35 

Temperature ("GI 
Fig. 4. Effect of tcmpcraturc on maximum Ca'+-activated force 
generation of muscle fibres isolated from (top) Grey inullet 
(white fibres), (centre) Blue Crcvally (open circles. white fibres; 
closed circles, supcrlicial red fibres) and (bottom) Skipjack tuna  
(open circles. white fibrcs; closed circles. superticia1 rcd librcs; 
open triangles deep intcrnal red muscle fibrcs) 

25 

25 

30 

4.3k0.6 18.3k1.7 
(4 ) ( 6 )  

2.4k0.2 15.7k1.3 
(6) ( 1 1 )  

storage oscilloscopc. I3ctwecn c;ich release (3L)  librcs \rere rc- 
cxtcnded to thcir original length. Unloaded contraction velocity 
( was determined from i i i i  average of the time laken to 
rcdcvelop tension ( A / )  following each relcasc. A typical record 
illustrating (he method of dctcrmining V,,,, ib  shown i n  f;ig. 2. 
Muscle length and diameter were measured in  si tu using a high 
powcr microscopc. 

Data from Altringham and Johnston (19x2) 
Values are from deep-red muscle for the tuna species 

tension was developed on  transference to activating solution 
(30-60 s). a series o f  quick rcleascs ( 5  1 ins) of suflicient magni- 
tudc to abolish tension. werc given. Usually 4 or S lcngthstcps 
of increasing magnitude (SO-250 pm) were iniposed on the librc 
during each series of relcascs. Transients werc recorded on a 

Results 

At an  initial sarcomere length of 2.3 pm. skinned 
muscle fibres from the wiirm water species showed 
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Skiplack Tuna 
9 

8 

7 

6 

5 

4 

3 

2 

1 

Blue Crevally 

, Hawlian Island5 

/ I  Coral  R e e k  

Nolotheni i neglecta ,,/ E T  22 28OC 
G I  

' k '' 5 1  Anlarcticd 

Chain pickerel 

North America 

ET 4-30°C 
7-~--7- -7 ~ .r 1 

5 I O  15 20 2 5  30 35 40 

Temperature ("C) 

Fig. 5. Effect of temperature on unloadcd contraction velocity 
of skinncd fibres isolated from fish white muscle. Data on 
Chain Pickeral Esos riiger is taken from Sidcll and Johnston 
(submitted for publication). ET indicates the species' thermal 
habitat 

I 
J 1 2  
I 

5 0 8  l o :  

I,. 1 

5 10 15 20 25 30 

Temperature C0C1 

Fig. 6. Effect of temperature on unloaded contraction velocity 
of red (closed circles) and white (open circles) muscle fibres 
isolated from the Blue Crevally. The plot shows log,, V,,, 
(muscle length's- ') versus temperature 

no development of resting tension and complete 
relaxation of tension following activation for tem- 
peratures up to 30 "C. In contrast, fast fibres iso- 
lated from Notothenia neglecta failed to relax com- 
pletely following activations above 15 "C (Fig. 3). 
At temperatures above 22 "C, N .  neglecta fibres 
contracted in relaxing solution (pCa 7.4) and con- 
tractions were independent of CaZ + concentra- 
tions. 

For all species studied, maximal Ca2+-acti- 
vated tensions (Po)  were 2-3 times higher for white 
than superficial red fibres. This difference is some- 
what greater than can be accounted for by the 
higher relative volume densities of myofibrils in 
white than red fibres (Johnston 1981). Po for the 
internal deep red muscle of the two tuna species 
was only 15% that of white fibres and less than 
that for the superficial red muscle of any other 

P 

15 20 25 30 

Temperature ("c) 

s o  
0 
0 -0 2 
-I : O2! 5 10 15 2C 25 30 35 

TemDeralure ( O C ]  
Fig. 7. Effect of temperature on unloaded contraction velocity 
of superficial red (closed circles), deep, internalised red (open 
triangles) and white muscle fibres (open circles) isolated from 
the Skipjack tuna. AT, shows the maximum temperature gra- 
dient between internal red and white muscle reported by Stevens 
and Neil1 (1978). Note similar contraction speeds for red and 
white muscle fibres for an 8-12 "C temperature difference. A 
log Lo's- '  vs T plot gives straight lines in each case 

species (Table 1). In spite of B 30 "C difference in 
temperature, Po of white fibres were similar when 
measured at  the normal body temperature of each 
species (15.7-22.5 N.cm-': Table 1). For warm 
water species, Po almost doubled between 5-20 "C 
with little further increase over the range 20-30 "C 
(Fig. 4). 
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Table 2. Thermal dependence of unloaded contraction velocity 
for red and white muscles isolated from tropical marine fish. 
Means &SEM (n) 

~ - ~~~~ 

Species Muscle V,,,,,, 20 "C VmaX, 30 "C Q," 
type (L;s - 1 )  ( L o  s - 1 )  

Grey mullet Red 

Blue Crevally Red 

Dolphin fish Red" 

Skipjack tuna Deep red 

White 

White 

White" 

White 

2.9&0.2(11) 5.0+0.2(8)  1.7 
4.6+0.3(10) 8.4&0.5(5) 1.8 
2.0f0.2(6) 4.3+0.3(6) 2.2 
4.0_f0.3(8) 7 . 6 i  0.4(5) 1.9 
3.1 +0.2(6) 
8.2 i 0.3(13) 
1.7+0.2(6) 4.9+0.4(31) 2.9 
3.3i0.2(10)  8.1 &0.7(10) 7.5 

a measured at 25 "C 

Unloaded contraction velocity (V,,,) for N .  
rieglecta white fibres a t  0-5 "C is similar to the 
warm water species measured a t  10-20 "C (Fig. 5). 
Over the range 20-30 "C, V,,, for white fibres 
from the tropical species were 2-3 times faster than 
those from the Antarctic fish measured at  their 
normal body temperatures ( 5 2  "C) (Fig. 5). 

The temperature dependence of VmaX was simi- 
lar for red and white muscle fibres of the Blue 
Crevally. Plots of log,, V,,, vs 1jT were linear 
over the range 5-30 "C (Fig. 6). In contrast, V,,, 
for the internal red muscle of Skipjack tuna had 
a higher Q 1 0 ( 2 , - 3 0 C )  than for either white or su- 
perficial red fibres (Fig. 7). Q , ,  for V,,, for equiv- 
alent fibre types were somewhat higher for Skip- 
jack tuna and Kawakawa than for the other warm 
water species studied that do not maintain elevated 
muscle temperatures (Table 2). 

Discussion 

A number of studies have measured the contractile 
properties of myotomal strips (Wardle 1975; Brill 
and Dizon 1979). These are useful in determining 
myotomal contraction time which can be used to- 
gether with a knowledge of stride length to predict 
maximum swimming speeds (Wardle 1975). How- 
ever, the arrangement of muscle fibres within fish 
myotomes is complex. White fibres make varying 
angles (from 0 to >40°) with the longitudinal axis 
of the body (Alexander 1969). Strips of myotomal 
muscle therefore make unsuitable preparations for 
determining muscle mechanical properties since the 
orientation of fibres is undefined, the percentage 
of cut or damaged fibres high, and the centres of 
strips anoxic. In the present study, single fast fibres 
have been utilised which avoids these problems. 
Furthermore. the use of skinned preparations al- 
lows the properties of the contractile proteins to 

be studied in isolation from nerve and membrane 
effects. 

Maximum Ca'+-activated tension (P,) of fish 
fast fibres are similar when measured at  the normal 
body temperature of each species (Table 1 )  and  
within the range found for other twitch fibres from 
ectotherms (Hellam and Podolsky 1969). .Po also 
shows only a moderate temperature dependence 
within the physiological range for a t  least the warm 
water species studied (Fig. 4). 

Measured at 0-5 "C, unloaded contraction 
speeds (V,,,) of iVototltenia fast fibres are similar 
or higher than those of many temperate and tropi- 
cal species at  10-20 "C (Fig. 5) .  However. an as- 
sessment of the degree of temperature compensa- 
tion between species is complicated by their differ- 
ent life-styles and modes of locomotion. For exam- 
pie, N .  neglectri is a relatively inactive benthic spe- 
cies whereas the tunas are fast swimming pelagic 
fishes. All available data on V,,, of skinned muscle 
fibres at  physiological body temperatures are 
shown in Fig. 8. Although within each temperature 
range, there is considerable variation in muscle 
V,,,,,, the highest values are generally found for 
tropical species. Comparisons of V,,, at low tem- 
peratures ( <  5 "C) indicates relatively modest com- 
pensations between Antarctic and tropical species 
(Fig. 5). However, u l u e s  for P,  at low tempera- 
ture are generally much higher for Antarctic and 
cold-temperate fish (Fig. 4. Table 1 and Altr- 
ingham and Johnston 1983). Thus it appears that 
the degree of temperature compensation for maxi- 
mum power output (force x velocity) is more sub- 
stantial. 

It has recently been shown that for the desert 
iguana Dipsosrrirrirs dorsd i s  muscle. Vmax has a sim- 
ilar temperature dependence to  that of burst run- 
ning speed measured in the laboratory (Bennett 
1980; Johnston and Gleeson 1984). However. fish 
with the highest V,,:,, may not necessarily have the 
fastest burst loconiotory speeds since any such cor- 
relation may be coniplicatcd by the scgnicntal iir- 
rangement o f  the myomercs. For example. fibre 
geometry and myotome shupe are likely to be im- 
portant factors in determining the rate o f  dcfornia- 
tion ofeach segment. I t  is noteworthy that at  com- 
parable temperaturcs. fast (white) muscle for 
chain pickeral Em\- / i(ycr is only 10-25'%, o f  that 
for most tropical species and yet the pickeral has 
ii highly streamlined body shapc :ind presumably 
ii high maximum burst speed (Side11 and Johnston, 
sub m i t t ed fo r p LI bl i c;i t ion ) . 

I t  would appear that temperature related ad- 
justments in P,, and regulatory properties 
involve substantial changes in protcin chemistry. 
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USA 4-30 "C) (Sidcll and Johnston. t o  bc publishcd): Dogfish 
(S( . i , / ior / i / / i i i . \  ~.ti/ric~u/tr. North Sea. 7 I S  "C') (Al t r in~ l i an i  anti 
Johnston 19x2): Cod (c;trdi l \  n w r h i r c i .  N o r t h  Sc,i. 2-15 OC) 
(Altringliani and  Johnston 19x2): Sculpin (.\f i , ~ ~ . ~ ( J [ , [ , / ~ / / t i / i ~ \  .sc'or- 
pius. North Sea. 2-15 'T) (Johnston and Sidell 19x4): I'acilic 
Blue Marl in (.\I tri/,crirti /ii,qrtrii s . P x i  l i c  Ocean ) ( . l o h i i s t o n  and 
Salamonski. unpublishcd result\) 

For esaniplc, the temperature a t  which the Ca '+-  
regulation of contraction becomes disrupted varies 
from 15 "C for Antarctic to 25 "C for cold-temper- 
ate species. whilst warm water fish and the desert 
iguana show full Ca2+-control up to 30 and 45 "C, 
respectively (Fig. 3;  Johnston and Sidell 1984; 
Johnston and Gleeson 1984). The half-life of ther- 
mal inactivation of myofibrillar ATPase activity 
under comparable conditions varies from around 
1-2 min for Antarctic fish to several hours for 
tropical species (Johnston and Walesby 1977). 

I',,, of tuna fast muscles is not particularly 
different from that of other tropical species that 
d o  not maintain elevated muscle temperatures 
(Figs. 7 and 8). Similar results haye been obtained 
for burst swimming speeds. For example. Waiters 
and Fiersteine (1 Y64) measured maximum speeds 
of 21 bodylengths-s-'  for yellowfin tuna and 
19 body1cngths.s-' for Wahoo (Ac.rrri//zoc:1.hiirr?? 
.so/urdri). The Wahoo lacks the specialised circula- 

t o r y  a h a t e m  nccc\sary t o  maintain warm muwlc> 
(C'ollcttc 1978). Therefore. a t  lint glance. i t  woiild 
appear t h a t  thc advantage o f  warm muscles is no t  
s o  much wit ti incrcascd powcr dcvclopmcnt pcr 
ae. IIo\vevcr. the effects of elevated musclc tcnipcr- 
aturcs on high speed swimming abilities may be 
more complcs. Only 5 7 % )  of the total  muscle i a  
composed of red fibres in Wuhoo (unpublished ob- 
servations) compared to 1 5 -  33%) for tuna. In most 
fish. the red fibres will be contracting passivcly 
when the fish is swimming a t  burst speeds. This 
would be a disadvantage for species such as tuna 
in which a high proportion of the tissue is red 
muscle. However. i t  appears that the high Q l o  for 
I.m:,y and the temperature gradient between inter- 
nal red muscle and white muscle may allow both 
fibre types to contract at  similar speeds. Therefore, 
both white and internal red muscle fibres may con- 
tribute to power generation at  high speeds. Data 
on the temperature gradient between internal red 
and white muscle in free swimming fish at  different 
water temperatures and activity levels would be 
needed to test this hypothesis, However, other ad- 
vantages have been suggested for the evolution of 
warm muscles which include a faster catabolism 
of lactic acid and enhanced myoglobin mediated 
oxygen flus from capillary to mitochondrion (Ste- 
vens and Carey 1981). 
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