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ABSTRACT

iv

Tuna (Tribe Thunninni, Family Scombridae) are unique among all

teleosts because they maintain muscle temperatures significantly

above ambient. This ability is a result of their relatively high

metabolic rate, internal red muscle fibers, and vascular counter

current heat exchangers interposed between the swimming musculature

and the gills.

This dissertation was intended primarily to test if skipjack

(Katsuwonus pelamis) and yellowfin tuna (Thunnus albacares) could

control their excess muscle temperatures and to illucidate the mech

anisms involved. A study was also done"to quantify the possible

advantages of maintaining muscle temperatures significantly above

ambient.

To determine the fraction of heat production lost via the body

surface versus that lost via the gills, body surface heat loss rates

were measured on seven paralyzed skipjack tuna. The results showed

that, contrary to previous hypotheses, the gills are an important and

possibly variable route of heat loss. Furthermore, heat loss rates

were found to be highest from the dorsal body surface; the reason for

this phenomenon is unknown.

An ultrasonic temperature telemetry system was employed to

directly measure the thermoregulatory ability of skipjack and yellowfin

tuna. Surprisingly, both species showed excess muscle temperatures

independent of swimming speed (i.e. independent of heat production).

This indicates that tuna are not prisoners of their own thermocon-
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serving mechanisms, although they do not apparently defend a specific

body temperature.

There are two physiological thermoregulatory mechanisms open to

tuna. One, cardiovascular changes could regulate the efficacy of the

vascular counter-current heat exchangers, either by passing blood

around them or rearranging flow patterns within the exchangers. Two,

white muscle fiber portions of the myotomes could be used at sustain

able swimming speeds. Because they are in direct contact with the body

surface and because the blood supply to these areas apparently does not

pass through vascular heat exchangers, heat produced in the white

muscle fiber portions of the myotomes can presumably be dissipated

with low temperature driving gradients.

To test the latter hypothesis, skipjack tuna were forced to swim

against various current velocities in a water tunnel. Red and white

muscle fiber electrical activity was simultaneously recorded. White

muscle fibers were shown to become active at swimming speeds as low

as 150 cm-s-1, a presumably sustainable speed. However, whether use

of the white muscle fibers at sustainable swimming speeds is actually

employed as a thermoregulatory mechanism, is still an open question.

To put the concept of thermoconservation into a more complete

perspective, a study was undertaken to quantify the effect of tem

perature on the contraction and relaxation of isolated samples of

skipjack tuna white muscle.

Latent period, rise time, contraction time, and half relaxation

times (under isotonic conditions) were determined at 20°, 27°, and 34°C.

These parameters were found to be inversely proportional to temperature.
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The data show that contraction time and the effect of temperature on

contraction time of skipjack tuna white muscle are not unique when

compared to other equal-sized teleosts. Based on contraction time,

maximum swimming speeds at each muscle temperature were calculated and

found not to significantly exceed the maximum speeds of other equal

sized teleosts, when comparisons are made at the same white muscle

temperatures. With respect to maximum swimming speeds, the advantage

conferred by skipjack tuna's vascular counter-current heat exchangers

is hypothesized to be a reduced rate of muscle cooling, rather than the

ability to sustain slightly elevated muscle temperatures.
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GENERAL INTRODUCTION

The term "tuna" is now generally used to refer to the four genera

(13 species) that are grouped under the tribe Thunninni, family

Scompridae (Fig. 1) (Klawe, 1977). The members of these four general

are unique among all te1eosts in that they have the ability to maintain

significant excess muscle temperatures (i.e. maintain muscle temper

atures above ambient temperature) (Stevens and Neill, 1978).

This dissertation is divided to six separate studies which are

designed to answer the following questions concerning various aspects

of the thermal physiology of two of these "thermoconserving" species,

skipjack tuna (Katsuwonus pe1amis) and ye110wfin tuna (Thunnus

a1bacares):

1) Are the gills an important and possibly variable route of

metabolic heat dissipation? (Study I)

2) Are tuna capable of physiological thermoregulation? That is,

are tuna able to control the magnitude of their excess muscle temper

atures independent of activity (i.e. independently of the level of

metabolic heat production)? (Study II-IV)

3) If skipjack and ye110wfin tuna are capable of controlling the

magnitude of their excess muscle temperatures independently of activity,

what possible mechanisms are involved? (Study V)

4) t~at are the physiological and ecological benefits of the

ability to maintain elevated muscle temperatures? (Study VI)

The remainder of this general introductory section is intended to

put the above questions into perspective by: one, critically reviewing
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Figure 1. A phylogenetic tree for the family Scombidae

(from Klawe, 1977).
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the requirements (first defined by Carey and Teal, 1966) for aquatic

gill breathers to maintain significant excess muscle temperatures;

two, examining the anatomical and physiological adaptations of tuna

that permit them to maintain significant excess muscle temperatures;

and three, briefly reviewing the literature concerning muscle temper-

atures and thermoregulation in tuna.

Requirements for Maintaining Excess Muscle Temperatures by Aquatic

Gill Breathers

Vascular counter-current heat exchangers. It has been assumed

that in non-thermoconserving (i.e. non-tuna) fish species, that the

overwhelming fraction of metabolic heat production was transported by

the circulatory system and dissipated via the gills (Fry, 1967). I

have not been able to trace through the literature, the exact ontogeny

of this hypothesis. However the following, taken directly from Stevens

and Sutterlin (1976), summarizes the basis for the hypothesis that

almost all of the metabolic heat production in fish is lost via the

gills.

Many authors have assumed that most of the metabolic
heat produced by fishes is lost to ambient water as blood
flow~ through the gillso The assumption is reasonable be
cause body temperature is close to ambient temperature,
blood and water have a high heat capacity (relative to air),
the surface of the gill epithelium is large and diffusion
distance across the epithelium small, and because a large
volume of water is pumped over the gills due to its relative
low oxygen content. (Stevens and Sutterlin, 1976)

However, by direct measurement of cardiac output, excess temper-

ature of the venous blood returning to the gills, and metabolic rate,

Stevens and Sutterlin (1976) showed that (in thermal steady state)

4
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Atlantic sea ravens (Hemitripterus americanus) actually lose only 8 to

29% of their metabolic heat production via the gills. The remainder

is presumably lost via the body surface and fins. Although the fraction

of heat lost via the gills and body surface has been measured in only

this one species, it is reasonable to conclude that body surface heat

loss in most fish is indeed significant.

Therefore, could fish maintain significantly elevated muscle tem

peratures by somehow insulating their main aerobic heat producing

tissues to minimize body surface heat loss? The answer is no. Carey

and Teal (1966) and Carey et al. (1971) were the first to argue that

even if body surface heat loss is assumed negligible, maximum sustain

able (i.e. steady state) excess muscle temperatures are limited, because

gill heat loss and aerobic metabolic heat production are coupled

processes. Indeed Carey and Teal (1966) and Carey et a1. (1971) have

argued that the maximum sustainable excess muscle temperatures in all

non-thermoconserving (i.e. "non-tuna") fish species are limited by

maximum arterial-venous oxygen content differences (or maximum oxygen

carrying capacity of the blood, if it is assumed fish can reduce venous

blood oxygen content to a negligible amount).

Unfortunately, Carey and Teal (1966) and Carey et a1. (1971) did

not explicitly list the assumption upon which their conclusion is based.

The following reasonable assumptions and simple algebraic equations are

intended solely to demonstrate the logical basis of the concept

developed by Carey and Teal (1966) and Carey et a1. (1971), and to show

the hypothesis first expressed by Carey and Teal (1966), namely that

vascular counter-current heat exchangers are a primary requirement for



aquatic gill breathers to maintain significant excess muscle tempera-

tures, is correct.

Assuming:

1) Because all of a fish's blood passes through the gills (see

Fig. 2) and because thermal diffusion is approximately 10 times faster

than molecular diffusion, blood comes to thermal equilibrium with the

water as it passes through the gills and with the muscle as it passes

through the capillaries. Therefore, excess venous blood temperature

(Tx vb) will equal excess muscle temperature (Tx m) and arterial blood

temperature will equal water temperature.

2) Body surface heat loss is ~egligible. As stated previously,

this assumption is not likely to be correct. Indeed, Stevens and

Sutterlin (1978) have shown that non-thermoconserving teloests may lose

up to 90% of their metabolic heat production through the body surface

and fins. This assumption is included because this is a best-case

analysis in which I am attempting clearly to show that even if body--
surface heat loss is assumed negligible, the maximum sustainable excess

muscle temperature of teloests without vascular counter-current heat

exchangers is still limited because aerobic heat production (limited by

the rate of oxygen delivery by the circulatory system) and gill heat

loss are linked processes.

Under the completely hypothetical conditions defined by the above

assumptions, metabolic heat pToduction (BP, in cal min-I) is calculated

as fol10ws: 1

6

(1)
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Figure 2. A schematic diagram of the circulatory system in

non-the~oconserving fish and in tuna. The upper two diagrams

show that the vascular system of non-thermoconserving fish

functions, with respect to heat loss, in a way analogous to that

of an automobile engine's cooling system.
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where:

02 cal = an oxyca10rific equivalent (i.e. the amount of heat

produced per unit of oxygen consumed), in cal ml- l 02

Q = cardiac output, in 1 min- l

~(02 a-v) = arterial-venous blood oxygen content difference, in

m1 02 1-1 blood.

Also, gill heat loss (BLgi11s, in cal min-l) is calculated as:

9

where:

-BLgi11s = Tx m-Q- sb100d (2)

Sb100d = the specific heat capacity of blood, in cal ml- l oC-l.

In this steady state best case analysis, body surface heat loss was

assumed negligible; heat production (HP) must therefore equal heat loss

via the gills,

HP = BLgi1ls •

Substituting equations 1 and 2 into 3 yields:

(3)

Tx m -Q-sblood = 02 cal - ~(02 a-v)-Q (4)

Because sblood and 02 cal are essentially constants, and Q cancels out

of the equation, sustainable excess muscle temperatures are shown to

be directly proportional to, and limited by, the maximum possible

arterial-venous blood oxygen content difference, and independent of

cardiac output. This is essentially the same conclusion expressed by

Carey and Teal (1966).

Rearranging equation 4 yields:
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Substituting the following into equation 5:

Sb100d = 0.92 cal ml-1 oC-1

02 cal = 3.2 cal mg 02-1

(Mende1owitz, 1948)

(Brafie1d and Solomon, 1972)

approximate maximum arterial-venous blood oxygen content

difference for non-tuna species = 0.12 mg 02 ml-1 (Prosser,1973),

yields a Tx m for non-thermoconserving species of only 0.350C. There

fore a primary requirement for aquatic gill breathers to maintain

significant excess muscle temperatures is the presence of vascular

counter-current heat exchangers.

Other requirements. As stated previously, the majority of meta

bolic heat production in fish is most likely lost via the body surface

(Sorenson and Fromm, 1976; Stevens and Sutterlin, 1976). This is due

·to the high heat capacity and thermal conductivity of water compared

with the thermal conductivity of animal flesh (Keller and Seiler, 1971;

Erksine and Spotila, 1977). This means that vascular counter-current

heat exchangers alone are not sufficient to maintain elevated muscle

tempe~tures. Because fish do not develop the thick, thermally

insulative fat layers characteristic of marine mammals, their only

option is to make their main aerobic heat producing tissues internal.

In other words, if vascular counter-current heat exchangers are

present, then insulating the main aerobic heat producing tissues

becomes an effective way of increasing sustainable muscle temperatures.

Obviously, if vascular counter-current heat exchangers were not present,

insulation of the heat producing tissues would be of little value,

because elevated muscle temperatures would only increase the
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temperature of the blood returning to the gills (i.e. increase heat loss

via the gills).

Furthermore, because the gills have to be effective gas exchangers,

they must also be effective at dissipating heat to the water. This has

been demonstrated experimentally by Stevens and Sutterlin (1976), who

showed that 80 to 100% of the excess heat content of the blood or .

perfusate is lost during its passage through the isolated perfused gills

of sea raven£1 and a rainbow trout (Salmo gairdneri). The small fraction

of excess heat content of the afferent blood that is not dissipated is

most likely due to heat being directly transferred between the afferent

and efferent blood vessels within the gill bar. Any excess heat remain

ing in the blood when it reaches the gas exchange areas of the gills is

assumed to be lost to the water (Stevens and Sutterlin, 1976). It is

at least conceivable that the separation of gas transfer and heat

transfer functions of the gills could serve as a thermoconserving mech

anism in tuna. However, this phenomenon has never been investigated in

tuna, and it will not be considered further here.

Finally, assuming vascular heat exchangers are present and the

main heat producing tissues are internal, sustained excess muscle tem

peratures"will be directly proportional to the sustained metabolic

rate.

In summary, there are three requirements for an aquatic gill

breather to maintain a significant muscle temperature--water temperature

differential:

1) vascular counter-current heat exchangers must be present

2) the main heat producing tissues must be internal
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3) a sustained high metabolic rate must be demonstrated within

the main aerobic heat producing heat tissues.

How Tuna Meet These Requirements

Vascular counter-current heat exchangers. Figure 2 presents a

schematic diagram of tuna's vascular counter-current heat exchange

system. Arterial blood, returning from the gills, is warmed by venous

blood, returning from the muscles. Therefore, heat produced within the

muscles is retained. In other words, vascular counter-current heat

exchangers function as a thermal barrier placed between the muscles and

the gills.

There have been numerous descriptions of tuna vascular anatomy

(K1shinouye, 1923; Godsil and Byers, 1944; Carey and Teal, 1966; Gibbs

and Collette, 1971; Carey et al., 1971; Carey, 1973; Graham, 1973; 1975;

Stevens et al., 1974; Stevens and Neill, 1978). Briefly, the vascular

counter-current heat exchangers (the so-called "retia mirabilia") are

found within the hemal arch of the vertebral column (the central rete)

and on either side of the interface of the red and white muscle fiber

portion of the myotomes (the lateral rete) (Fig. 3).

The ~entral rete is composed of blood vessels of arteriole and

venule size (36 and 84 ~m diameter, respectively; Stevens et al., 1974),

lying in close opposition. The arterial side of the central heat

exchanger is fed by arterial blood from the dorsal aorta; the venous

side is fed by blood returning presumably primarily from the red muscle

fiber portion of the myotomes. The venous exchanger vessels join the

postcardinal vein (Fig. 4).
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Figure 3. Diagrammatic transverse sections of skipjack

(K. pe1amis) and ye110wfin (T. albacares) tuna. Red muscle fiber

position is indicated by stippling. Central and lateral heat

exchanger positions (rete mirable r) are also shown. The blood

vessels supplying the heat exchangers are: cutaneous artery (ca),

cutaneous vein (cv), dorsal aorta (da) and postcardinal vein

(pcv). Bluefin tuna (T. thynnus) and Kawakawa (E. affinus) are

also pictured (from Graham, 1975).
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Figure 4. Semidiagrammatic drawing of the central vascular

heat exchanger of skipjack tuna. Left insert shows arterial blood

flow, right insert venous blood flow; small arrows indicate

direction of heat flow. DA, dorsal aorta; K, kidney; M, muscle;

PCV, postcardinal vein; V, vertebra (from Stevens et a1., 1974).
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The lateral (cutaneous) blood vessels, that feed the lateral

retia, are unique to tuna. In some species, such as the bluefin tuna

(Thunnus thynnus), these vessels carry the main supply of blood to the

body musculature. The dorsal aorta is much reduced in this species

(Carey and Teal, 1966). The lateral blood vessels, and the vascular

heat exchangers they supply, are illustrated in Figure 3.

Internal red muscle. In contrast to other teloests, whose red

muscle fiber portions of the myotome are generally located near the

midlateral body surface (Bone, 1975), the red muscle of tuna is internal

and makes little or no contact with the body surface (Fig. 3).

Direct electromyographic recordings have shown the red muscle

fibers alone are active during slow speed swimming movements (Rayner

and Keenan, 1967). Therefore, the sustained heat producing tissue in

tuna is thermally sequestered by the vascular counter-current heat

exchangers, and by the surrounding presumably poorly perfused white

muscle (Stevens and Neill, 1978).

High Metabolic Rate. Stevens and Neill (1978) have summarized

the available data concerning red muscle, white muscle and whole body

metabolic rates in skipjack tuna. Based on data from Gordon (1968) and

Neill et ale (1976), Stevens and Neill (1978) concluded that the

metabolic rate of red muscle in skipjack tuna was 6 to 8 times that of

white muscle, and that aerobic heat production within the red muscle

was primarily responsible for the sustained elevated muscle tempera

tures observed in slowly swimming tuna.
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Furthermore, Stevens and Neill (1978) give maximum metabolic rate

of free-swimming skipjack tuna (for a presumably 1 to 2 kg fish, al

though the weight was not given) as 6.8 Kcal kg- 1 h-1, a metabolic

rate which is twice as high as that for any other fish under any other

conditions (Brett, 1972). Furthermore, minimum metabolic rates for

free gwimming skipjack tuna (again, presumably 1 to 2 kg fish) was

given as 1.5 Kcal kg-1 h-1• This metabolic rate is significantly

higher than that of other poikilotherms, at similar activity levels, a

fact that is clearly demonstrated by comparing the metabolic rates of

skipjack tuna with the metabolic rates shown in Figure 5.

Tuna have highly streamlined body forms and caudal fin shapes

that are supposedly high efficient (Webb, 1975; Magnuson, 1978).

Therefore the high metabolic rate of tuna, compa~ed with an equal sized

non-thermoconserving fish, swimming at the same speed, is not likely

due to the higher drag or lower caudal fin efficiency of tuna. Why

tuna have exceptionally high metabolic rates is not known, although it

is reasonable to conclude that the high metabolic rates evolved as part

of the tuna's adaptations for maintaining elevated muscle temperatures.

The exceptional metabolic rates of tuna are reflected in their

large gill surface area, which is approximately an order;'of magnitude

greater than that of other equal sized te1eosts (Muir and Hughes, 1969),

and high hemoglobin levels (Klawe et a1., 1963).

Can Tuna Regulate the Magnitude of Their Excess Muscle Temperature?

Barrett and Hester (1964) were the first to investigate extensively

the muscle temperatures of recently landed skipjack and ye110wfin tuna,
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Figure 5. Metabolic rate versus body weight relations for

fishes, birds and mammals, at various levels of activity (from

Brett, 1972).
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using a modern electronic temperature measurement system. Their data

(Fig. 6) seem to indicate that these fish maintain maximum muscle

temperatures2 a fixed amount above ambient temperature. Carey and

Teal (1969) subsequently made extensive muscle temperature measurements

on recently landed bluefin tuna, caught in areas of widely different

surface water temperatures. Their data (Fig. 7) imply that bluefin

tuna thermoregplate in the mammalian sense; in other words that these

fish have the ability to maintain a nearly fixed absolute maximum

muscle temperature.

The data and conclusions from both these studies, however, are

severely compromised because the thermal and activity history of the

fish prior to capture were unknown. Conceivably, the data of Carey

and Teal (1969) could reflect the fact that bluefin tuna caught in

tropical waters were either less active or swum at greater depths

(i.e. in cooler waters) than did temperate water conspecifics. No

thermoregulatory ability need be postulated. Conclusions based on

Barrett and Hester's data are questionable for the same reasons.

To pursue the idea of thermoregulation in bluefin tuna, Carey and

Lawson (1973) telemetered muscle and stomach temperatures of several

large (256 kg) free swimming b1uefin tuna (Fig. 8). They interpreted

their data to indicate that these fish are capable of defending a

relatively fixed body temperature. However, Neill and Stevens (1974)

subsequently developed an empirical mathematical model with the ability

to predict tuna muscle temperatures, based on the fish's size and thermal

history, and assuming fixed heat production and heat dissipation.

Figure 9 shows the results of their computer simulation.
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Figure 6. Maximum muscle temperature of recently landed

tuna, plotted against surface water temperature in the area of

capture. The lower broken line indicates where water temperature

= maximum muscle temperature (from Carey et al., 1971).
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Figure 7. Maximum muscle temperatures of recently landed

b1uefin tuna, plotted against surface water temperatures in the

area of capture. The broken line indicates where water temper

ature = maximum muscle temperature (from Carey et a1., 1971).
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Figure 8. Stomach temperature telemetry data from a large

(greater than 200 kg) free swimming b1uefin tuna. Stomach

temperatures are shown by the upper points, water temperatures

by the lower points (from Carey et a1., 1971).
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Figure 9. Output from the Neill and Stevens (1974)

computer model fitted to the temperature telemetry data from

free swimming b1uefin tuna of Carey et a1. (1971) (Fig. 8).

Solid circles are water temperature, X's are the fish's stomach

temperature and the solid line is the predicted stomach

temperature (from Neill and Stevens, 1974).
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The Neill and Steven~ model can predict the body temperatures

observed by Carey and Lawson (1973), without postulating any physio

logical thermoregulatory ability. This indicates that thermal inertia,

rather than physiological thermoregulation, is a sufficient explanation

of the te1emetered body temperature data.

Mammalian Definition of Thermoregulation Versus the Ability to

Control Heat Transfer.

Based on temperature measurements of recently landed skipjack tuna

(Fig. 10) Stevens and Fry (1971) concluded that skipjack tuna do

regulate their maximum muscle ~emperature at a relatively fixed level,

over an ambient temperature range of 25-34°C. In other words, Stevens

and Fry (1971) argue that skipjack tuna have the ability to defend a

specific maximum muscle temperature.

Neill et al. (1976) attempted to confirm this thermoregulatory

ability by measuring the heating and cooling rates of paralyzed skip

jack tuna, subject to step changes in water temperature. Because their

observed coefficients of muscle temperature change were not statis

tically different during heating and cooling, Neill et a1. (1976)

concluded that skipjack do not have the ability to thermoregulate. This

conclusion is not justified for several reasons. First, Neill and co

workers did not measure the fish's metabolic rate during their experi

ments, even though the rate of heating will be enhanced and the rate

of cooling diminished, by metabolic heat production. Second, during a

temperature change, an aquatic animal must make cardiovascular and

respiratory adjustments to meet a changing oxygen demand and to offset
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Figure 10. Maximum muscle temperature of recently landed

skipjack tuna plotted against surface water temperature in the

area of capture. Open triangles are data from Barrett and Hester

(1964) and Carey and Teal (1969), open circles are data from

Stevens and Fry (1971) (from Stevens and Fry, 1971).
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the osmotic and acid-base disturbances in its body fluids (Houston,

1973; Roberts, 1973; Crawshaw, 1977). These adjustments may cause an

animal to heat faster than it cools, even though it was not making

physiological thermoregulatory adjustments. Therefore, using rates of

temperature change to look for the thermoregulatory ability of teleosts

is a tenuous procedure. Third, although different rates of heating

and cooling have been used as evidence of thermoregulatory ability in

reptiles (Spray and May, 1972), this concept represents too narrow a

criterion. Thermoregulatory ability would also be shown by data that

clearly demonstrate an animal can control its body temperature inde

pendently of changes in ambient temperature or changes in activity

related heat production.
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RESEARCH DIRECTION

The research projects reported here are part of an on-going

research task, sponsored by the National Marine Fisheries Service

(NOAA), whose objective is to elucidate the physiological, ecological

and oceanographic factors that determine the distribution of tuna

species within the world's oceans. Because of this, most of my work

was designed to test hypotheses that are outgrowths of two mathematical

models that deal with the thermal physiology and physiological ecology

of skipj ack and yellowfin tuna. The first of these models (Barkley

et al.., MS), is based on the following assumptions:

1. Skipjack tuna have lower ambient temperature and oxygen limits

(laoe and 3.5 m1 1-1, respectively) that are independent of body size;

2. the upper temperature limit for continuously habitable water

is inversely proportional to body size (i.e. the upper temperature

limit is 330C for a 1-2 kg skipjack tuna and 200C for skipjack tuna

11 kg or larger). This latter phenomenon, in turn, is assumed to occur

because: 1) temperatures above 350C are hypothesized to cause irre-

versible tissue damage, and 2) minimum excess muscle temperature is

directly proportional to body size and activity. (This assumption is

based on Neill et al., 1976.)

The Barkley et al. model predicts that, as skipjack tuna grow,

they will find less and less continuously habitable water. Because

the cool water below the thermocline will be oxygen deficient; and the

oxygen rich surface waters will be too warm, such that swimming

activity must be significantly curtailed to avoid develQP.ing
,"
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deleterious muscle temperatures. By applying these ideas to oceano

graphic data from the eastern and central Pacific Ocean, Barkley et ale

(MS) were able to explain the observed skipjack tuna distribution that

had been formerly well documented but poorly understood (Blackburn,

1965; Blackburn and Williams, 1975).

One of the main purposes of this study was to test if skipjack and

yellowfin tuna are indeed prisoners of their thermoconserving mechanisms

(as suggested by Barkley et al. MS), or whether they can adaptively

regulate their excess muscle temperatures in response to changes in

water temperature.

Where the Barkley et ale model is largely empirical, the second

model, by Sharp and Vlymen (1978), is largely theoretical. Based on

hydrodynamic and heat transfer theory, Sharp and. V1Ymen (1978) are able

to calculate the surface temperature required to dissipate 50% of a

tuna's estimated metabolic heat production at any given swimming

speed. (The remaining heat production is presumed to be lost via the

gills.) Assuming the fish behaves thermally as a uniform heat pro

ducing cylinder, the Sharp and Vlymen model then back calculates the

temperature at the center of the cylinder (the point of maximal muscle

temperature), based on the skin temperature required for sufficient

heat dissipation.

For slow swimming speeds, the Sharp and V1ymen model predicts red

and white muscle temperatures that are within the range of observed

muscle temperatures for skipjack and ye1lowfin tuna. More importantly,

however, the model predicts steady state red muscle temperatures

approximately 300C above ambient temperature, for skipjack tuna



36 .

swimming less than 5 body lengths per second (bl's- l ) , a presumably

sustainable speed. Sharp and Vlymen (1978) were the first clearly to

point out that tuna could face heat dissipation problems at elevated

swimming speeds.

Therefore, one of the other main purposes of this study was to

discern if tuna could regulate the effectiveness of their thermo

conserving mechanisms, in response to changes in activity level, and

therefore avoid developing lethal muscle temperatures.

The specific hypotheses to be tested are fully described in the

introductory sections of each study, but they are also briefly

summarized here.

Study I: Body surface heat loss in paralyzed skipjack tuna.

Reat loss via the gills has been hypothesiz.ed to be unimportant

(Carey and Teal, 1966) and as a very important (Neill et al., 1976)

route of heat loss in tuna. This study was therefore designed to

measure the relative importance of the gills and body surface as

routes of heat loss from skipjack tuna. A second objective was to

prOVide the type of surface heat loss map that is required to interpret

direct body surface heat loss measurements made on free swiDllDing fish;

which, of, course, can carry only a limited number of surface heat flow

sensors.

Study II: The effect of body size on the standard metabolic rate of

skipjack tuna.

In order to calculate the total heat production of swimming fish

(based on theoretical estimates of drag and muscle efficiency), a

measure of the heat production by all physiological functions except
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those required directly for power production within the swimming muscles

is necessary. In other words, the metabolic rate of non-swimming fish

(1. e. the standard metabolic rate) had to be determined. This study

was undertaken to measure the standard metabolic rate and the effect of

body size on the standard metabolic rate in skipjack tuna.

Study III: Thermoregulation in skipjack and yellowfin tuna.

It has been hypothesized that: 1) skipjack and yellowfin tuna

maintain approximately a fixed maximum excess muscle temperature regard

less of ambient temperature (Carey et a1., 1971); 2) skipjack tuna

maintain a fixed maximum absolute muscle temperature over an ambient

temperature range of 25-34oC (Stevens and Fry, 1971); and 3) that

skipjack tuna are not capable of physiological thermoregulation, rather

that they are prisoners of their own thermo-cons~rving mechanisms (Neill

et a1., 1976).

Obviously these hypotheses are contradictory. This study was

undertaken to discern the relationship (if any) between swimming speed,

excess muscle temperature and water temperature, in free swimming skip

jack and yellowfin tuna.

Study IV: Thermoregulatory ability of skipjack tuna forced to swim at

elevated speeds.

This study is an extension of Study III.· It is based on the

concept that forcing skipjack tuna to swim in elev:ated speeds will

cause them to make a more dramatic thermoregulatory adjustment as

ambient temperature increases. This study was designed to further

clarify the physiological thermoregulatory ability of skipjack tuna.
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Study V: Red and White muscle fiber activity in skipjack tuna.

Rayner and Keenan (1967) implied that skipjack tuna use their red

muscle fibers alone at sustainable swimming speeds, and the white

muscle fibers only at unsustainable burst speeds. However, based on

the results from Study III and IV, I hypothesized that use of the white

muscle fibers at sustainable swimming speeds may serve as a thermo

regulatory mechanism in tuna. This study was therefore undertaken to

determine the exact relationship between swimming speed and red and

white muscle fiber activity in swimming skipjack tuna.

Study VI: The effect of temperature of the isotonic twitch of white

muscle and the predicted maximum swimming speeds of skipjack tuna.

The advantages of maintaining elevated muscle temperatures have

been hypothesized to be: 1) increased maximum ~sc1e power output,

which permits higher maximum swimming speeds (Carey et al., 1971;

Graham, 1975); or 2) increased rate of oxygen diffusion from the

capillaries to the mitochondria which results in increased rate of

oxygen delivery to the tissues, which permits higher maximum sustain

able swimming speeds (Stevens and Neill, 1978).

This study was undertaken to determine the effect of temperature

on the iSQtonic twitch of isolated white muscle samples, and on the

predicted maximum swimming speeds of skipjack tuna. This information

is required in order to draw sensible conclusions on whether or not the

sustainable 1 to 20C temperature excess of skipjack tuna white muscle

will significantly enhance maximum possible swimming speeds.
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STUDY I

BODY SURFACE AND GILL HEAT LOSS IN PARALYZED SKIPJACK TUNA

Introduction

Due to the arrangement of the circulatory system of fishes and

because heat transfer occurs more rapidly than does mass transfer,

it has been assumed that most of the metabolic heat produced by

fishes is carried to the gills where it is lost (Fry, 1967). There

fore, it has been argued that the reason for the rete mirable in

tunas (Kishinouye, 1923; Stevens et al., 1974) is to act as a counter

current heat exchange mechanism to reduce the amount of metabolic

heat lost via the gills and/or to buffer these animals against sudden

changes in ambient temperature (i.e., provide a large thermal inertia)

(Carey et al., 1971; Neill and Stevens, 1974; Neill et al., 1976).

However, recent direct measurements show that Hemitripterus americanus

(a teleost without a specialized vascular counter-current heat

exchanger) loses only 10% of its metabolic heat production through

the gills; the remainder is lost at the body surface and through the

fins (Stevens and Sutterlin, 1975, 1976). In contrast, Neill et al.

(1976) estimate that a similar size skipjack tuna, whose circulatory

system is modified to contain vascular heat exchangers (Graham, 1975),

affects up to 84% of the heat exchanged from the deep red muscle via

the gills.

The results from the two studies are not directly comparable

however, because (a) Hemitripterus americanus is a relatively seden

tary temperate water species (Bigelow and Schroeder, 1953), whereas
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skipjack tuna are highly active subtropical pelagic predators

(Magnuson, 1963); and (b) Stevens and Sutterlin (1976) measured steady

state heat flow, whereas Neill et ale (1976) measured rates of temper

ature change (i.e. nonsteady state heat flow). These situations must

always be carefully differentiated since they do not necessarily

represent identical processes.

Percentage of metabolic heat production 'lost via the gills in

skipjack tuna. The latter problem (i.e. comparison of steady state

and nonsteady state situations) can be circumvented by calculating

the percentage of steady state heat production lost via the gills

based on the best parameter estimates available. Assuming:

1. a 2 kg skipjack tuna, swimming at its minimum hydrostatic

equilibrium speed3 (Magnuson, 1970, 1973, 1978) has a metabolic rate

of approximately 700 mg 02 kg-1h-1 (Gooding and Neill, !o1S), a steady

state red muscle temperature of approximately 2.SoC above ambient

(Stevens and Fry, 1971), and a cardiac output of approximately 100 ml

min-1kg-1 (R.W. Brill and D.L. Guernsey, based on measurements from

restrained skipjack tuna);

2. in skipjack tuna in thermal steady state, the ventral aorta

blood temPerature-ambient temperature difference is 11% of the red

muscle temperature-ambient temperature difference, therefore if a

free swimming fish has a red muscle temperature of 2.SoC above ambient,

the temperature of the venous blood will be 11% of 2.SoC, or 0.2750C

(the "11%" estimate is from Neill et a1., 1976, based on measurement

from paralyzed skipjack tuna ranging in weight from 0.4 to 3.5 kg);
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difference between it and the ambient water during the blood's passage

through the gills (Stevens and Sutterlin, 1975, 1976);

4. the specific heat capacity of tuna blood is 0.92 cal

°C-1ml-1 (Mend1ow1tz, 1948);

5. the oxycalorific equivalent for this species is 3.20 cal

mg-102 (Brafie1d and Solomon, 1972).

Then:

HP .. 02 cal • V02 • W

60 min h-1

,. 74.7 cal min-I

(6)

where:

HP .. metabolic heat production (cal min-I)

02 cal = the oxycalorific equivalent (3.20 cal mg-1 02)

V02 ,. the weight specific metabolic rate
(700 mg 02 kg-1h-1)

W.. body weight (kg)

and:
•

HLgi1ls ,. Q • W • sb100d • F • TXb100d

.. 43.0 cal min- 1

(7)

where:
-1

HLgi~ls • heat loss via the gills (cal min )

Q• the weight-specific cardiac output (100 m1 min-1kg-1)

W.. body weight (kg)

sb100d ,. the specific heat capacity of blood
(0.92 cal °C-1ml-1)

F .. the fraction of the blood's excess heat content that is

lost during passage through the gills (0.85, based on

Stev~s and Sutterlin, 1976)
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TXblood • the temperature difference between the blood in the

ventral aorta and the water perfusing the gills

(0.2750C).

Therefore, the percentage of metabolic heat production lost via the

gills equals

HLgil~s/HP·lOO or 57.6% (8)

Using the best available estimates of physiological variables

shows skipjack tuna may lose a significantly higher fraction of their

steady state metabolic heat production via the gills than do fish that

do not have counter-current heat exchangers (however, see Sorenson and

Fromm, 1976).

This high rate of gill heat loss may be due to the fact that

skipjack tuna have standard metabolic rates (discussed below) and

cardiac outputs over 35 to 40 times greater than those of the H.

americanus used by Stevens and Sutterlin (1976). The fish used in my

experiments were similar in weight to those of Stevens and Sutterlin,

and measurements were taken in nonswimming fish in both cases.

Sharp and Vlymen (1978) have mathematically modeled steady rates

of body 'Surface heat loss in tunas. (For a discussion of the non

steady-state rates of thermal exchange in skipjack tuna, see Neill

et al., 1976). Surface heat loss estimates of this kind must use

order of magnitude approximations and first-order heat exchange

principles. These first-order heat exchange principles in turn,

require the tuna's body form to be adequately approximated as a

series of mathematically describable shapes. In the simplest case,
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provided by Sharp and Vlymen (1978), two cones and a central cylinder

were used.

One of the basic equations used to approximate steady state

heat loss is (Strunk, 1971; 1973):

HI. ~ hc • A • (Ts-Ta)

where

(9)

HI. • steady state

A • surface area

Ts • surface temperature

Ta • ambient temperature

hc • a coefficient that takes into account the shape of the

animal, its surface properties, and the conditions of its

surroundings (e.g., velocity, density, and specific heat

of the surrounding medium).

The required assumptions for the appropriate use of this equation

will be discussed more fully later. However, my point here is that

for most animals, the body form is far too complex to allow approxi

mations of HL based on theoretical estimates of hc (Mitchell, 1976).

Generally, HL, A, Ts, and Ta are all measured and hc is, calculated

Sharp and V1Ymen (1978) use calculated estimates of A and hc (based

on first-order principles) which then allows them to calculate Ts

(recall we are dealing with a steady state situation where HL must

equal the estimated total heat production minus whatever fraction of

this heat production is lost via the gills).
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It is apparent, therefore, that actual measurements of the

routes and rates of heat loss in free swimming tuna are necessary

to test the above calculated gill heat loss estimates and the other

available models and hypotheses. The following is a report of my

initial efforts to measure the rates of heat exchange through the

body surface and through the gills of restrained skipjack tuna.

I had two objectives: first, to get enough quantitative data

to confirm my hypothesis that both the gills and body surface are

significant and possibly variable routes of heat loss in these fish;

second, because a free swimming ani~l could not literally be covered

with heat flow sensors, a type of heat flow map is needed to inter

pret any direct body surface heat-loss measurements from fish carrying

only one or two of these devices.

Materials and Methods

Tuna were maintained at the Kewalo Research Facility (see

Nakamura, 1972 for details).

Each fish was removed from its holding tank by angling with a

barbless hook, injected with 1.0 mg of a muscle blocking agent

(gallamine triethiodide) and placed in a separate tank. When the fish

showed significant loss of swiDiming equilibrium, it was moved into

the laboratory and placed in a flow-through respirometer ~imilar to

that described in Stevens, 1972). Oxygen uptake was measured three

to four times over a 40 min period.

The fish was then transferred to a larger fiberglass trough

filled with running s~awater, and suspended there with a strap of

nylon nett~g. The fish's mouth was placed over a seawater inlet
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pipe. This pipe was the only source of seawater coming into the

trough. Surface heat loss measurements were taken with a Hatfield

Turner heat flow disc connected to a microvolt meter. The anterior

most margin of the first dorsal fin, and the insertion of the pectoral

and pelvic fins were used as anatomical landmarks. Heat loss measure

ments were taken every 2 em, in parallel lines moving in an anterior

posterior direction from these landmarks.

After all heat loss readings were taken (time required was about

20 min after the fish was transferred from the respirometer to the

trough), eight temperature profiles were measured on each fish.

Temperature readings were taken with a thermistor bead mounted in the

tip of an 1S-gauge hypodermic needle and a YSI (Yellow Springs Instru

ment) te1ethermometer. The needle was pushed through the skin and the

temperature measured every centimeter until the vertebral column was

reached. Four temperature profiles were taken along the dorsal margin,

beginning at the anterior-most edge of the first dorsal fin, and every

4 em moving posteriad. Similar measurements were taken along a dorso

lateral line, approaching the fish at a 450 angle from the horizontal

(Fig. 11).

At .the end of the experiments, body surface area was estimated.

Beginning at the anterior-most edge of the first dorsal fin, a string

was stretched around the fish to measure the animal's circumference

at this point. The process was repeated every 4 C1D, until t~e point

for the circumference measurement fell posterior to the second dorsal

fin. Each successive pair of circumferential measurements was

averaged and then multiplied by 4 em to give the surface area of the
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Figure 11. Surface heat loss map from fish 5. Each point

represents the average of three heat loss measurements, one on
,

each side of the points shown. The letters A, B, C, D, and E

refer to dorsal margin, dorso~teral, midlateral, ventrolateral,

and ventral margin, respectively. Positions A6-A12 and Bl-B7

refer to the points where the temperature profiles shown in

Figs. 14 and 15 were taken. Arrows indicate origins of first

dorsal and pelvic fins.
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fish for that particular segment. The surface area of the fish

posterior to the second dorsal fin was calculated as if this area

were a solid right cone. I could detect no heat loss from the

opercular covers or any of the fins. Therefore, these structures

were not included in the estimates of body surface area. The surfaces

between the opercular covers, on the dorsal and ventral margins of

the fish, were estimated as if they were planar right triangles.

Results4

Total aerobic heat production. Total aerobic heat production

rates are ca1culat~d assuming a oxyca10rific equivalent of 3.20 cal

mg-1 02 (Brafie1d and Solomon, 1972). Oxygen uptake values for the

seven fish range from 487.0 to 733.9 mg 02 kg-1h-1• These give a

corresponding range of weight-specific heat production rates of 1.56

to 2.34 kcal kg-1h-1 (Table 1).

Total body surface heat loss. By direct measurements of body

surface heat loss, I am able to account for only 18.8% to 45.7% of

the estimated heat production (Table 1). Unfortunately, there is no

definitive correlation of the fraction of heat production lost at the

body surfac~ with any of the other measurements. This may be a

result of the skipjack tuna's apparent ability to control the rate

of heat loss via the gills (discussed below). However, it more

likely reflects the limitations of my ability to make sufficiently

accurate measurements.
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Table 1. Data from metabolic heat production and body

surface heat loss measurements of paralyzed skipjack tuna.



Fish Body Fork Body sur- Mean (±SD) lIaximum
No. weight length face ..rea muscle temperature - ambient Oxygen uptake rate

(kg) (cm) (cm2) temperature differential -1 -1 -1
(oC)

(mg 02 h ) (mg 02 kg h )

1 1.922 48.8 756 1.0 so.s 936 487

2 1.689 46.8 633 1.4 to.3 954 564

3 1.649 46.5 692 1.3 to.4 1206 713

4 1.913 47.4 736 1.2 ±0.2 1404 733

5 2.134 48.2 857 2.0 ±O.4 1452 680

6 1.258 42.4 495 1. 7 to.1 ',721 573

7 0.768 37.5 420 0.5 fO.1 442 575

VI
o



Fish Calculated heat Measured total Calculated percent
No. production body surface of heat prodcution

-1 heat loss lost at the body(kca1 h ) -1 surface(kca1 h )

1 2.99 0.607 20.3

2 3.05 0.641 . 21.0

3 3.86 1.023 26.5

4 4.49 0.846 18.8

5 4.64 2.038 45.7

6 2.31 0.740 32.1

7 1.41 0.410 29.0

VI....
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Body surface heat loss map for skipjack tuna. Figure 11 presents

a heat loss map for fish 5. The higher heat loss rates along the mid-

lateral position are probably a result of the proximity of the metab-

olically active red muscle to the body surface (Gordon 1968, 1972a,

1972b; Sharp and Pirages, MS).

The most surprising result is that the dorsal margin of all fish

(see Figs. 11 and 12) shows the highest heat loss rates (Note: readings

were taken immediately lateral to the first and second dorsal fins).

Assuming the white muscle is uniformly vascularized, this could be

due to the presence of the large neural spines (Fierstine and Walters,

1967) because it is unlikely that the functional heat conductive prop-

erties of tuna white muscle change with respect to the relative direc-

tion of heat conduction to the body surface.

Figure 13 presents the mean body-surface heat loss rates averaged

over the successive lateral segments of the fish. The heat loss rates

again appear not to be uniform; rather, they tend to be highest over

the thickest part of the animal.

Thermal profiles. The limit of resolution of the YSI te1ether

°mometer is approximately 0.1 C. The maximum core temperature of the

paralyzed fish ranged from approximately 0.5° to 2. OoC above ambient,

and the difference between any two successive temperature profile

readings approaches the limit of resolution.

Figures 14 and 15 present the nondtmensiona1 temperature profiles

for fish 5. The temperature profiles did not differ substantially for

any other fish. This is in spite of the fact that the temperature
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Figure 12. Average dorsal-ventral body surface heat loss

rates. Measurements are averaged over the length of the fish.
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Figure 13. Average anterior-posterior body surface heat

loss rates. The position of each point represents the midpoint

of the area which encloses those heat loss measurements used to

determine each average heat loss value.
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Figure 14. Nondimensiona1 temperature profiles of fish 5.

Tm is the muscle temperature at any given point, Tmax is the

maxtmmn muscle temperature found at any given position, Ta is

ambient temperature, r is the radius of the body at a given Tm,

and rmax is the maximum radius of the body at any given position.

The position where each temperature profile was taken is shown

in Fig. 11.
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Figure 15. Nondimensional temperature profiles of fish 5.

Tm is the muscle temperature at any given point, Tmax is the

maximum muscle temperature found at any given position, Ta is

ambient temperature, r is the radius of the body at a given Tm,

and rmax is the maximum radius of the body at any given position.

The position where each temperature profile was taken is shown

in Fig. 11.
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profiles taken approaching the fish at a 450 angle from the horizontal

went through the red muscle, whereas those approaching the fish vertic

ally did not. In other words, the red and white muscle appear to be

in complete thermal contact because there are no apparent discontin

uities in any temperature profiles.

Discussion

Total aerobic heat production. Oxygen uptake rates are similar

to those obtained by Stevens (1972) on paralyzed skipjack tuna, and

are near those for free-swimming captive skipjack tuna swimming at slow

speeds (Gooding and Neill, MS).

Body surface heat loss map and temperature profiles. The rate

of body surface heat loss ranged from about 1 to 4 cal cm-2 h-1 (Figs.

11-13). Heat loss from the opercular covers, and all fins was un

detectable. A few fish showed a slight heat loss from the eye (approx

imately 0.5 cal cm-2 h-1) . The only other surface heat loss rate data

for fish are those of Carey (Woods Hole Oceanographic Institution,

personal communication). He measured the heat loss in yellowfin tuna,

bigeye tuna, and Atlantic bluefin tuna. All showed the same pattern;

heat los~ varied by a factor of 2 to 4 around the fish's body and was

highest in the region of the pectoral fin groove where probing with

thermistors showed the steepest thermal gradients.

In the present experiments with skipjack tuna, the greatest

surface heat loss was through the dorsal surface, and the magnitude

of the heat loss was not related to the steepness of the thermal

gradients.
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The temperature profiles (Figs. 14 and 15) were roughly parabolic,

and therefore appear to agree with the predicted temperature profiles

for a solid right uniform heat producing cylinder based on the bio

heat transfer equation developed by Pennes (1948; see also Burton,

1934; Sharp and V1ymen, 1978).

Heat loss at the body surface versus heat loss at the gills.

By direct measurement I can account for a maximum of 45.6% of the

estimated total heat production being lost through the body surface.

Therefore, the data imply that the gills are indeed a significant

route of heat loss in these fish under these conditions.

Subsequently, Duane Guernsey and I undertook experiments to

directly measure the rate of heat loss from the gills when skipjack

tuna are restrained under conditions similar to· those used to obtain

the body-surface heat loss measurements. The methodology was fairly

simple. A fish was injected with gallamine triethiodide and placed

ventral side up in the flow-through respirometer. The dorsal and

ventral. aortas were cannulated. A microbead thermistor was also

placed in the ventral aorta, and a needle mounted thermistor placed

in the red muscle. This allows simultaneous measurement of metabolic

rate, ventral aorta blood temperature, red muscle temperature, and

water temperature. The oxygen content of the blood from the dorsal

and ventral aortas was analyzed with a Nate1son microgasometer, and

cardiac output was calculated by the Fick principle (Watters and

Smith, 1973). The rate of heat loss from the gills was then calcu

lated as shown:tn. EquatiQn 7. Results based on 4 skipjack tuna (ranging

in weight from 1.6 to 1.7 kg), indicate that under these conditions
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skipjack tuna have a weight specific cardiac output of approximately

90 ml kg-1min-1 and a ventral aorta blood temperature that is approxi

mately 0.100 to O.15oC warmer than ambient.

The manipulative procedures required to measure body-surface heat

loss and gill heat loss precluded both being measured simultaneously.

However, if the above estimates of cardiac output and ventral aorta

blood temperatures (O.1250 C above ambient) are applied to the seven

fish used in the body surface heat loss measurements, the amount of

heat loss via the gills is estimated to be 22% to 31% of the total

heat production (Table 2). Note that the estimated fraction of heat

production lost via the gills in paralyzed fish is significantly less

than the previously estimated fraction of metabolic heat production

lost by swimming skipjaCk tuna (57%). This may reflect a basic differ

ence in the heat production and dissipation relationships between

paralyzed and actively swimming fish. For example, the rate of heat

production within the red muscle fibers may be much higher in swimming,

than in nonswimming animals. Because both estimates of gill heat loss

are "best guess" estimates it is impossible to attach significance to

the different calculated fractions of metabolic heat production lost

via the gills, until data can be obtained on the cardiac output and

ventral aorta temperatures of free swimming tunas.

Summing my estimates of heat loss from the body surface and from

the gills, a total of 40.4 to 69.0% of the total heat production can .

be accounted for (Table 2). These are reasonable values that clearly

implicate that the gills are a significant route of heat loss in these

fish, at least under conditions when the animal is not actively swimming.
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Table 2. Estimated fraction of metabolic heat production

lost via the gills~ in paralyzed skipjack tuna, and total fraction

of metabolic heat production accounted for.



Fish Calculated percent Estimated percent Percent of heat
No. of heat production . of heat production production

lost at the body los~ via ~he ~ills accounted for
surface

1 20.3 30.7 51.0

2 21.0 28.0 49.0

3 26.5 21.7 48.1

4 18.8 21.6 40.4

5 45.7 23.3 69.0

6 32.1 27.6 59.7

7 29.0 27.5 56.5

0\
VI
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The fact that approximately 30 to 60% of the estimated heat pro-

duction could not be accounted for, mostly likely is a function of my

inability to make sufficiently accurate measurements. For example, if

the true excess ventral aorta blood temperature was actually o.osoe

warmer than my estimates, this would account for approximately an

additional 25 to 30% of the metabolic heat production as being lost

via the gills.

Furthermore, it is likely that the gill tissue itself is a signi-

ficant site of energy consumption in fishes. The gills are sites of

active ion pumping (Maetz, 1974), and up to 25% of a fish.'.s resting

metabolic rate may be attributed to the cost of osmoregulation in sea

water (Rao, 1968). Since heat produced by the gill tissue will not

show up as heat lost via the body surface, or be. accounted for as hea~

transported to the gills via the circulatory system, this may be another

reason I am unable to account for 100% of the estimated total heat

production.

Extrapolation of the heat loss data from paralyzed fish to free

swimming fish. Are the heat loss data just presented for paralyzed

skipjack tuna representative of the routes and rates of heat loss in a

free swtmming fish? Although it may not appear so, this is a complex

question to which I can give only an incomplete answer.

First, it is possible that the major sites of heat production in

paralyzed (i.e. non-swimming) and swimming skipjack tuna are entirely

different. However, the total lack of any relevant data makes any

discussion of this question meaningless. An important and related

question can be addressed here however. Will rates and patterns



of water flow over a tuna significantly effect routes and rates of

heat dissipation? The remainder of this discussion will deal speci

fically with this question.

Many papers dealing with steady-state and nonsteady-state heat

transfer in animals have used various equations, all of which are

referred to as "Newton's Law" (Stevens and Fry, 1970, 1974; Klieber,

1972; Neill et al. 1976; Spigarelli et al. 1977; Sharp and Vlymen,

1978). However, the uncritical use of such equations and the fact

that several of the equations require different and controversi~l

sets of simplifying assumptions have led to a certain amount of debate

and confusion (see Strunk 1971, 1973; and following letters by C.R.

Tracy and M. Klieber; Bakken and Gates 1974a, 1974b; and following

letters by T.H. Strunk and M. Klieber). I agree. with Bakken and

Gates (1974b) that perhaps it is best that terms such as Newton's Law

be abandoned, in lieu of each author listing the required assumptions

and prerequisite conditions for proper application of whatever

equation(s) is (are) used.

One of the equations used with regard to steady-state heat

transfer in homeotherms is:

67

(10)

where:

M .. metabolic heat production

Tb .. deep body temperature

Ta .. ambient temperature

C .. thermal conductance of the whole animal
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Tb and M are measured and Ta is controlled. Therefore, as Ta

is reduced past the animal's thermal neutral zone, M theoretically

should show a linear increase (Tb of course is constant in homeo

therms) by a factor related to the animal's thermal conductance.

Whole body thermal conductance (C) is in reality a composite parameter

that reflects the rate of heat transfer from the core of the animal

to its surface (which is partially under the control of the animal)

and the rate heat is transferred from the body surface to the

surrounding medium (which is a function of the relationship of the

animal to its environmental conditions). Burton (1934) and Tracy

(1972) provide complete discussions of the complexity of this parameter.

In other words the equation could be written:

where

1. Cb-s(Tc-Ts) represents the rate heat is transferred through

the body to the surface (Tc • core temperature, Ts a body surface

temperature, Cb-s • average tissue thermal conductivity;

2. Cs-a(Ts-Ta) represents the rate heat is transferred from the

body surface to the surroundings (Ta • ambient temperature, Cs-a •

body surface to environment thermal conductivity);

3. M represents metabolic heat production. (Note: We are

dealing with a thermal steady state, therefore Mmust equal the rate

of heat loss. Also, in an aquatic environment heat loss by radiation

is trivial, which makes the following simplified discussion permis

sible.)



If Cs-a exceeds Cb-s by an order of magnitude or more, any

directly measured rates of surface heat loss will be essentially

independent of the conditions under which they were taken (e.g., the

relative velocity of the body and surrounding medium); because the

main resistance to heat flow resides within the animal itself.

Therefore, any reasonable variations in the resistance to heat trans-

fer at the body surface (due to changes in environmental conditions)

will not significantly affect surface heat transfer (Tracy 1972).

If the situation were exactly reversed--where (Cb-s/Cs-a) >

10--measured rates of body surface heat loss would, of course, depend

solely on the conditions under which they were taken.

To formalize the argument (for a thermal steady state situation)

when:

Cb-s
-> 10
Gs- a

69

HL • hc • A • (Ts-Ta)

where:

HL • the total rate of heat transfer from the body

A • body surface area

Ts • surface temperature

Ta • ambient temperature

(12)

hc • a coefficient, in this case the convective-enhanced
surface conductance (Strunk, 1973).

At the other extreme, when

Cs- a
Cb-s > 10

HL • k • A • (Tc-Ta) (13)



70

where:

HL • the total rate of heat transfer from the body

A • body surface area

k • the thermal conductivity of the material supporting
the thermal driving gradient (Tc-Ta)

Ta • ambient temperature

Tc • core temperature

The question is, therefore, is there any evidence that tuna fit

either of the two extremes described above? Or can steady state heat

loss measurements in tuna be assumed to be totally dependent or totally

independent of the conditions (e.g., water flow patterns over the body

surface) at the time of measurement? Surprisingly, Neill et ale (1976)

supply evidence for both situations. They found that the rate of

muscle temperature change (rate of nansteady state heat transfer) in

skipjack tuna (body weight range 0.4 to 3.5 kg) is undetectably differ-

ent in paralyzed and in free swimming fish. This implies that the

main resistance to heat flow is within the fish and the rate of heat

transfer from the fish is independent of conditions under which i~ is

measured.

However, Neill et ale (1976) also found that the red and white

muscle masses of these animals cool at apparently the same rate, even

though the temperature probe in the white muscle was closer to the

body surface than the one in the red muscle. If both muscle types are

assumed to have the same specific heat capacities, then the data imply

that the rate of temperature change at a given point within the muscle

mass of a given skipjack tuna is independent of the distance between
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that point and the body surface. This would occur only if the effec

tive thermal conductivity of the tuna is exceedingly large (see Leyton,

1975, pp. 85-86 and Appendix 13 for a more complete development). This

implies that the main resistance to heat flow from skipjack tuna occurs

at the body surface, the exact opposite of the conclusion reached in

the previous paragraph.

This apparent paradox may have a simple solution. The rate of

heat transfer at the gills will, presumably, be the same whether the

gills are moving through the water (i.e., the fish is swimming) or

water is being pumped past the gills in a paralyzed animal (however,

see Sorenson and Fromm, 1976). If sufficient heat exchange occurs via

the gills, a paralyzed or a free swimming skipjack tuna may be found

to cool at undetectably different rates, regardl~ss of the differences

in rates of heat transfer at the body surface under the two conditions.

No data are available to evaluate the preceding hypothesis. Moreover,

relative maturity of the fish may also affect the several alternatives

to the hypothesis, because the efficacy of a tuna's vascular heat

exchanger may change with body size.

Also, with a few new required assumptions, it can be argued on

purely physical grounds that the measured rates of surface heat loss

in skipjack tuna may be nearly independent of the conditions under

which they were measured, even if (Cs-a/Cb-s) > 10 and that the gills

are not a significant route of heat transfer.

A restrained skipjack tuna in thermal steady state and in a

situation where the velocity of the water moving past the fish is

high would exhibit a low concomitant surface temperature relative to
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ambient temperature (equation 12). If the velocity of the water is

then reduced to near zero, the rate of surface heat transfer will be

significantly reduced. Assuming there is no change in the metabolic

rate or the amount of heat loss occurring via the gills, then pre

sumably the fish's temperature differential increases sufficiently

to cause heat loss to again equal heat production. In this instance,

body surf~ce temperature is increased but the rate of surface heat

transfer remains the same (i.e., it is independent of the relative

velocity of the fish and the water).

It must be pointed out, however, that the essential assumption in

the preceding argument is that increases in muscle temperature do not

significantly increase the temperature of the blood returning to the

gills. If, on the other hand, ventral aorta blood temperature and/or

cardiac output increase nonlinearly with increases in swimming activity

or muscle temperature, then the relative importance of gill heat

transfer could far exceed the importance of surface heat transfer in

swimming fish. No data concerning this problem are available for any

tuna.

In conclusion, I have demonstrated that in paralyzed skipjack tuna

the gills. are a significant route of heat loss. I have also shown that

the pattern of body surface heat loss is not as would be expected from

the location of the red muscle or the shape of the temperature profile.

Moreover, I feel that discussion has shown that there are presently no

firm arguments for or against using paralyzed tuna to measure the

relative importance of the gills versus body surface as routes of heat

loss. An obvious approach is to measure the rates of heat loss in free



swimming tuna and compare the results to those for paralyzed fish.

Summary

1. Metabolic rate and total body surface heat loss were measured

in 7 sedated (non-swimming) skipjack tuna. The latter involved

systematically mapping surface heat loss rates over one side of the

animal.

2. Only 18 to 46% of the metabo1i~ heat production can be

accounted for as lost through the body surface. The remainder is

presumed lost via the gills. This data supports my hypothesis that

the gills are an important route of heat loss in skipjack tuna.

3. The pattern of surface heat loss (generally higher from the

dorsal margin of the fish) was shown to be not as expected from the

position of the metabolically active red muscle fibers, or temperature

profiles.

4. Also, no data are presently available which can be used to

argue for or against extrapolating conclusions based on surface heat

loss measurements of non-swimming skipjack tuna to swimming fish.

73



74

STUDY II

THE EFFECT OF BODY SIZE ON THE

STANDARD METABOLIC RATE OF SKIPJACK TUNA

Introduction

The standard metabolic rate (SMR) of fish is defined as the

energy requirement of a post-absorptive animal completely at rest

(Beamish and Mookherjii, 1964; Fry, 1971; Brett, 1972). SMR approxi

mates the energy demand of all metabolic processes except those

directly required for swimming and digestion.

An increasingly popular method of estimating the energy consump

tion of swimming fish is to add an empirically determined value for

the SMR to an estimate of the energy required for swimming based on

hydrodynamic theory (Weihs, 1973; 1977; Sharp and V1ymen, 1978; Ware,

1978).

In order to apply similar calculations to determine heat produc

tion by swimming skipjack and ye110wfin tuna, estimates of the SMR are

necessary. Because no information on the SMR of any tuna species was

available, this study was undertaken to provide the required data.

SMa is generally determined by extrapolating a metabolic rate

versus activity curve back to a zero activity level (Beamish, 1964;

Brett, 1965; Muir et al., 1965). Because it is difficult simultaneously

to measure the metabolic rate and activity level of a large, highly

active pelagic species such as skipjack tuna, SMR was measured

directly.
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Materials and Methods

Skipjack tuna were selected from stocks maintained at the Kewalo

Research Facility. Fish were kept in outdoor tanks from 2 days to

several weeks before use. Food was presented to all fish daily,

however, a fish was not fed for at least 20 h prior to its use in an

experiment. This allowed sufficient time for an animal to clear its

stomach and intestine and for its blood glucose level to return to

prefeeding levels (Magnuson, 1969).

To reduce struggling and minimize injury during handling, each

fish was injected with the gallamine triethiodide (approximately 1 mg

kg-l) • The animal was then placed in a plexiglass flow-through box

respirometer, similar to that described in Stevens (1972). The spinal

cord was cut i1lllllediately behind the skull to stop all overt muscular

activity, and the wound packed with foam rubber to minimize bleeding.

Electrocardiogram (EeG) leads were mounted subcutaneously on the ventral

body surface, and an lS-gauge hypodermic needle, with a thermistor

bead in its tip, was pushed through the dorsal musculature to the

vertebral column. The ECG signal was displayed on an oscilloscope

and red muscle temperature determined by balancing a wheatstone bridge

circuit containing the needle mounted thermistor and a 5-decade .

resistance substitution box.

Oxygen concentration of the water upstream and downstream of the

fish was monitored simultaneously with two Yellow Springs Instruments

(modelSlA) dissolved oxygen meters equipped with Clark type polaro

graph~c electrode, oxygen-temperature probes. Water flow through the

respirometer was maintained at approximately 3 (to.l) liters kg-l
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(body weight) min-l, and was measured by recording the time required

to fill a one liter graduated cylinder. The source of the seawater

was the same as that which supplied the holding tanks. No attempt was

made to control water temperature which varied from 23.S to 2S.SoC.

Dissolved oxygen levels, water flow rate, heart rate, red muscle

temperature, and water temperature were determined every 10 min and

measurements were continued until the fish's metabolic rate remained

relatively stable for at least 1 h.

Results and Discussion

The SMR. of each fish was determined by finding the minimum metab

olic rate predicted by a second degree polynomial fitted to the observed

metabolic rate measurements. This method is an acceptable approximation

for asymptotic curve fitting (Snedecor and Cochran, 1967). To illus

trate this technique, observed and predicted metabolic rates are

presented in Figure 16.

Heart rate was monitored only to check the health of the animal.

Experiments were terminated if the heart rate became erratic or slowed

significantly. Red muscle temperature was monitored to see if changes

in metabolic rate reflected changes in its temperature. All fish

showed red muscle temperatures as stable as those exhibited by the

animal shown in Figure 16. Fish were in the respirometry box approxi

mately 15 to 30 min before data recording began. Red muscle tempera

tures generally approached thermal steady state during this period.

The SMR. of 33 fish (0.317 - 4.737 kg, weight in air) were success

fully determined. Aplot of the SMR versus body weight is presented



77

Figure 16. Changes in metabolic rate, heart rate, and red

muscle temperature of a 1.456 kg skipjack tuna during an experi

ment to determine standard metabolic rate (SMa). The predicted

metabolic rate is based on a least squares fitted, second degree

polynomial. The minimum predicted metabolic rate (i.e., SMR)

is 505.0 mg 02 h-1•
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in Figure 17. The regression line was generated by a Gauss-Newton

iterative curve fitting technique (Biomedical Computer Programs,

BMDP 3R), rather than a linear regression technique based on a log-log

transformation of the data. The advantages of the former method and

disadvantages of the latter are discussed by Zar (1968) and Glass

(1969).

The best fitting allometric equation was found to be:

SMa a 412.0 (±27.l)(wt)0.563 (±0.07)

where:

SMa .. standard metabolic rate (mg 02 h-l)

wt a body weight in ~ir (kg).

(14)

The values in parentheses are the standard deviations of the regression

parameters. The coefficient of determination (r2) is 0.72.

The exponent in the allometric equation describing the effect of

body size on the SMa of other teleosts ranges from approximately 0.65

to greater than 1 (Fry, 1957; Winberg, 1960; Beamish, 1964; Beamish

and Mookherjii, 1964; Glass, 1969; Brett, 1972). The lower value for

the exponent in equation 11+ indicates that the weight specific SMR.

(1. e. mg 02 g-1 h-1) of skipjack tuna decreases more steeply as body

size increases, than does the weight specific SMR of other fish

species.

The strong influence of body size on the SMR may be a unique

characteristic of the thermoconserving teleosts such as skipjack tuna.

However, the value of the weight exponent in equation 14 could also be

influenced by the methodology used to determine SMR. For comparison,
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Figure 17. A double logarithmic plot of the standard

metabolic rate (5MB.) versus body weight (wt, in kg). The line

represents the allometric equation:

SMR • 4l2.0(wt)0.563 •

The coefficient of determination (r2) is 0.72.



81

1500
0- -:-!c

t\I ~.0
a-
E

~
o. 0- o 0 0

LIJ rI' 0

ti CO 0
0

a:
0

o-..J
0m
~

0

LIJ
:E

100
0.3 0.40.5 1.0 10.0

BODY WEIGHT ( kg)



82

it would be useful to determine the SMR and the corresponding allometric

equation of species (e.g. salmonids) where these parameters are already

known, but employing the methodology outlined in this study.

The SMR's for skipjack tuna (over the weight range measured) are

approximately 5 to 10 times greater than those reported for other

teleosts of equal body size (Pritchard et al., 1958; Beamish, 1964;

Brett, 1965, 1972). However, the great difference in the effect of

weight on SMR., and the unique methodology employed in this study makes

direct comparisons tenuous.

Significance of the weight exponent of the allometric eguation.

The SMR has been postulated to be a function of: the diffusing capacity

of the respiratory system, whole blood sugar concentrations, and/or the

rate at which the circulatory system can deliver metabolic substrates

and oxygen to the cells (Schmidt-Neilsen, 1970; Ultsch, 1973; Coulson

et al., 1977; Hughes, 1977; Umminger, 1977; Wilkie, 1977). Specifically

which of these factors determine the effect of body size on the SMR of

tuna, is unknown. Selection pressures apparently favor significant

reductions in the weight specific SMR of skipjack tuna (hence the low

exponent in equation 14) as body size increases. How the factors that

determine SMR. could be affected by such selection pressure are also

unknown.

Furthermore, with respect to an aquatic animal, regressing SMR.

versus body weight measured in air is inherently superior to relating

SMR to any other measure of body size, only because body weight in air

is easily determined.
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As stated previously, this study was intended only to provide an

empirical input parameter for equations that predict the total energy

cost of swimming. These equations are designed to use fork length and/or

body weight (in air) as a measure of fish size. For this reason, SMR.

was regressed against body weight.

Summary

1. The standard metabolic rate (SMR, in mg 02 h-l) was measured

in 33 skipjack tuna, ranging in weight from 0.317 to 4.737 kg.

2. The allometric equation describing the effect of body weight

(wt, in kg) on SMR is: SMa. 412.0 (wt}0.563. This information is

needed to estimate metabolic heat production at various swimming speeds.
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STUDY III

THERMOREGULATION IN SKIPJACK AND YELLOWFIN TUNA

Introduction

Teleosts are now known to be adept at behavioral thermoregulation

(Roberts, 1974; Crawshaw, 1977; Reynolds, 1977a). When placed in the

appropriate apparatus (Neill, et al., 1972; McCauley, 1977), fish are

able to control ambient temperatures, and therefore their body tem

peratures, within relatively narrow limits (Crawshaw and Hammel, 1973a,

1974; Crawshaw, 1975a,b; Reynolds et al., 1976b).

Changing the temperature of the anterior brainstem influences

temperature selection by both teleosts and elasmobranchs (Hammel et al.,

1969, 1972; Crawshaw and Hammel, 1971; 1973b). Fish injected with

bacterial pyrogens or various neuroamines will regulate their body

temperatures higher than controls (Green and Lomax, 1976, 1977;

Reynolds et al., 1976a Covert and Reynolds, 1977; Reynolds and Covert,

1977). In turn, pyrogen induced behavioral fever can be ~educed with

subsequent administration of antipyretic grugs such as aspirin

(Reynolds, 1977b). This evidence indicates that the CNS thermoregu

latory center in all vertebrates is anatomically, physiologically and

pharmacologically identical. Indeed, the thermoregulatory center in

all vertebrates is now considered homologous (Roberts, 1974; Kluger,

1978).

Furthermore, temperature receptors in the orobranchial cavity

(Dizon et al., 1974, 1976; Greer and Gardner, 1970, 1974) and general

body surface of fish (MUrray, 1971) have been shown to have CNS input.
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Heating or cooling the spinal cord of carp affects cardiovascular

function independently of a significant change in whole body temper

ature (Iriki et al., 1976; Nagai and Iriki, 1977).

Crawshaw (1977) has argued that the peripheral and central

temperature sensitivity in fish functions as an anticipatory mech

anism to prevent significant acid-base or respiratory disturbances

during rapid ambient temperature changes. Indeed, Crawshaw et ale

(1974) have shown that altering the temperature of the anterior brain

stem of scorpion fish influences the rate and amplitude of ventilation.

Based on the above evidence which shows both that fish can

thermo regulate behaviorally and that they possess thermal receptors

with central nervous system input, I conclude that it is reasonable

to hypothesize that tuna have the ability to co~trol their muscle

temperatures without resorting to changes in activity or seeking a

different ambient temperature.

Advantages of using a temperature telemetry system under

laboratory conditions. The wQrk reported in this section is really an

extension of that of Carey et ale (1971) and Carey and Lawson (1973).

My study, however, is distinguished by providing a continuous record

of the fish's muscle temperature and swimming activity, monitored

under controlled conditions.

Measuring muscle temperature in free swimming fish, with a

telemetry system, has several advantages: (1) The fish are under a

minimum amount of stress, because they need be neither anesthetized

nor paralyzed. (2) Experiments may last several days, therefore



86

thermoregulatory ability can be quantified by comparing excess muscle

temperatures and activity levels under steady state conditions. This

considerably simplifies analysis of the data, as opposed to looking

for thermoregulatory ability by comparing rates of heating and cooling

(see Bakken, 1976).

In summary, these experiments were designed to determine if

swimming speed and excess muscle temperatures are, or are not, neces

sarily coupled in tuna; i.e. to determine whether or not these fish are

activity limited at higher water temperatures because they are prisoners

of their own thermoconserving mechanisms.

Materials and Methods

The fiberglass test tank (6.1 m diameter x 0.6 m deep) is fitted

with a concentric inner wall, fish are constrained to swim in 0.75 m

wide x 0.61 m deep channel around the periphery (Fig. 18). Six laps

equal 100 m swum. Water is introduced and removed from the swimming

channel via two pairs of concentric polYvinyl chloride (PVC) pipes

positioned on the floor of the swimming channel. Entering and exiting

water is divided into the paired pipes, distribution of the tempera

ture controlled water is equal to all parts of the tank and no

longitudinal temperature discontinuities develop. The seawater is

recirculated, at 1.34 liters S-1, through a stainless steel heat

exchanger and new seawater is added at about 40 liters min-1• Water

temperature is regulated by a 75.0 kW heater system and a 36.5 kW

chiller. Maximum rate of temperature change approaches O.loC min-1•
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Figure 18. Schematic diagram of the controlled temperature

test tank.
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Fish position is monitored by 4 banks of photocells, placed

around the swimming channel (Fig. 18). Photocell bank output is

translated into swimming speed by custom designed digital logic

equipment.

Swimming speed and water temperature (measured with a Relco

digital platinum resistance thermometer or a Hewlett-Packard digital

voltmeter connected to a precision thermistor bead) are printed on

paper tape every time the fish completes a lap, approximately every

20-30 s. (Note, no data are printed unless the fish is swimming

complete laps.)

Temperature telemetry system. Muscle temperatures were monitored

by ultrasonic temperature sensitive transmitters (generously loaned by

Drs. Charles Coutant and James Rochelle, Oak Ridge National Labora

tories). The transmitters are designed for extended temperature

monitoring from small fish (Rochelle and Coutant, 1974). The trans

mitter body is 1.7 em in diameter x 3.4 cm long and weighs approximately

12 g in air. Temperature is encoded by pulse interval modulation with

the interval varying between 400 to 1400 ms over a temperature range

of 5 - 3SoC. Significantly the transmitter is designed such that the

calibration is not affected by a transmitter-thermistor temperature

differential. Each transmitter has a 10 em long by 3 mm diameter

probe, containing a thermistor bead. This element was inserted into

the fish at approximately the level of the origin of the first dorsal

fin, and about 2 em laterad (Fig. 19). The final thermistor position

was verified by dissection at the end of each experiment.
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Figure 19. Yellowfin tuna showing the position of the

muscle temperature transmitter and Flay (dart) tags used to

secure the transmitter.
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Transmitter output was received on a receiver-hydrophone system,

designed for underwater telemetry. For all skipjack tested and for

yellowfin #1-4, tr~nsmitter output was recorded, for approximately 30 s

every 10 min, with a Brush strip chart recorder. This record was

converted into pulse frequency by measuring the distance required for

50 pulses on the chart record. Pulse frequency, in turn, was converted

into temperature by calibration of each transmitter against a mercury

thermometer.

For ye1lowfin #5-6, the Brush recorder was replaced by a Hew1ett

Packard digital frequency counter and printer. For ye1lowfin #7-8, a

Hewlett-Packard 9825 desk top computer was used to compile swimming

speed data (still collected every lap), seawater temperature, and the

fish's muscle temperature (now measured approximately every 20 s,

instead of every 10 mins).

Experimental paradigm-Skipjack Tuna. Skipjack tuna were chosen

from stocks maintained at 24°C in outdoor pools at the Kewalo Research

Facility. Fish were caught by angling with a barb1ess hook or with a

dip net, and transported to the test tank in a plastic bag cushioned

with a little seawater.

The transmitter was attached either immediately, or the fish was

rested in the test tank for 2 h and then the transmitt~r attached.

Dart tags (Fig. 19) were inserted into the cors1ettS and tied to the

transmitter. Data collection began immediately after the transmitter

was attached and the fish returned to the test tank.

Test temperature treatment sequence consisted of 4 to 8 h at 2SoC,
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and 12 h at 200e, 300e, 20°C and at 25°C. One skipjack tuna (skip

jack 1) was tested at !SoC. This procedure proved fatal and was

discontinued.

Experimental paradigm-=Yellowfin Tuna. The procedure followed

with yellowfin tuna was modified slightly, based on experience from

the skipjack tuna experiments. All fish were rested for 2 h after

transfer from the holding tank to the test tank, before the transmitter

was attached. Data collection was begun 2 h after the transmitter was

attached (4 h after the initial transfer to the test tank).

Test temperature treatment sequence consisted of: 1) 12 h at

25°C, 20°C, 300e, 200C and 250e or 2) 12 h at 250C, 300~200e, 300C,

and 25°C.

For both skipjack and yellowfin tuna, an individual had to survive

the initial two temperature treatments to be included in the results.

Temperature range. The choice of the test temperature range

(200-300e ) was based on the following:

1. the world wide oceanographic and fishery data which show the

o °temperature range for the occurrence of skipjack tuna is 15 -30 e, and

for yellowfin tuna, lSo-300e (Blackburn, 1965).

2. the laboratory measured lower and upper lethal temperatures

for skipjack tuna, based on animals from stock maintained at the Kewalo

Research Facility (16° and 300e, respectively) (Dizon et al., 1977).

3. the daily vertical migratory behavior (Fig. 20) of skipjack

tuna around the Hawaiian Islands. No comparable data are yet available

for yellowfin tuna, however, their vertical migratory behavior is
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Figure 20. Depth range (and median depths) plotted as a

function of chronological time, for a skipjack tuna tracked near

Oahu, Hawaii (from Dizon and Yuen, 1978).
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assumed similar.

Figure 21 shows a depth-temperature profile for the area where

the data in Figure 20 was obtained. Comparing the two figures shows

that skipjack tuna from around the Hawaiian Islands regularly dive

ointo water of 15 C. Notice, also, that the warmest water the fish would

encounter is approximately 24°C. Temperatures above 2Soe are there-

fore assumed to represent a significant thermal stress.

Results

Skipjack Tuna--swimming speeds, excess muscle temperatures and

whole body thermal conductances. Nine skipjack tuna were successfully

tested. Experiments were attempted on 11 other animals. The data from

the latter fish were discarded either because the animal died before

the end of the first 200 e temperature treatment, or because of a

temperature control or recording equipment failure.

Table 3 presents a summary of the grand mean swimming speeds and

excess muscle temperatures. The grand means for the first 2Soe test

temperature period are based on measurements taken 3 to 4 h after

transmitter attachment. The remaining grand means are based on the

last 6 to.S h of each test temperature period. This procedure assures

that the fish came to a thermal steady state after each change in

ambient temperature. Neill et ale (1976) have shown that 4 h is

sufficient time for similarly sized skipjack tuna to reach a steady

state after a step change in ambient temperature.
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Figure 21. Typical depth and water temperature profile

for the area where the skipjack tuna shown in Fig. 20 was swi~

ming (from Dizon and. Yuen, 1978).
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Table 3. Muscle temperature telemetry and swimming speed

data from skipjack tuna. Ninety-five percent confidence intervals

are provided for mean swimming speeds and excess muscle temper

atures. Estimated heat production is based on swimming speed,

muscle efficiency and standard metabolic rate.



Fork
length Weight

(em) (g) 250

Test Temperatures (C)

200 300 200 250

Skipjack tuna 1

Swim speed
(cm/s)

Temperature
excess (C)

43.3 1,343

77.82t4.77 64.31t1.24 93.09t2.22

3.11tO.14 3. 06tO. 06 3.59tO.08

Estimated heat
production (watts)

3.Q2 2.60 3.59

Skipjack tuna 2

Swim speed
(cm/s)

Temperature
excess (C)

46.5 1,673

75.29t1.62 68.06tO.55 76.54t1.71 67.60t3.35

2.44tO.25 2.02tO.04 1.62tO.07 2.60tO.10

Estimated heat
production (watts)

3.29 3.07 3.26 3.05

Skipjack tuna 3

Swim speed
(cm/s)

46.1 1,758

61.47tO.99 44.24t1.77 62.43tO.86 62.97t2.98 72.16tO.68

Temperature
excess (C)

Estimated heat
production (watts)

1.97tO.10

2.84

3.13tO.07 1.71tO.02

2.45 2.82

2.40tO.14

2.93

1.86tO.09

3.21

....
oo



Fork Test Temperatures
length Weight

(em) (g) 250 200 300 200 250

Skipajck tuna 4 46.3 1,826

Swim speed 75.70tl.01 68.43±O.73 75.91±l.80 -- 68.60tl.19
(cm/s)

Temperature l.37±O.10 l.17±O.O3 l.44±O.04 -- l.47tO.04
excess (C)

Estimated heat 3.40 3.18 3.33 3.13
production (watts)

Skipjack tuna 5 47.6 1,154

Swim speed 67. 76±l.04 68.43tl.09 8l.48±0.99 68.94t1.10 72.54tl.41
(cm/s)

Temperature 1.27tO.03 1.30tO.03 1.52tO.08 1.55±0.03 1. 55±0.04
excess (C)

Estimated heat 3.20 3.28 3.68 3.20 3.38
prodcution (watts)

Skipjack tuna 6 43.4 1.154

Swim speed 79.84±3.54 74.85t2.38
(cm/s)

Temperature l.84±O.16 3.31±0.O9
excess (C) ....

0....
Estimated heat 2.96 2.83

production (watts)
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Swimming speed. Table 3 indicates that, although there are

differences between the grand mean swimming speeds measured at the

various test temperatures, swimming speeds are not strongly correlated

with ambient temperature.

Excess muscle temperature. As with swimming speed, there are

significant differences in grand mean excess muscle temperatures between

the various test temperatures. More important, close scrutiny of

Table 3 shows that red and white muscle excess temperature is not

correlated with swimming activity; as would occur if skipjack tuna

were indeed prisoners o~ their own thermoconserving-mechanisms and had

no physiological thermoregulatory_ ability. Also, excess muscle temper-

ature, are not inversely correlated with ambient temperature, as would

be expected if these fish could thermo regulate in the mammalian sense

(i.e. if they could defend a specific maximum muscle temperature).

Whole body thermal conductance. Mammalian physiologists (Kleiber,

1972) often employ an index of whole body thermal conductance to quantify

thermoregulatory ability. The concept is based on the equation:

where

HL .. steady state heat loss (i.e., Tc is not changing,

therefore HL must equal heat production) (watts),

Tc • the temperature of the isothermal core (oC),

Ta ~ ambient temperature (oC),

o
K .. whole body thermal conductance (wattsl C).
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Equation 15 is obviously not a phenomenological law describing

steady state heat flow, but is rather a definition of K. In other

words, ma, Tc and Ta are all measured and K is calculated.

Whole body thermal conductance (K) is a lumped parameter which

reflects both properties of the animal and the environment. Therefore,

the absolute value of K is dependent not only on the animal's size and

shape, and any physiological conditions within the animal that influence

tissue thermal conductivity, but is also dependent on environmental

factors such as the relative velocity of the animal and the surrounding

medium (Strunk, 1971, 1973; Tracy, 1972). In an aquatic environment,

heat transfer due to radiation and evaporation can be ignored (Erksine

and Spoti1a, 1977). Environmental thermal conditions are, therefore,

adequately defined by water temperature, and the. velocity of the animal

relative to the water. In addition, since comparisons are made between

temperature treatments, not fish, I am not concerned with the absolute

value of K, but rather how this parameter varies with changes in ambient

temperature.

To estimate the heat production of the fish I proceeded as follows.

The drag (force) experienced by any solid object moving through a fluid

is a function of (from Leyton, 1975; Webb, 1975; Alexander, 1918):

1. the density (p) and viscosity (~) of the fluid

2. the speed of the object relative to the fluid (U)

3. the surface area of the object (S).

These factors are related to drag by the following fundamental

equation (from Streeter, 1962):

D :II 0.5 • p • S • U2 • Cd (16)
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where:

D .. drag

Cd • a dimensionless coefficient (coefficient of drag)

To calculate the power (P) required to propel an object through

a fluid, based on drag, both sides of equation 16 must be multiplied

by velocity. Which yields:

P .. 0.5 0 p 0 U3 0 S 0 Cd • (17)

Because a fish's swimming muscles are not 100% efficient, to

calculate the metabolic power production required at any given swimming

speed, a muscle efficiency term must be added to equation 17, which

yields:

P1 .. 0.5 • p 0 U3 • S • Cd • 10-7
0 n~l (18)

where:

P1 .. the metabolic power production required for swimming6
(watts)

P .. seawater density (goem-3; 20oC " 1.025, 250 C =
1.023, 300 C .. 1.021; from Webb, 1975)

U • swimming velocity (em s-1)

S .. surface area (0.4 L2) (cm2); where L .. fork length (em)
(Sharp and Francis, 1976)

Cd • coefficient of drag, a dimensionless number

n .. muscle efficiency, assumed equal to 0.20 (Webb, 1975).

The 10-7 factor converts ergs s-1 into watts.

Note, it is the drag coefficient (Cd) that takes into account

such factors as the fish's shape, cross sectional area exposed to the

flow stream, surface- properties, whether the boundry layer is
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turbulent or laminar, etc. For an actively swimming fish, it is almost

impossible to calculate a coefficient of drag based on first principles

(Webb, 1975). More often, Cd is calculated from empirical estimates

of the relationship of the metabolic rate (i.e. the measured metabolic

power production required for swimming) and swimming speed.

The coefficients of drag for each swimming speed can be calculated

by forcing the theoretically estimated power required for swimming

(from equation 18) to equal the measured power required for swimming.

Coefficients of drag can then be related to swimming speed expressed

as Reynolds number (RL, described more fully below). The form of the

equation used to describe the functional relationship of Cd to RL is:

Cd • a(RL)b

where a and b are fitted regression parameters.

Ware (1978) has performed the required calculations for sockeye

salmon (Oncorhynchus nerka) and found the relationship of Cd and RL for

this species to be:

Cd • 10.56 RLO• 58 •

Because of the paucity of information available on the metabolic rate

swimming speed relationship for tuna--the relationship of Cd to RL is

currently based on the following "best guess" equation (personal

communication from Dr. George Yates, California Institute of Technology):

Cd • 10 RLO. 50 •

Reynolds number (RL) is calculated by:

RL • P ·~L • U/p

(20)

(21)
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where:

L = fork length (em)

U • swimming speed (em s-l)

p • density of sea water

~ = viscosity of sea water (200C = 0.108, 250C = 0.0098,
300C • 0.0088; from Webb, 1975).

As previously discussed, I determined the standard metabolic rate

(i.e., the power input for nonswimming physiological functions, such as

osmoregulation and cardiac work) by measuring the oxygen consumption of

skipjack tuna with no overt muscular activity. The relationship con-

verted to power units-is:

P2 • 1.53 weO•563

where

P2 = standard. metabolic rate (watts),

wt = fish weight (kg).

Heat production within the fish (HP) can be estimated by adding

the standard metabolic rate to the muscular heat production due to

swimming. The latter quantity was determined by assuming the caudal

propeller is 100% efficient and the swimming muscles 20% efficient

(i.e. n ·-0.20). Heat production within the fish is therefore approx-

!mated by the sum of the two power consuming processes, less the power

dissipated as thrust:

HP = P2 + (l-n) PI •

Substituting an estimate of heat production (based on mean swim

velocity), meanred muscle temperature, and water temperature into --.'.
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equation 23 yields an estimate of K. Results are presented in Figure 22.

Every fish, except skipjack 1 and 5, showed significant differences

in whole body thermal conductance values between two or more test

temperatures. There is no apparent pattern to the changes in whole

body thermal conductance. Excess muscle temperatures are not correlated

either with ambient temperature or swimming speed. Clearly, some

mechanism must intervene to alter the pattern of heat loss, which is

reflected by changes in K.

Yellowfin Tuna--swimming speeds, excess muscle temperatures and

whole body thermal conductances. Although the data from skipjack tuna

indicate these fish have the ability to physiologically thermoregulate,

in that they could control the rate of heat dissipation per degree of

temperature driving gradient, their ability appears to serve no readily

apparent homeostatic function (over the temperature range used in this

study). I therefore decided to repeat these experiments on yellowfin

tuna, for the following reasons: 1) These fish survive for longer

periods after handling more often then do skipjack tuna. 7 2) Ambient

temperature has been shown to affect the swimming speed of this species

(QlO • 1.44 to 2.59 Dizon et al., 1977).

Six fish (yellowfin 1-6) were individually subjected to consecutive

l2-h temperature treatments: 25°, 20°, 30°, 20°, and 250C. Yellowfin 4

refused to swim laps after the first 300C test period. Its data are

incomplete since as stated previously, translation of position info~

ation into swimming speed requires complete laps. Six other yellowfin

(7-12) experienced an altered temperature sequence (25°, 300
, 20°, 300

,
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Figure 22. Whole body thermal conductance (K) as a

function of water temperature, for skipjack and yellowfin tuna.

K was determined by dividing estimated heat production by mean

excess muscle temperatures. The vertical lines show the range

of possible K values based on the ninety-five percent confidence

interval limits for swimming speeds and excess muscle temper

atures.
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and 250C). Four fish died (yellowfin 9-12) during the second temper

ature period (300C) and one (yellowfin 8) during the third period

(200C). Data from yellowfin 9-12 were discarded.

Figure 23 presents a time series of the consecutive temperature

treatments and swimming speeds for yellowfin 5, the largest fish tested.

Note that during water temperature changes (approximately O.loC min-i)

red muscle temperature changed also, but not as fast. This reflects

the significant thermal inertia of tunas (Neill and Stevens, 1974;

Neill et al., 1976). Thermal inertia is also responsible for the periods

during tank heating when body temperature was actually cooler than water

otemperature. The 30 C test period is the most interesting. Here, the

fish swam significantly faster than at 200 or 250C but red muscle

temperature decreased relative to water tempera~ure.

The mean and standard deviation for swim speed (and red muscle

temperature for fish 7 and 8) were calculated for each 10-min period.

Table 4 lists the grand means for each temperature treatment (and 95%

confidence limits) based on the 10-min means (single lO-min red muscle

temperature readings for yellowfin 1-6). Data were used only during

the final 8 h of the l2-h temperature treatment in order to minimize

the effects of previous temperature levels.

Data on swimming speeds and excess muscle temperatures are

summarized in Table 4. In most cases, the pattern is similar to yellow

fin 5. During the 300C test period, the tuna swam faster but developed

lower temperature excesses. Yellowfin 6 is an exception. Perhaps

this fish was not thermoregulating because body temperature and

swimming speed appear to be correlated.
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Figure 23. A time series of muscle temperatures, water

temperatures, and mean (10 min interval) swimming velocities

(solid circles) for yellowfin 5.
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Table 4. Muscle temperature telemetry and swimming speed

data from yellowfin tuna. Ninety-five percent confidence

intervals are provided for mean swimming speeds and excess muscle

temperatures. Estimated heat production is based on swimming

speed, muscle efficiency and standard metabolic rate.



Fork Test Temperatures (C)length Weight
(em) (g) 250 200 300 200 250

Ye110wfin tuna ~ 45.9 1,853

Swim speed 55.00±1.06 45.55±0.36 65.61±1.30 43.68±1.16 50.47±1.34
(cm/s)

Temperature 1. 34±0.03 1. 07±0.02 0.94±0.01 1.55±0.05 1.24±0.06
excess (C)

Estimated heat 2.72 2.53 2.98 2.50 2.61
production (watts)

Ye110wfin tuna 2 47.8 2,219

Swim speed 67.88±1.56 67.34±1.27 84.82±2.56 61. 32±1.17 73.70±1.37
(em/s)

Temperature 1.47±0.02 1.28±0.03 0.62±0.01 1. 15±0.04 1.48±0.03
excess (~)

Estimated heat 3.40 3.43 4.04 3.22 3.63
production (watts)

Ye110wfin tuna 3 45.5 2,677

Swim speed 51. 07±1. 32 51.13:1:0.28 77.48:1:1.65 54.17±0.21 55.1Ot1.48
(cm/s)

Temperature 1. 3()t0.09 1. 38tO.01 1.0~0.04 1.24±0.04 1.42±O.04
excess (C) ........

""Estimated heat 3.13 3.15 3.88 3.22 3.21
production (watts)



Fork
length Weight Test Temperatures (C)

(em) (g)
250 200 300

200
25

0

Ye110wfin 4 48.3 1,942

Swim speed
(em/s)

Temperature
excess (C)

Estimated heat
production (watts)

55.67tO.89 46.54t1.28 57.91t2.72

1. 75tO. 05 1.43tO.04 0.90tO.02

2.84 2.64 2.86

Ye110wfin 5

Swim speed
(cm/s)

Temperature
excess (C)

66.4 6.035

52.38 1.54 51.17 0.96 66.89 1.55 52.28 2.24 57.79 2.41

1.72tO.06 1.87tO.05 0.63tO.02 2.16tO.09 1.85tO.10

Estimated heat
production (watts)

5.07 5.07 5.70 5.11 5.30

Ye110wfin 6

Swim speed
(cm/s)

45.0 1.491

67.52 0.61 47.88 1.98 61.52 1.07 44.11 0.76 49.72 1.02

0.99tO.13 0.27tO.06 0.64tO.02 0.43tO.01 0.76tO.01Temperature
excess (C)

Estimated heat
prodcution (watts)

2.82 2.32 2.59 2.24 2.34

........
0\



Fork
length Weight Test Temperatures (C)

(em) (g)
250

300 20
0

30
0

250

Ye110wfin tuna 7 54.5 2,784

Swim speed 67.08t1.27 62.07tO.77 43. 16tO. 34 56.37±0.53 58.35t1.38
(cm/s)

Temperature 0.64tO.09 0.54tO.02 0.51tO.03 0.74tO.04 0.76tO.02
excess (C)

Estimated heat 3.91 3.66 3.14 3.44 3.56
production (watts)

Ye110wfin tuna 8 65.0 3,797

Swim speed 42.83±0.55 83.39±4.13
(em/s)

Temperature 0.81±0.02 O.66tO.04
excess (C)

Estimated heat 3.74 5.74
production (watts)

~

~......
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The data from ye110wfin 7 (tested under the 2So, 30°, 20°, 30°,

and 2Soe temperature sequence) were also significantly different from

those of the other fish. During the first 30°C test period mean

swimming speed was 62.70 em s-l and mean excess red muscle temperature

was 0.S40e. During the single 200e test period mean swimming speed

decreased to 43.16 em s-l, but mean red muscle excess temperature

remained at O.Sloe. During the second 30°C period, mean swimming speed

increased to 56.37 cm s-1 and mean excess red muscle temperature

increased to 0.740C.

From the data, it is clear that, as for skipjack tuna, red muscle

temperature is not inexorably linked to swimming speed, as suggested by

the Sharp and Vlymen (1978) model.

Whole body thermal conductance. Because no· data are yet available

for the standard metabolic rate of yel10wfin tuna, I assumed the equa

tion for skipjack tuna to be a suitable approximation. Heat production

due to swimming, total heat production, and whole body thermal conduct

ance were calculated as described previously.

Yel10wfin 1-5 an~ 8 showed significantly increased thermal con

ductance at the 300e test temperature (Fig. 22). Also, for yel10wfin

1-5, whole body thermal conductance was only slightly different at 20°

and 2Soe. Ye1lowfin 6 and 7, like skipjack tuna showed no apparent

pattern. These results indicate that yellowfin tuna have the ability

to decrease excess muscle temperatures (i.e. increase whole body

thermal conductance) when ambient temperature approaches the upper

lethal limit for this species.
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Discussion

Skipjack Tuna. The data clearly show that the excess muscle

temperatures and whole body thermal conductances of skipjack tuna bear

no fixed relationship to swimming speed and/or ambient temperature.

This therefore negates the hypothesis of Stevens and Fry (1971) that

skipjack tuna are able to regulate their maximum muscle temperature

oover an ambient temperature range of 25-34 C. Furthermore, the data

seriously weaken the usefulness of the mathematical models of Neill

et ale (1976) and Sharp and Vlymen (1978), because both predict excess

muscle temperatures are directly proportional to activity. Further-

more, the Barkley et ale (MS) hypothesis, that large skipjack tuna

must limit their activity in warm waters to avoid overheating, is also

now seriously impaired.

Unfortunately, the ability of skipjack tuna to control whole body

thermal conductance (i.e. control the rate of metabolic heat dissipa-

tion per degree of tempe~ature driving gradient) at high ambient tem-

peratures and elevated sustained activity levels is not delimited by

the data presented so far. This specific problem is dealt within

a separate study.

Yellowfin Tuna. The data from the experiments on yellowfin tuna

appear to indicate that these animals have some mechanism to regulate

heat dissipation, and therefore lower their excess body temperature,

as ambient temperature approaches lethal limits. In other words,

yellowfin do indeed physiologically thermoregulate.
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There are at least four mechanisms that could account for the

apparent increase in whole body thermal conductance (K), that would

not constitute CNS mediated physiological thermoregulation per ~.

Each is considered below, and can be discounted.

(1) Propulsive musculature of ye110wfin tuna may be more therm-

ally efficient (i.e. produce less heat per unit energy provided to the

caudal fin) at higher ambient temperatures. If true, I would be

overestimating heat production at 300C and inflating the value of K.

Using ye110wfin 5 as an example, the following calculations show that

if the mean value of K determined at 2SoC did not change, the 0.630C

excess muscle temperature measured at 300C would not be sufficient to

dissipate even the heat produced by non-swimming physiological func-

tions (i.e. the standard metabolic rate). Therefore, changes in muscle

efficiency are not able to account for our results.

HP .. Tx • K

where

(24)

HP .. the rate of heat production, recall! am dealing with a
thermal steady state, therefore heat production must equal
heat dissipation.

Tx at 300C a 0.630C

average K at 2SoC a 2.91 W• °C-1

2.91 • 0.63 .. 1.83 W

standard metabolic rate for yellowfin 5 .. 4.21 W.

(2) Any effects of seawater viscosity or denSity changes are taken

into account in equation 18 (see also equation 21). Heat production

would not be over nor underestimated due to temperature-induced changes
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in these parameters.

(3) If the main resistance to heat flow occurred at the body

surface-water interface, increased swimming speed would result in lower

excess red muscle temperature because a higher rate of water flow over

the body surface would cause increased surface heat loss (Tracy, 1972;

Erskine and Spotila, 1977). In other words, increased swimming speed

would cause increased convective-enhanced surface conductance (Strunk

1973) and at higher swimming speeds, the requisite increase in heat

loss could then be accomplished with a lower temperature driving gra

dient (i. e., lower excess red muscle temperature). However, all other

things being equal, current hydrodynamic and heat transfer theory

predicts that metabolic heat production is roughly proportional to the

cube of swimming velocity and surface heat dissipation to its square

root (Sharp and Vlymen 1978). Therefore, a direct relationship between

swimming speed and excess muscle temperatures would be expected. How

ever, a direct relationship was observed in only one of eight yellowfin.

(4) Because increased swimming speed requires increased cardiac

output, and the effectiveness of a countercurrent heat exchanger is

inversely proportional to flow (Mitchell and Meyers, 1968), tuna could

be expected to have high excess red muscle temperatures at slow swim

speeds, low excess muscle temperatures at high swim speeds. This

concept does seem to fit some of my observed data (for example,

yellowfin 4, 5, and 8). Since no CNS mediated conductance changes are

required, I may have no proof of activity-independent thermoregulation.

However, the data presented here (yellowfin 6 and 7) clearly show swim

ming speed and excess red muscle temperature have no fixed relationship,
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either direct or inverse.

Possible mechanisms of physiological thermoregulation. The lack

of any predictable relationship between red muscle temperature and

swimming speed strongly infers that we are dealing with physiologically

labile processes, presumably under eNS control. Two situations arise

that must be dealt with by changes in the patterns of heat transfer:

1) excess red muscle temperatures must be reduced in response to

increases in seawater temperatures and 2) increased heat production,

due to increased swimming speed, must be dissipated to prevent devel

opment of potentially lethal body temperatures. I hypothesize that

these two exigencies may be met with either changes in circulatory

patterns, alterations in the relative contributions of the red and

white muscle fiber systems to propulsion, or both.

The second situation, prevention of overheating during bouts of

fast swimming, presents no conceptual problem if the notion that the

white muscle fibers are used only at unsustainable speeds (only used

anaerobically) is discarded. White muscle fibers of skipjack tuna have

the enzymatic capacity to function aerobically (Hochachka et al., 1978),

and apparently become active at velocities well below the maximum

sustainabie speed (2-4 lengths s-l, direct electromyographic evidence

from skipjack tuna (Study V). Other teleosts have also been shown to

use white muscle fibers at sustainable swimming speeds (Pritchard et

al., 1971; Hudson, 1973; Bone, 1975). White muscle of Thunnus sp.

(yellowfin tuna • Thunnus albacares) is supplied by circulatory path

ways which bypass the heat exchangers (Godsil and Byers, 1944),
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therefore metabolic heat generated aerobically by the white muscle

fibers is not retained but dissipated in the same manner as non-thermo

conserving fish (Stevens and Sutterlin, 1976; Erskine and Spotila,

1977). The contribution of red muscle fibers to propulsion may be

limited to power production levels which will not generate damaging

temperatures.

Note, the above discussion is applicable only to sustained levels

of activity. When the fish's catabolic energy demands exceed the

capacity of the cardiovascular system to supply oxygen, heat production

will no longer be directly linked to circulatory system enhanced heat

dissipation. Therefore, muscle temperatures would increase dramatic

ally. This explains the 8-90C excess red muscle temperatures observed

in skipjack tuna exercised to exhaustion (perso~al observations, made

with Dr. William Hulbert, University of British Columbia).

Control of excess temperature extends beyond prevention of over

heating; yellowfin tuna apparently reduce their body temperatures in

response to increasing water temperature. The fish may employ two

mechanisms: 1) The relative contribution of red and white muscle fibers

to propulsion at slow speeds might be under the control of the thermo

regulatory center. At high ambient temperatures, white muscle, which

does not contribute to the temperature burden, may be used to a greater

extent than at low ambient temperatures. 2) Alternatively, modification

of the circulatory pattern in the central or lateral heat exchangers

may reduce their effectiveness as thermal barriers. Changes in water

temperature and activity levels have been shown to affect teleost

cardiovascular dynamics by simultaneously increasing the level of vagal



124

activity and circulating catecholamines (Randall, 1970; Stevens et ale

1972; Watters and Smith, 1973). Furthermore, Stevens et a1. (1974)

show the arterial vessels of the central heat exchanger in skipjack tuna

have thick walls containing smooth muscle. If moderate increases in

ambient temperature or swimming speed cause a sympathetically controlled

release of catecholamines, change in vagal activity, or both, a modifi

cation of the circulatory pattern within the central or lateral heat

exchangers could result, diminishing their effectiveness.

Summary

1. To determine their capacity for physiological thermoregula

tion, skipjack and yellowfin tuna were subjected to 200
, 250 and 300C

ambient temperatures, for periods lasting up to 12 h. Muscle temper

atures and swimming speeds. were continuously monitored.

2. Although metabolic heat production is inexorably linked to

swimming speed, both direct and inverse steady state muscle tempera

ture-swimming speed relationships were observed. Because only changes

in whole body thermal conductanc~ can account for these results, I

consider these data to show that tuna have the ability to physiolog

ically thermoregulate.

3. Tuna apparently face two situations where control of thermal

conductance is required: 1) lowering excess muscle temperatures at

ambient temperatures near their lethal limits; 2) avoidance of over

heating during sus tained high speed e.lrlmmi.ng.

4. I hypothesize that thermoregulation in tunas consists of the

ability to control the relative activity of red and white muscle fibers
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independently of swimming speed, and/or adjustments that modify the

vascular counter-current heat exchangers effectiveness as a thermal

barrier.

5. From my results, I assume the above thermoregulatory processes

are under eNS control.
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STUDY IV

THERMOREGULATORY ABILITY OF SKIPJACK TUNA FORCED

TO SWIM AT ELEVATED SPEEDS

Introduction

I had hoped the previous study would clearly delineate the

thermoregulatory ability of skipjack tuna. Unfortunately, the data

demonstrate only that there is no strict relationship between swimming

speed and excess muscle temperature in this species. Skipjack tuna

seem to have the ability to change the efficacy of their thermo

conserving mechanisms, yet the data do not indicate if skipjack tuna

can adaptively regulate their muscle temperatures. The Barkley et ale

(MS) hypothesis (i.e. that large skipjack tuna are activity limited in

warm waters and that this phenomenon restricts their oceanographic

distribution) remained untested.

I decided to try an experiment in which the fish's swimming speed

would be controlled at a level significantly above the minimum hydro

static equilibrium speed and then measure the excess red muscle temper

atures at various ambient temperatures.

Forcing the fish to swim against a constant current velocity in

a water tunnel was the original idea. The previous study, however,

had shown that it takes several hours for a skipjack tuna's muscle

temperature to staba1ize after a change in ambient temperature.

Furthermore, other work (Study V) involving skipjack tuna in a

water tunnel, had shown that these fish do not survive for more than

a few hours (if at all) under these conditions.
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I therefore decided to control swimming speeds by forcing the

fish to swallow plastic coated lead weights. Because skipjack tuna

are negatively bouyant and lack a swim bladder, they must maintain a

minimum forward velocity to keep from sinking (Magnuson, 1970, 1973,

1978). By increasing their density with lead weights, the fishts

minimum hydrostatic equilibrium swimming speed is increased.

Although the use of lead weights does not allow as close a

control of swimming speed as does a water tunnel, I assumed the former

method would have the advantage that an experiment could run for 24 h

or more, and that the fish would be under less stress and physiolog

ically more normal.

These assumptions proved to be wrong.

Materials and Methods

The experiments were conducted in the controlled temperature

test tank, with the fish carrying a sonic muscle temperature trans

mitter as described in Study III.

Fish were selected from stocks maintained at the Kewa10 Basin

Research Facility, force feed plastic coated lead weights (ranging

in weight from 67.5 to 211. 5 g, weight in air) and placed in the

test tank. Two hours later the sonic temperature transmitter was

attached; data collection began 2 h after that.

Data were recorded for 8 h at 2SoC, the water temperature was

then increased to 300C and data recorded for an additional 12 h.

Mean swimming speeds and red muscle temperatures are based on the full

8 h at 2SoC and the last 8 h at 30oC.
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Results and Discussion

Of all the studies undertaken for this dissertation, this one

proved the most frustrating. Only 3 of the 23 fish tested survived

long enough to provide useful data. The results from these 3 fish are

presented in Table 5.

The fish carrying the most weight (skipjack 3), although the

smallest, had the highest swimming speed and highest excess temper

ature at 2SoC. This fish showed dramatic thermore8Ulatory ability.

At 300C, its swimming speed was not significantly different than at

2SoC, yet the fish was able to lower its Tx by approximately 40%

oSkipjack 2 also showed a significantly increased K at 30 C,

although its reduction of Tx was not as dramatic. Fish 1, carrying

the smallest weight showed no significant change in K.

Perhaps the only value of this study is that it clearly points

out one difficulty of working with skipjack tuna. These fish are so

delicate that there is a very narrow range of experimental perturba-

tions that can be applied to the fish, that cause a measurable

physiological response, but yet do not kill the animal.

Summary

1. This study was designed to test the thermoregulatory ability

of skipjack tuna forced to swim at elevated swimming speeds.

2. Two fish showed significantly reduced excess red muscle

temperatures in response to elevated (300C) ambient temperatures.

Unfortunately, high mortality forced this experimental procedure to

be abandoned.
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Table 5. Muscle temperature telemetry, swimming speed and

whole body thermal conductance data from the weighted skipjack

tuna. Ninety-five confidence intervals are provided for mean

swimming speed and excess muscle temperatures. The possible

minimum and maximum ranges for whole body therma~ conductance,

based on the ninety-five percent confidence interval limits for

swimming speed and excess muscle temperature, are also given.



Skipjack 1

Fork Length
(cm)

42.4

Weight
(g)

1262

Weight Carried
(g)

67.S

Test Temperatu~e

2So 30°

Swim speed. (cm/sec)

°Temperature excess ( C)

Estimated heat production (watts)

°K (watts/ C)

93.82±1.31 89.18±1.10

2.79±0.OS 2.S8±0.04

3.62 3.30

1.30±O.05 1.28±O.07

Skipjack 2 44.7 1405 86.7

Swim Speed (cm/sec)

°Temperature excess ( C)

Estimated heat production (watts)

°K (watts/ C)

87.0S±1.S0 84.44±1.81

3.1S±0.06 2.28±0.08

3.S4 3.20

1.12±O.05 1.46±0.08

Skipjack 3 41.~ 1174 211.S

Swimm Speed (cm/sec)

Temperature excess (oC)

Estimated heat production (watts)

K (watts/oC)

96.27±1.21 95.88±0.83

4.96±0.21 2.9S±0.OS

3.62 3.48

0.73±0.OS 1.18±0.03 ....
wo
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STUDY V

RED AND WRITE MUSCLE ACTIVITY IN SWIMMING SKIPJACK TUNA

Introduction

I have hypothesized that thermoregulation in skipjack and yello~

fin tuna may be accomplished by the use of white muscle fiber portions

8of the myotomes at sustainable swimming speeds. This concept would

seem to run counter to the electromyographic evidence presented by

Rayner and Keenan (1967), which has often been interpreted (e.g. Bone,

1975) as showing that skipjack tuna do not use their white muscle

fibers at sustainable swimming speeds. Rayner and Keenan (1967),

however, intended only.to demonstrate that red muscle fibers have a

propulsive role and that they do not just have a liver-like function

supplying metabolites to the white muscle fibers, as hypothesized by

Brackkan (1956).

Because Rayner and Keenan (1967) used restrained and sedated

skipjack tuna, their records can not be used to correlate red muscle

fiber activity with specific swimming speeds. This study was there-

fore undertaken to correlate red and white muscle fiber activity with

specific swimming speeds by recording the electrical activity in the

myotomes of skipjack tuna forced to swim against various current

velocities in a water tunnel.

Myotome anatomy. Teleost myotomes contain both red and white

muscle fibers. In tuna, as in most fish species except for the

salmonids, the red and white muscle fibers are concentrated in specific

portions of the myotome (but are nei;.separated by a myoseptum). There-
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fore, when speaking of "red muscle" and "white muscle" in fish, the

terms refer tu muscle fiber types within a myotome, not separate

myotomes. Fish myotomes are therefore analogous to the mixed fiber

type muscles of the higher vertebrates (Close, 1972), except in most

fish the different fiber types are grouped, rather than scattered

throughout the muscle (Bone, 1966, 1975).

Fraction of swimming musculature composed of red and white

fibers, and swimming behavior. The ratio of the volume of red to

white muscle fibers in a fish species is roughly correlated with its

predominate swimming mode. Scombroides, which are continuous swimmers,9

have a large portion of their swimming musculature composed of red

muscle fibers (Stevens et al., 1974). Species with insignificant

amounts of red muscle fibers generally exhibit darting behavior (i.e.

short periods of active swimming interspersed with periods of immo

bility (Greer Walker and Pull, 1975; Masse and Hudson, 1977). These

data imply that red"muscle fibers are designed to function aerobic

ally, for long periods, at low to moderate levels of power output.

White muscle fibers could be assumed to function anaerobically at high

swimming speeds (i.e. at high levels of power output).

Red and white muscle fibers - anatomical, biochemical and

physiological differences. The following briefly summarizes the

differences between the red and white muscle fibers of teleosts.

Where possible, specific data from tuna have been included.

a) Fiber diameter: As in mammals, in fish, the white muscle

fibers are 1.5 to 5 times larger in diameter than red muscle fibers
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(Patterson and Goldspink, 1972; Greer-Walker and Pull, 1975). The red

muscle fibers are generally uniform in diameter, whereas the white

muscle fibers are not. This is presumably because red muscle fibers

are exclusively aerobic and therefore can not exceed a certain surface

to volume ratio (Greer-Walker and Pull, 1975).

b) ATPase: In "non-tuna" species, Ca+2 dependent myofibrillar

ATPase is approximately 3 to 5 times higher in the white muscle than

in red. In bluefin tuna (Thunnus thynnus) the ratio is slightly less

than 2 to 1. This is because the red muscle ATPase levels are twice

as high in tuna as in "non-tuna" species, whereas the white muscle

fiber ATPase levels are not significantly different (Johnston et a1.

1972, Johnston and Tota, 1974).

Because the ATPase levels in muscle have been shown to reflect

their unloaded speed of contraction (Barany, 1967), the ATPase data

support the idea that tuna have higher cruising speed requirements

than do other fish, whereas maximum swimming speeds are not signifi

cantly different (Magnuson, 1978).

c) Innervation: Both red and white muscle fibers are multiply

innervated in the higher teleosts (Hudson, 1969; Bone, 1975). This is

presumed to also be true for tuna, although the innervation pattern

of tuna muscle has never been investigated.

d) Action Potentials: Red muscle fibers do not propagate action

potentials. White muscle fibers are capable of graded depo1arizations

resulting in graded responses, but they also propagate action poten

tials (Hidaka and Toida, 1969; Bone, 1975). These characteristics

have never been investigated in tuna muscle fibers.
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e) Sarcoplasmic reticulum and T tubule systems: Teleost red and

white muscle fibers both have equally well developed sacroplasmic

reticulum and T tubule systems (Patterson and Goldspink, 1972).

f) Mitochondria: No information concerning the mitochondrial

density in the red and white muscle fibers of tuna muscle is yet

available. In the coal fish (Gadus virens) the concentration of

mitochondria in red muscle fibers is 25.4% and in the white muscle

fibers 1.2% of the total fiber volume (Patterson and Goldspink, 1972).

g) Myoglobin level: In tuna, the myoglobin level in red muscle

fibers is approximately six to ten times higher than in white muscle.

However, the myoglobin level in tuna white muscle fibers is not

insignificant. Indeed, it is five times the myoblobin levels found

in the white muscle fibers of some other fish sp~cies (Matsura and

Hashimoto, 1959).

h) Substrate utilization: Substrate utilization by red and white

muscle fibers is a complex phenomenon that is somewhat species

specific, and also appears to depend on present and past activity

levels, among other factors. In general, red muscle fibers catabolize

lipids and white muscle fibers carbohydrates (Bilinski, 1974; Sharp

and Dotsun, 1977).

i) Oxygen consumption of muscle tissue samples in vitro: Minced

red muscle samples generally have oxygen uptake rates three to eight

times higher than white muscle samples, from the same species. How

ever, minced white muscle samples from all teleosts species investigated

so far (including tuna) show significant oxygen consumption (Gordon,

1968, 1972a, 1972b).
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j) Enzyme activities: Because of the recent studies of Hochachaka

et ale (1978) and Sharp and Pirages (MS), there is a reasonable body

of information concerning the levels of catabolic enzymes in the red

and white muscle fibers of tuna. The enzymes required for aerobic

energy production show much higher activity levels in red than in white

muscle fibers;· enzymes which function in an anaerobic metabolic pathways
,

are more active in white than in red muscle fibers.

However, alpha-glycerophosphate dehydrogenase, an enzyme that

functions to transfer reducing equivalents into the mitochondria, has

been found in significant amounts in skipjack tuna white muscle. This

implies that skipjack tuna white muscle fibers could have significant

aerobic capacity.

Use of red and white muscle fibers at intermediate swimming

speeds. Bone (1966) and Rayner and Keenan (1967) demonstrated, by

direct electromyographic recording, that red muscle fibers alone are

active during slow swimming movements, and that both fiber types are

active during vigorous swimming movements. The differences between

red and white muscle fibers described above, would support the

conclusion that red muscle fibers are employed during slow sustained

swimming and white muscle fibers at high speeds. There is now, how-

ever, a growing body of evidence indicating that white muscle fibers

are involved at intermediate velocities, within the higher ranges of

a fish's sustainable cruising speeds. White muscle fiber activity

has been demonstrated by: a) direct electromyographic recording

(audson, 1973; Bone, 1975; Davison et al., 1976; Johnston et al.,

1977), b) hypertrophy of each fiber type (Gree-Walker, 1970;
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Greer-Walker and Pull, 1973), c) muscle metabolite depletion

(Pritchard et al., 1971; Johnston and Goldspink, 1973a) b) apparent

increase in swimming efficiency at higher swimming speeds (Smit, 1965;

Smit et al., 1971).10 The general conclusion is that red muscle

fibers alone are employed during slow speed cruising but that white

muscle fibers are graded into activity at the upper sustainable

swimming speeds.

This study was undertaken to find at what swimming speeds the

white muscle fibers of skipjack tuna become active,by forcing fish to

swim against various current velocities in a water tunnel.

Materials and Methods

Water tunnel. The water tunnel consisted of a 20 em diameter PVC

pipe fitted with a curved plexiglass access hatch. Fish were con-

strained within the approximately 1m long test (swimming) section by

stainless steel screens. The tunnel was attached to the side of the

30,000 gal oceanarium at the Kewalo Research Facility. Water flow

through the tunnel was due to gravity and was controlled by a butter-

fly valve located downstream of the test section. Maximum ·water

velocity in the tunnel was approximately 160 em s-1.

Recording apparatus. Water velocity was measured with a ducted

impeller current meter (Marine Advisor, Inc.). The ducted impeller

was mounted behind the test chamber, but upstream of the butterfly

valve.

Red and white muscle fiber electrical activity was simultaneously

recorded using two pairs of electrodes. The electrodes consisted of
•
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the bare tips of 4 strands of insulated 30 AWG silver plated copper

wire. The wires were pushed through a 6 cm length of 2 mm diameter

polyethylene (PE) tubing. Only the bare electrode tips protruded

through the PE tube. The pair of red muscle electrodes were located

approximatly 4 em from the pair of white muscle electrodes.

Muscle electrical activity was amplified by two Tectronix 122 low

level differential preamplifiers, displayed on a Tectronix S02A dual

beam oscilloscope, and recorded on a Beckman R42l Dynograph recorder.

Experimental paradigm. Skipjack tuna were selected from stocks

maintained at the Kewalo Research Facility. Animals were removed

from. their holding tanks, transferred to the water tunnel, and imme

diately outfitted with muscle activity electrodes. The PE tube,

containing the electrodes, was pushed into a puncture wound made

about 1 em lateral and slightly posterior to the origin of the first

dorsal fin. Exact electrode position was later confirmed by dissec

tion. The electrodes recording from the white muscle fibers were

generally found 0.5 to 1 cm below the dorsal body surface, and those

in the· red muscle fibers immediately lateral to the vertebral column.

After transfer the electrode implacement, the fish was rested

for 20 to· 30 min at water velocities at or below its estimated

minimum hydrostatic equilibrium speed (Magnuson, 1978). Current

velocity was slowly increased until max1mwm water velocity had been

reached, and then slowly decreased until the fish was again swimming

at approximately its minimum swimming speed. Periods of elevated

velocity were repeated as long as a fish showed good stamina. Each
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fish, however, was permitted to swim for 15 to 30 min at its minimum

swimming speed between successive tests.

Swimming velocity correction factors. Because the effective

cross sectional area of ~he swimming tunnel is reduced due to the

solid blocking of the fish, the measured water velocity (Um) , is

actually less than the velocity of the water as it passes the fish

(Uc ' assumed equal to the fish's swimming speed). The following

equation was used to estimate Uc (Webb, 1975).

St

where:

St • cross sectional area of the tunnel

Sb • maximum cross sectional area of the fish.

The velocity correction factors for the animals used in this

study were: 1.37, 1.34, 1.33, 1.13, and 1.17; for fish 1-5,

respectively.

Results

E1ectromyographic recordings - Fish 1-5. Figure 24 presents the

complete e1ectromyographic recording made from fish 1, during test 5

(Table 6). Red muscle fiber activity is shown in the upper trace,

white muscle fiber activity in the lower trace.

The increasing amplitude of the red muscle fiber activity trace,

138

with increasing velocity, is presumed to be due to motor unit recruit-

ment (Grillner and !Cashin, 1976). The small spikes in the white

muscle fiber activity trace seen at the slower swimming speeds, are
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. Figure 24. The complete electromyographic record for fish 1,

during test 5. Red muscle activity is shown in the upper trace,

white muscle activity in the lower. The numbers indicate the

fish's swimming velocity, in cm s-l. The activity seen in the

lower trace, at the slower swimming speeds, is assumed to represent

red muscle activity. White muscle activity (large amplitude

traces) begins at 190 cm·s-l (indicated by arrow) and ceases at

187 cm-s-l (indicated by arrow). Chart speed is shown by a hori

zontal line at the start of the record.
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Table 6. Swimming speeds at which white muscle fibers

become active (during increasing velocity) and inactive (during

decreasing velocity).



Fish Fork Length Test Swimming Velocity at Swimming Velocity at
No. (cm) No. Which White Muscle Which White Muscle

Becomes Active Becomes Inactive

-1 hI s-1 -1 hI s-1cm s cm s

1 50.6 l- 187 3.69 172 3.40

2 151 2.99 190 3.75

3 187 3.69 193 3.82

4 197 3.89 200 3.96

5 190 3.75 187 3.70

6 207 4.10 204 4.03

2 49.0 1 210 4.29 175 3.58

3 48.5 1 174 3.59 205 4.23

2 219 4.51 212 4.38

3 202 4.16 202 4.16

4 212 4.38 205 4.23

5 266 5.49 stopped swimming

4 38.2 1 148 3.88 64 1.61

5 40.1 1 150 3.74 123 3.08

2 162 4.05 204 5.10 .....
~
0\

3 190 4.73 168 4.20
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also assumed to reflect red muscle activity. White muscle fiber action

potentials can be clearly seen to begin at a swimming velocity of

190 em s-l (indicated by the arrow in the second panel, Fig. 24). The

frequency of use of white muscle fibers increases with increasing

water velocity. However, white muscle fiber activity is never seen in

more than approximately 8 successive tail beats.

As water velocity decreases, the frequency of action potentials

from the white muscle fibers also decreases. Below approximately

187 em s-l (indicated by the arrow in the eighth panel, Fig. 24) no

activity in the while muscle fiber is seen.

The four other fish that were successfully tested at high swimming

velocities gave recordings comparable to Figure 24. The water veloc

ities at which white muscle fibers were seen to commence and cease

activity are summarized in Table 6.

Anomalous electromyographic records - Fish 6-8. Three skipjack

tuna (fish 6, 7, 8; fork lengths 39.2, 40.1, 50.0 cm respectively;

velocity correction factors 1.15, 1.17, 1.36, respectively) showed

white muscle fiber activity at swimming velocities near their predicted

minimum hydrostatic equilibrium speeds. Fish 6 (Fig. 25) showed white

muscle activity at swimming speeds as low as 59 em 5-1• In this fish

the use of white muscle fibers is seen to decrease with increasing

water velocity. The exact opposite of the pattern of white muscle

fiber activity shown by fish 1-5.

Fish 7 and 8 (Fig. 26 and 27) both also showed regular periods

of white muscle fiber activity at very slow swimming speeds. Neither
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Figure 25. An electromyographic record from fish 6. Note

that white muscle fibers (upper trace) show activity at the slowest

swimming speeds, but their activity diminishes as swimming speed

increases. Numbers above the trace indicate swimming velocity

(cm s-l), chart speed is indicated by a horizontal line.
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Figure 26. An electromyographic record from fish 7. Note the

use of white muscle fibers (lower trace) at the slow swimming

speeds. Numbers above the upper trace indicate swimming velocity

(cm s-I); chart speed is indicated by a horizontal line.
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Figure 27. An e1ectromyographic record from fish 8. Again,

note the constant use of the white muscle fibers (upper trace)

at the slow swimming speeds. Numbers above the upper trace

indicate swimming velocity (cm s-l); chart speed is indicated

by a horizontal line.
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fish 6, 7, nor 8 had good stamina. Indeed, fish 7 and 8 could not

maintain their position in the water tunnel swimming against current

velocities exceeding 94 and 78 em s-l, respectively.

Tail beat frequency versus sw1mQdng velocity. Most teleost

species studied to date show, above a minimum swimming speed, a linear

relationship between tail beat frequency and swimming speed (Bainbridge,

1958; Hunter and Zweifel, 1971). These type of data were compiled for

skipjack tuna 1-5, to serve as a rough indication of the normalcy of

the swimming of these fish in a water tunnel.

Tail beat frequencies at different water velocities were determined

from the red muscle electromyographic records. Each upward pen deflec

tion was considered one tail beat.!! The number of tail beats occurring

within approximately 2 to 10 s were sampled from- those portions of the

records where the tail beat frequency is most distinct.

The least squares fitted linear regression lines of swimming vel

ocity on tail beat frequency are presented in Figure 28 and Table 7. In

all cases, t~e slope of the regression line is significantly different

from zero. Also, the linear regression of swimming velocity on tail

beat frequency is able to account for 78 to 96% of the observed var

iation around the mean swimming velocity (coefficient of determination,

Table 7). Furthermore, only fish 4 (Table 7) had a mean stride length

coefficient (i.e. the fraction of body length traveled per complete

tail beat cycle) that fell outside the range of stride length coeffi

cients found for other teleosts (0.6-0.8, Bainbridge, 1958). However,

the range of stride lengths of fish 4 did include values between 0.6

and 0.8. These data imply that the water tunnel used in this study is
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Figure 28. A plot of tail beat frequency (Hz) versus

swimming speed (em ~-l), for fish 1-5. Data points from each

fish are shown by the small numerals corresponding to the fish's

identification number. The regression lines were fitted by a

linear least squares technique.
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Table 7. Linear regression parameters for swimming velocity

(em s-l) and tail beat frequency (Hz). Slopes are listed with

their ninety-five percent confidence intervals. The wide scatter

in the intercept values most likely reflects inaccurate absolute

water velocity measurements. Note particularly the coeffic~ents

of determination, which indicate extreme linearity of the rela

tionship of swimming speed to tail beat frequency.

The mean (with ninety-five percent confidence intervals) and

range of stride length coefficients are also given.

,



Fish n Intercept
No.

Slope Coefficient of
Determinatioll

Mean Stride Length
Coefficient

Range

1 25 -26.98 40.20±3.56 0.96· 0.66±0.02 0.56-0.78

2 11 -13.85 38.85±15.77 0.78 0.72±0.06 0.61.-0.86

3 25 8.39 30.45±6.06 0.82 0.65±0.03 0.50-0.77

4 12 -20.39 24.22±4.99 0.92 0.54±0.04 0.45-0.67

5 18 10.10 22.85:t4.27 0.89 0.61±0.02 0.50-0.74

.
U1
00
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suitable because it does not appear to disrupt the normal tail beat

frequency--swimming velocity relationship.

Yuen (1966) developed a linear regression equation relating swi~

( -1ming speed in body lengths per second, b1 s ) to tail beat frequency

(in Hz), based on film records of skipjack tuna in the open ocean.

Table 8 lists the Yuen regression parameters and the comparable

parameters from fish 1-5. Only fish 1 has a value for the slope of

the regression line significantly different from that given by Yuen

(1966). These data also support the conclusion that the water tunnel

used in this study permits reasonably normal swimming behavior.

Discussion

I must admit that this study was originally meant to provide only

preliminary data. I had intended to test free swimming skipjack tuna,

carrying a muscle activity transmitter, similar to that developed by

Kanwisher et a1. (1974). Although a prototype of the transmitter had

transduced the muscle activity of restrained skipjack tuna, a working

model of the transmitter, for use in long term experiments with free

swimming fish, was never successfully developed.

This is unfortunate, be~ause the results presented in this section

are severely compromised by two factors. First, stress due to handling

causes significant cardiovascular, respiratory, acid-base, metabolic,

osmoregulatory and hormonal changes in fish. These physiological

parameters take up to several days to return to normal (Houston et a1.

1971; Stevens, 1971; Houston et a1., 1973; Mazeaud et al., 1977;

Strange. et al., 1977). Because skipjack tuna are extremely delicate,
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Table 8. Linear regression parameters for length specific

swimming velocity (body lengths s-l) and tail beat frequency (Hz).

Slopes are listed with ninety-five percent confidence intervals.

The corresponding linear regression parameters d~ve10ped by Yuen

(1966), for skipjack tuna swimming in the open ocean, are also

given.



Fish
No. Intercept Slope 95% Confidence

Interval of Slope

161

1 -0.534 0~79S 0.725 - 0.864

2 -0.282 0.793 0.472 - 1.11

3 0.169 0.628 0.502 - 0.754

4 -0.54~ 0.634 0.504 - 0.764

5 '0.250 0.570 0.46,2 - 0.678

*Yuen equation 2.05 0.479 0.277 - 0.680

*from Yuen (1966)
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they will not survive in the water tunnel for more than a few hours.

Therefore, the fish used in this study could not be transferred to the

water tunnel and then rested for a significant period of time before

testing; as is the standard procedure for other species under similar

conditions (Brett, 1965). The stress caused by handling, recording

electrode implacement and the testing paradigm may cause a skipjack

tuna to use its white muscle fibers at slower swimming speeds than it

would under more normal circumstances.

Second, the fragile structure of the caudal fin in tuna makes a

certain amount of damage unavoidable during handling. Even slight

caudal fin damage could have a profound effect in tuna, because (unlike

other fish) the caudal fin generates nearly 100% of the forward thrust

(F1erstine and Walters, 1967). In fish species .other than tuna (e.g.,

eels), the lateral flexures of the body, passing in an anterior

posterior direction, also generate significant amounts of thrust (Webb,

1975). This is not the case in tuna.

Whether or not the inevitable caudal fin damage sustained by the

fish used in this study caused them to employ their white muscle

fibers at slower swimming speeds than they would normally, is unknown.

However, my results show the relationship of tail beat frequency and

swimming speed is apparently normal. These data support the argument

that caudal fin damage was not significant.

Use of white muscle fibers at intermediate swimming speeds. The

data clearly show that white muscle fibers of skipjack tuna are graded

into activity far below the estimated maximum swimming speed of this
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species (approximately 15-20 bl s-l, at the water temperature used in

this study). Also, the white muscle fibers function in such a way that

when they become active they do not change the linear relationship

between swimming velocity and tail beat frequency (Fig. 28), during

both periods of increasing and decreasing swimming speed.

Hudson (1973) and Bone (1975) have suggested that in certain

teleosts, the polyneuronally innervated white muscle fibers may function

even at very slow swimming speeds by local contractions initiated by

junctional potentials, which are below the threshold for initiation of

spike potentials. The electromyographic records presented here appear

to indicate that this is not the case for skipjack tuna. The electrical

activity appearing in the white muscle fiber portions of the myotomes

at slaw swimming speeds is interpreted to actually be spillover of

electrical activity from the red muscle fibers. It is possible that

my recording techniques were unable to detect local contr~ctions of

white fibers. However, I feel my data support the hypothesis of Rayner

and Keenan (1967), that white muscle fibers in skipjack tuna are

normally not used at very slow cruising speeds.

Use of white muscle fibers at very slow swimming speeds. Figures

25-27 showed skipjack tuna displaying white muscle fiber activity at

very slow swimming speeds. I believe these data represent an abnormal

condition, based on the following line of reasoning: The efficiency

(i.e. work output per quantity of ATP hydrolyzed) of isolated muscles

has been shown to be maximized at a given speed of shortening. Muscle

efficiency falls away sharply at speeds other than the maximally effi

cient speed (Goldspink, 1975).
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The speed of shortening of an unloaded muscle has been shown to

be proportional to its myofibrillar ATPase level (Barany, 1967).

Therefore, the speed of contraction at which a muscle is most efficient

is also linked to its myofibrillar ATPase level. Because the myo

fibrillar ATPase level in skipjack tuna white muscle fibers is likely

to be about twice that in the red muscle fibers (Johnston and Tota,

1974), white muscle fibers must be inefficient if they are used at very

slow swimming speeds. I therefore feel it is unlikely that white

muscle fibers are normally active at slow speeds, as in fish 7-9.

These data are important, however, because they imply that white

muscle fiber activity, in tuna, is under CNS control and is not a

reflex that is totally a function of tail beat frequency.12 This idea

supports the hypothesis that white muscle fiber portions of the myo

tomes could be used at slow. swimming speeds at high ambient temper

atures, as a type of thermoregulatory response.

Can the white muscle fibers of tuna function aerobically? A

central concept of the hypothesis that use of the white muscle fibers

at sustainable swimming speeds is a thermoregulatory mechanism in

tuna, is that the white muscle fibers must function aerobically.

If indeed· the white muscle fibers do function aerobically, and are

served by circulatory pathways that do not include vascular counter

current heat exchangers; then the heat produced in the white muscle

would presumably be transported by the blood and dissipated at the

gills. In this way, a significant amount of heat could be dissipated

with a low concomitant muscle temperature--ambient temperature driving

gradient.
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As stated previously, white muscle fibers in skipjack tuna have

been shown to have significant aerobic enzymatic catabolic capacity

(Hochahaka et a1., 1978; Sharp and Pirages, MS). The important question

is: Is the blood flow sufficient to deliver enough oxygen to support

high levels of aerobic metabolism and remove a significant quantity

of -heat?

Although there is a significant amount of information available

on the affect of exercise on blood flow distribution in salmonids

(Randall and Stevens, 1967; Stevens, 1968; Randall, 1970), there have

been no comparable studies in tuna. There has been, however, a signi

ficant amount of work on the vascular anatomy of tuna, since the

classic study of Kishinouye- (1923). Several publications have included

sem1diagrammatic cross sections which show the ~atera1 cutaneous blood

vessels in skipjack tuna (which presumably supply blood to the white

muscle fiber portions of the myotome) as being comparable in size to

the dorsal aorta (which presumably supplies blood to the red muscle

fibers) (Graham, 1975, Stevens et al., 1974). However, pictures of

cross sections of in Graham (1975) and my own observations of trans

verse sections of skipjack and ye110wfin tuna confirm the observations

of Godsi1oand Byers (1944), that the diameter of the dorsal aorta in

both species is many times larger than the diameter of the cutaneous

blood vessels, especially in skipjack tuna. It is, therefore, ques

tionable whether the cutaneous blood vessels in skipjack are able to

carTY enough blood to support high levels of aerobic metabolism in

the white muscle fibers.
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Could white muscle fibers be functioning anaerobically at

sustainable cruising speeds? Even if white muscle fibers function

anaerobically at sustained cruising speeds, they still could have a

thermoregulatory role. When the white muscle fibers are active, meta-

bolic heat production would be spread through a mass of tissue which

(unlike red muscle fibers) is in direct contact with the body surface.

The concept that white muscle fibers in fish might function anaerobic-

ally for long periods has been suggested by Smit et a1. (1971). The

lactate levels in the white muscle fibers could be controlled by

metabolizing the lactate in other tissues (e.g., the heart, or as an

energy source for the ions pumps in the gills, Basile et al., 1976;

Driedzic and Kiceniuk, 1976).

Wittenburger and Diaciuc (1965) and Wittenb~rger et al. (1975)

have hypothesized that there may be noncirculatory transfer of metab-

olites between the red and white muscle. In this way anaerobic end

products could be removed from the white muscle fiber portions of the

myotomes, even if these areas were poorly perfused.

Use of white muscle fibers as a thermoregulatory mechanism in

~. The data and discussion presented above show that it is

possible that use of the white muscle fibers at sustainable swimming

speeds could function as a thermoregulatory mechanism in tuna. How-

ever, the range of swimming speeds at which the white muscle fibers

first became active was 150 to 266 cm s-1 (Table 6). Yet the s1m-

i1ar1y sized skipjack tuna used in the muscle temperature telemetry

-1experiments swam at approximately 60 to 90 cm s • Whether white
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muscle fibers would become active at these slow swimming speeds, in

response to temperature stress, still remains to be demonstrated.

Summary

1. As a test of the hypothesis that white muscle fiber portions

of the myotomes may be used at sustainable swimming speed, skipjack

tuna were forced to swim against various current velocities in a water

tunnel. The electrical activity of red and white muscle fibers was

simultaneously recorded.

2. Five fish were successfully tested, all showed white muscle

fibers being graded into activity at swimming velocities above the

minimum hydrostatic equilibrium speed, but well below the maximum

sustainable swimmdng speed of skipjack tuna.

3. Three other fish showed white muscle fiber activity at

minimum swimming speeds. These results are considered to represent

an abnormal condition. However, they support my hypothesis that use

of red and white muscle fibers can be controlled independently of

swimming speed in skipjack tuna.

4~ Whether or not the use of the white muscle fibers at sustain

able swimming speeds is actually employed as a thermoregulatory

mechanism in tuna remains to be tested.
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STUDY VI

THE EFFECT OF TEMPERATURE ON THE ISOTONIC TWITCH OF WHITE MUSCLE

AND THE PREDICTED MAXIMUM SWIMMING SPEED OF SKIPJACK TUNA

Introduction·

Descriptions of the spec±a!ized vascular anatomy (the counter-

current heat exchangers or so-called "rete mirable") of tuna have been

available for over 50 years (Kishinouye, 1923). In spite of numerous

measurements of muscle temperatures and thermal profiles (reviewed in

Stevens and Neill, 1978), the biological significance of tuna's

specialized vascular anatomy and elevated muscle temperatures has not

yet been empirically defined nor quantified.

Temperature has multiple effects on muscle contraction. Higher

temperature causes a higher rate of.T tubule inward depolarization,

+2increased rate and possibly amount of Ca release from the terminal

cisternae, faster Ca+2 diffusion to the actin and myosin overlap zone

+2(A band), and increased rate of Ca uptake by the sarcoplasmic retic-

ulum. The higher levels of Ca+2 cause more actin sites to become

available for combination with myosin (Le., more actin-myosin cross

bridges), and higher rates of cross bridge cycling. Therefore, the

overall effects of higher muscle temperature are shorter latent period,

increased velocity of contraction at a given load, increased intensity

of active state, decreased duration of the active state plateau, and

faster tension decay (Truong et al., 1964; Close &Hoh, 1968, Gabel

et al., 1968; Podolsky, 1968; Fuchs, 1974).
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Power is defined as force times velocity. Higher muscle temper

atures cause increased velocity, hence, increased power output per

contraction (Binkhorst et a!., 1977). Higher muscle temperatures also

permit higher frequencies of contraction, and hence, increased average

power output during repeated contractions (such as swimming).

It is reasonable, therefore, to conclude that tuna evolved their

specialized circulatory system and elevated muscle temperatures to

increase muscle power output (as suggested by Carey et a1., 1971).

Graham (1975) has specifically argued that the elevated muscle temper

atures and external morphological adaptations of tuna evolved to

increase maximum swimming speeds (see also Walters, 1962).

However, Walters and Fierstine (1964) have shown that the maximum

speed of wahoo, Acanthocybium solandri, is nearly identical to the

maximum speed of ye110wfin tnma, Thunnus albacares, yet the former

species does not have the specialized circulatory system required to

maintain muscle temperature Significantly above ambient temperature

(Collette, 1978). Furthermore, B1axter and Dickson (1959) and Brett

(1964) reported that the measured maximum swimming speeds of several

teleost species are temperature independent. Although their data are

hard to. reconcile with evidence that the average power available from

isolated teleost muscle samples (and, therefore, predicted maximum

swimming speed) is indeed inversely proportional to temperature

(Wardle, 1975; 1977).

I t is dubious to conclude that tunas are capable of excep

tionally high burst_speedg, or that they evolved their specia1~

ized vascular-anatomy" and elevate~ muscle temperatures_ to permit
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higher maximum swi.mm1ng speeds, for several reasons. First, widely

different techniques have been employed to measure maximum swimming

speeds (Blaxter, 1969). Second, fish size and water temperature are

often either not reported, or not known with certainty. Third, the

definition of maximum (or bust) speed is not consistent throughout the

literature. Bainbridge (1958) defines burst speed as the highest

swimming speed maintained for at least one minute. But the maximum

speeds of ye110wfin tuna and wahoo, given by Walters and Fierstine

(1964), were maintained for less than one second. Moreover, measure

ments of tuna's burst speeds were taken in water at 24-27oC. The

maximum swimming speeds of other te1eosts are generally measured in

10-20oC water (B1axter, 1969). Whether tuna are unique with respect

to their maximum swimming speeds and whether the~r specialized vascular

anatomy evolved to permit higher maximum speeds, is still an open

question.

This study was undertaken to determine the effect of temperature

on several parameters of the isotonic twitch of white muscle samples

from skipjack tuna, Katsuwonus pe1am1s. Using a technique presented

by Wardle (1975), I also use my results to predict maximum swimming

speeds at. various white muscle temperatures, and in this war, quantify

the relationship between white muscle temperature and predicted maximum

swimming speed.

This study obviously does not directly deal with heat production

and dissipation in tuna. Nevertheless, it was intended to provide a

more complete conceptional framework within which to examine the thermal

physiology of these animals. Understanding the selective advantage(s)
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of vascular counter-current heat exchangers is necessary to fully

understand the thermal physiology of these highly specialized te1eosts.

Materials and Methods

Skipjack tuna were selected from stocks maintained at the Kewa10

Research Facility.

Five fish were used; each was removed from its holding tank,

brought into the laboratory, and placed in a p1exig1ass trough lined

with foam rubber. o
A hose with running seawater (24 C) was inserted

into "the fish's mouth. The spinal cord was cut immediately behind the

skull, and the wound packed with Gel-Foam (Upjohn Pharmaceuticals) to

minimize bleeding. The animal was then rested for 1 hour before muscle

samples were removed.

Samples consisted of muscle blocks approximately 2 x 1 x 1 em.

(The long axis of the block corresponded to the anterior-posterior axis

of the fish.) The muscle blocks were impaled on two stainless steel

stimulating electrodes mounted on a micromanipulator. The stationary

electrode was fashioned from the barrel of a 15-gage hypodermic needle,

the second (movable) electrode was a solid stainless steel needle

(0.1 mm maximum diameter). Both electrodes were insulated to the tip.

Square wave direct current pulses (10-100 V, 1 msec duration) were used

to stimulate the muscle.

The movable electrode was connected by a short length of nylon

thread to an isotonic, photoelectric force transducer (Myograph A,

11705-001, Narco Biosystems, Houston, TX). Transducer output was

displayed on a storage oscilloscope and photographed with a 35-mm
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camera. The photographs were analyzed on a microfilm reader.

During testing, muscle blocks were immersed in a regulated

temperature bath containing tuna muscle Ringer's solution. 13 Test

temperatures were 200 , 270
, and 340C (to.20C) , which approximately

span skipjack tuna's thermal habitat (Blackburn, 1965). Temperature

sequence was randomized. Five to seven twitches were recorded at each

temperature, and muscle blocks were discarded after being tested at

all three temperatures. No more than 10 muscle samples were taken

from anyone fish.

Results

Effect of'temperature on the isotonic twitch. Four measurements

were taken from the oscilloscope tracing of each twitch: 1) the time

from stimulation to the maximum height of contraction (contraction

time); 2) the time from stimulation to the onset of contraction

(latent period); 3) the time from the onset of contraction to maximum

height of contraction (rise time) (note, contraction time a latent

period + rise time); and 4) the time from maximum height of contrac

tion to one-half maximum height of contraction (half relaxation time).

Increased temperature caused reduced contraction times due to

significant reductions in both latent period and rise time (Fig. 29).

The causes of the significant interfish differences in contraction

time, within each test temperature, are not known. These differences

are not, as might be expected, due to fish size (Hill, 1956). The

skipjack tuna used in this study ranged from only 36.3 to 42.9 em fork

length and are numbered in order of decreasing size (Table 9).
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Figure 29. Mean contraction times and mean latent p~riods

(shaded area) at each test temperature. Vertical lines indicate

95% confidence limits, and numbers above each bar are total number

of twitches used to determine each mean. (The film record for

fish 5 was damaged during processing.)
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Table 9. Fork lengths, weights, and QlO relationships.

The Q10 values were calculated as follows:

where:

P200 • latent period, rise time, contraction time or half

relaxation time measured at 20oC, in msec

P340 • latent period, rise time, contraction time, or half

relaxation time measured at 34oC, in msec.
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Q
10

Fish Fork length Weight Latent Rise Contraction Half
No. (em) (g) period time time relaxation

time

1 42.9 1,040 1.41 1.69 1.62 1. 72

2 40.6 749 1.57 1·..83 1.75 1.64

3 39.9 752 1.46 1.71 1.60 1.84

4 39.1 713 1.48 1.63 1.58 1.80

5 36.3 778 1.55 1.50 1.55 1.60

Mean 1.49 1.67 1.62 1. 72

Standard Deviations 0.07 0.12 0.08 0.10
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Figure 30 shows that half relaxation time is also inversely pro

portional to temperature.

The QI0 values, based on measurements made at 200 and 340C are

listed in Table 9. Apparently temperature has a smaller effect on

latent period than on the other parameters. The QI0 for contraction

time (and therefore predicted maximum swimming speed) was 1.62.

Predicted maximum swimming speeds. Contraction time is used to

predict maximum swimming speed based on the following assumptions:

1) white muscle fibers are used for high speed swimming (Bone, 1975);

2) tail beat amplitude is independent of swimming speed; fish there

fore move a constant fraction of their body length per complete tail

beat cycle (Bainbridge, 1958; Hunter and ZWiefe1, 1971; Hudson, 1973);

3) maximum swimming speed is limited by maximum tail beat frequency

(Wardle, 1975); 4) tail beat frequency is limited by the isotonic

contraction times of two sets of raterally opposed muscles (Wardle,

1975). Maximum swimming speed (Umax in body lengths per second) is

therefore predicted by:

Umax. • A / (2 • Ct )

where A is the stride length coefficient (i.e., the fraction of fork

length traveled per complete tail beat cycle) and Ct is contraction

time, in seconds.

Also, maximum tail beat frequency (Ft) is predicted by:

By substituting maximum tail beat frequency into an empirically
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Figure 30. Mean half relaxation times at each test temper

ature. Vertical lines indicate 95% confidence l1m1ts, and numbers

above each bar are total number of twitches used. to determine each

mean.
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determdned regression equation relating swimming speed to tail beat

frequency in skipjack tuna (Yuen, 1966), I was able to arrive at a

second estimate for maximum swimming speed. Figure 31 gives predicted

maximum speeds at each test temperature based both on a stride length

coefficient of 0.7 (Bainbridge, 1958) and the Yuen (1966) regression

equation.

Discussion

I chose the standard parameters of latent period, rise time,

contraction time, and half relaxation time to characterize the effect

of temperature on isolated muscle samples, rather than maximum twitch

tension (force), for the following reason: The maximum force developed

during a twitch is a function of both the intensity and duration of

active state (Gabel et al., 1968). Because the physiological processes

affecting these two parameters may have widely different QIO relation-

ships, the effect of temperature on maximum twitch tension is a complex

phenomenon. Maximum twitch tension is, therefore, not a uniquely

suitable parameter that characterizes the influence of temperature on

muscle contraction (Hill, 1951; Truong et a1., 1964). Furthermore, I

chose to use an isotonic (rather than an isometric) system to make my

results directly comparable to the data presented by Wardle (1975, 1977).

Comparing Figure 29 with the data presented in Wardle (1977)

o
indicates that, at 20 C, contraction times of muscle samples from skip-

jack tuna are equal to or longer than the contraction time of muscle

samples from other teleosts of equal fork length. As for the effect

of temperature, Q10 values were calculated based on measurements taken
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Figure 31. Predicted maximum swimming speeds versus mu~cle

temperatures. Open circles (0) represent maximum swimming speeds

based on a tail beat frequency versus swimming speed regression

equation presented by Yuen (1966); crosses (x) are based on a

stride length coefficient of 0.7. Vertical bars are based on 95%

confidence interval limits of contraction times.
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at 200 and 340C, so as to estimate the effect of temperature over the

approximate normal operating temperature range of skipjack tuna white

muscle (Stevens and Neill, 1978). The QI0 for contraction time of

skipjack tuna white muscle (QI0 = 1.67) is only slightly higher than

that for other teleosts (QIO • 1.4, Wardle (1977), estimated from

measurements taken at 140 and 200C). Therefore, in spite of other

adaptations for high speed swimming (Fierstine and Walters, 1967;

Magnuson, 1978), skipjack tuna white muscle appears not to be physio

logically unique, in comparison with other teleosts, with respect to

contraction time, or the effect of temperature on contraction time.

Because there are apparently no data in the literature concerning

the effect of temperature on latent period, rise time or half relaxa

tion time in fish muscle, no comparisons with otper teleosts can be

made.

Accuracy of predicted maximum swimming speeds. Due to the complex

orientation of teleost myomeres (Fierstine and Walters, 1967; Alexander,

1969), it is- almost impossible to isolate muscle samples with parallel

fibers.. Absolute values for maximum force development or maximum

velocity of contraction cannot be measured. However, contraction time

(the parameter of interest with respect to predicting maximum swimming

speed) is supposedly independent of after load, muscle sample size, and

fiber orientation (Wardle, 1975).

Watanabe (1942) and Yuen (1966) measured the maximum swimming

speeds of skipjack tuna (in water of 25-27oC) as approximately 14-15

body lengths per second (bl s-l). Mean predicted maximum swimming speed
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at 270 C, based on a stride length coefficient of 0.7 is 14.3 bl s-l.

The agreement of predicted and observed values indicates the suitabil

ity of my techniques. The Yuen linear regression equation predicts

maximum swimming speeds lower than those observed (Fig. 31).

Summary

1. Latent period, rise, time, contraction time, and half relax

ation time from isotonic contractions of isolated white muscle samples

from skipjack tuna were determined at 200
, 270

, and 340 C, and were

found to be inversely proportional to temperature (QI0 ~ 1.47, 1.67,

1.62, 1.72, respectively).

2. The data show that the contraction time and the effect of

temperature on contraction time of skipjack tuna white muscle are not

unique when compared to other equal-sized teleosts.

3. Based on contraction time, maximum swimming speeds at each

test temperature were calculated. At 270 C, the predicted maximum

swimming speeds were found to agree with observed maximum swimming

speeds of skipjack tuna in 25-270C water.
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GENERAL DISCUSSION

This dissertation has dealt with routes of heat dissipation in

skipjack tuna, and the ability of skipjack and yellowfin tuna to

control metabolic heat dissipation and muscle temperatures. It is

possible that tuna may face serious heat dissipation problems at

higher sustained swimming speeds, and they may have to limit their

activity in warm waters to avoid over heating (Barkley et a1., 1978;

Sharp and V1ymen, 1978).

I have shown that tuna do have the ability to control excess

muscle temperatures independently of activity (Study III) and to

reduce excess muscle temperatures when faced with elevated ambient

temperatures (Studies III and IV). I hypothesized that control of

excess muscle temperatures may be accomplished either by: rearranging

the circulatory patterns within the central and/or lateral counter

current vascular heat exchangers and thereby reduce their effectiveness

as thermal barriers; or using the white muscle fiber portions of the

myotomes at sustainable swimming speeds. The former mechanism will

allow large quantities of heat to be dissipated via the gills but

with a low temperature driving gradient (i.e. a low excess muscle

temperature). The latter mechanism could effectively dissipate metab

olic heat production because the white muscle fiber portions of the

myotomes are in direct contact with the body surface and are apparently

served by vascular pathways that do not contain counter-current heat

exchangers (Godsil and Byers, 1944).
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If tuna were indeed prisoners of their own thermoconserving

mechanisms, then their thermo conserving mechanisms would seem to have

so many ecological and evolutionary disadvantages it would be hard to

imagine why they were ever evolved. Of course, it is possible that the

counter-current vascular anatomy actually functions as a metabolite

(e.g. lactate?) exchanger, and that heat exchange is not its primary

function. This concept has been suggested by Stevens and Neill (l978).

However, the "counter-current metabolite exchanger" idea has never been

investigated, and it will not be considered further here.

Because tuna are able to control their thermoconserving mechanisms,

the disadvantages of possessing such mechanisms are probably not as

severe. But any actual selective advantage of maintaining muscle temper

atures slightly above ambient temperature has neyer been demonstrated.

(Muscle temperature stability can not be the advantage, because tuna

muscle temperatures may be maintained significantly above ambient

temp~~rature, but they are anything but stable.) Indeed, any hypothesis

that begins "tuna maintain elevated muscle temperatures because ••• " is

compromised by the fact that the smaller species of tuna (e.g. skipjack

and yellowfin) are not very w~rm. Indeed the maximum observed excess

muscle temperature of the yellowfin tuna in Study III was approximately

o2 c. Many of the yellowfin. tuna had excess muscle temperatures of

approximately lOC or less.

Advantages conferred by vascular heat exchangers. Magnuson (l978)

has argued that tuna are specialized for maximization of sustainable

(i.e. aerobic) swimming speeds. Elevated muscle temperatures have been

hypothesized to increase maximum sustainable swimming speeds either by
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increasing maximum rate of oxygen delivery to the muscle by increasing

the rate of oxygen diffusion from the capillaries to the mitochondria

(Stevens and Neill, 1975) or increasing muscle efficiency. However,

both proposed effects of elevated muscle temperature still await

experimental confirmation.

Graham (1975) has argued that tuna evolved their thermoconserving

mechanisms to maintain significantly elevated white muscle temperatures,

and thereby increase maximum possible swimming speeds. However, the

mean predicted maximma speed at a white muscle temperature of 200C

(based on the 0.7 stride length coefficient) is 9.7 bl s-1 (Study VI),

a value equal to or less than the measured maximum swimming speeds of

40 em salmonids in 190C water (Weaver, 1963; Blaxter, 1969). Skipjack

tuna are apparently not capable of exceptionally. high maximum swimming

speeds when compared to other teleosts of equal fork length and similar

muscle temperatures. The data presented in Study VI clearly show that

increased white muscle temperature will increase maximum swimming speeds.

However, skipjack tuna white muscle appears to be only slightly more

temperature sensitive than the white muscle of other teleosts. The

maximum sustainable l-2oC temperature difference between skipjack tuna

white muscle temperature and water temperature (Study III) is unlikely

to have a significant effect on maximum swimming speed. Even in

skipjack exercised to exhaustion, although the red muscle temperature

increased to over SoC above ambient temperature, white muscle excess

temperature increased to only 3-4oC (Dr. W.H. Hulbert and R.W. Brill,

unpublished observations).
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Are there other possible advantages of tuna's thermoconserving

mechanisms, other than the ability to maintain slightly elevated muscle

temperatures? I hypothesize that one of the main selective advantages

of tuna's thermocons erving adaptations is that they provide tuna with

a so-called "thermal inertia" far in excess of other teleosts of equal

body size. In other words, muscle temperatures will significantly lag

behind abrupt changes in ambient temperature.

Neill et al. (1976) quantified this phenomenon for skipjack tuna

by measuring the rate of red muscle temperature change, in paralyzed

fish, after a step change (decrease) in water temperature. The coeffi

cient of muscle temperature ·change (k, in °c min-laC-I) in non-swimming

sea ravens (Stevens and Sutterlin, 1976) has been shown to be approx

imately twice that of equal sized skipjack tuna (Neill et al., 1976).

The differences in the coefficient of muscle temperature change may

well be a result of the differences in cardiac output, metabolic rate,

body surface to volume ratio, etc., between the two species and not just

the presence of vascular counter-current heat exchangers in tuna. How

ever, for the present discussion I will assume that tuna's thermo con

serving mechanisms reduce their rate of muscle cooling by half. In

other wor~s, that white muscle of skipjack tuna with vascular heat

exchangers will cool at half the rate of equal sized hypothetical

skipjack tuna without vascular heat exchangers.

Non-steady state white muscle temperatures can be calculated using

the standard exponential asymptotic decay function:

-kt
Tm(t) • Te + (To - Te) e (:28)
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where:

Tm(t) • white muscle temperature at any time, t (Oe)

Te • steady state muscle temperature after the step change in
ambient temperature (Oe)

To • steady state muscle temperature before the step change in
ambient temperature (oe)

k • rate of muscle temperature change (Oe min- l Oe-l )

t • time (mins).

Figure 32 illustrates the predicted white muscle temperatures and

maximum swimming speeds for a 1.040 kg skipjack tuna (fish 1, Study VI),

osubject to a 13 e step change in ambient temperature. The coefficient

of temperature change of skipjack tuna B (with vascular heat exchangers)

and skipjack tuna A (without vascular heat exchangers) were taken as

0.043 °e min-I °e-1 and 0.086 °e min-1 °e-1, respectively (from Neill

et al. Cl976), based on the measured cooling rates of paralyzed skipjack

tuna, ranging in weight from 0.4 to 3.5 kg). Furthermore fish B was

assumed to maintain at 1°C excess white muscle temperature and fish A no

excess white muscle temperature. Notice how the difference in maximum

possible swimming speed is considerably enlarged after the drop in

water temperature.

Data" from skipjack tuna tracked in the open ocean (Yuen, 1970; see

also Fig. 20, Study III) show these fish often dive into very cool

water (down to 250 m depth, 130e ambient temperature). Vascular heat

exchangers slow white muscle cooling, therefore they allow skipjack tuna

to maintain the ability to reach significantly higher maximum swimming

speeds after diving into cool water. Figure 32 shows that, before the

step change in ambient temperature, the skipjack tuna with vascular
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Figure 32. Predicted white muscle temperatures and maximum

swimming speeds for a 1.040 kg (fish 1, Study VI) skipjack tuna,

subject to an abrupt l30C temperature change. White muscle temper-

atures were calculated as in Neill et ale (1976), assuming: 1) white

muscle of a hypothetical skipjack tuna without vascular counter-

current heat exchangers (A) cools twice as fast as does the white

muscle of one with vascular heat exchangers (B) (Stevens and Neill,

1978); 2) fish with vascular heat exchangers maintain a steady

ostate white muscle temperature 1 C above ambient, fish without

heat exchangers do not maintain a significant excess muscle temper-

ature. Predicted maximum swimming speeds are based on a linear

regression equation fit to the muscle temperature-maximum swimming

speed data from fish 1, Study VI.
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heat exchangers (B) is only able to reach a maximum swimming speed

0.6 b1 s-l greater than a hypothetical skipjack tuna without vascular

heat exchangers (A). However, 15 mins after the 130 step change in

ambient temperature, skipjack tuna B is able to reach a maximum swim

ming speed 2.5 b1 s-l faster than skipjack tuna A. The ability to

reach higher maximum swimming speeds has obvious selective advantages

when chasing prey or avoiding predators. I conclude that the reduced

rate of muscle cooling may be one of the main selective advantages of

tuna's thermoconserving mechanisms.

192
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GENERAL SUMMARY AND CONCLUSIONS

Body Surface and Gill Heat Loss in Restrained Skipjack Tuna

The data presented in this study clearly indicate that the body

surface and gills are both significant routes of heat transfer, at

least in paralyzed skipjack tuna. Whether or not heat loss re1ation-

ships measured and paralyzed tuna may be extrapolated to swimming fish

can not be definitively shown. However, I have developed the surface

heat loss maps necessary to estimate total body surface heat loss from

free swimming skipj ack tuna. These type cf data are required because

free swimming fish can carry only a limited number of surface heat

flow sensors.

Thermoregulation in Skipjack and Ye110wfin Tuna

By measuring steady state muscle temperatures and estimating heat

production (based on swimming speed), I was able to show that metabolic

heat production and excess muscle temperatures are not necessarily

coupled in either skipjack or ye110wfin tuna. This means that any

hypotheses concerning the effect of swimming activity on excess muscle

temperatures must take into account this physiological thermoregulatory

ability.

oFurthermore, at ambient temperatures of 30 C, small ye110wfin tuna

(45 to 66 cm fork length) are apparently under sufficient thermal stress,

such that they will adjust their thermo conserving mechanisms and reduce

their excess muscle temperatures.

Skipjack tuna also have the ability to regulate their excess

muscle temperatures independently of activity.
oHowever, a 30 C ambient
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temperature does not appear to be a sufficient thermal stress to cause

skipjack tuna to regularly lower their excess muscle temperatures.

My hypothesis that tuna are capable of physiological thermo

regulation would be better supported if tuna could be shown to be able

to increase muscle temperature without increasing activity and to

increase activity without increasing muscle temperature. The former

could be shown, with the controlled temperature test tank and the

ultrasonic muscle temperature telemetry system, by injecting tuna with

bacterial pyrogens. These substances have been shown to induce behav

ioral fever in other te1eosts (Reynolds, 1977b). Perhaps bacterial

pyrogens could induce a physiological fever in tuna (i.e. cause an

increase in excess muscle temperature without an increase in activity).

Faster swimming without an increase in excess muscle temperature could

be demonstrated by further testing of weighted fish at high ambient

temperatures. Presumably muscle temperatures would be reduced as

ambient temperatures approached lethal limits. This will require,

however, significant improvements in handling procedures to insure the

survival of enough fish, for long enough periods, to give meaningful

data.

Red and White Muscle Activity in Swimming Skipjack Tuna

Based on the work of Rayner and Keenan (1967), it had been assumed

(e.g. Bone, 1975) that skipjack tuna use their red muscle fibers for

sustained swimming and their white muscle fibers only at unsustainable

burst speeds. I have presented e1ectromyographic recording that indi

cate that white muscle fibers become active at presumably sustainable
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(i.e. aerobic) swimming speeds. These data support my hypothesis that

use of white muscle at sustainable swimming speeds could function as a

thermoregulatory mechanism in tuna. However, confirmation of this

hypothesis would require a system that could constantly monitor swi~

ming speed, and muscle fiber electrical activity, at various water

temperatures. Although the controlled temperature test tank would be

appropriate, monitoring muscle fiber activity requires a suitable

ultrasonic muscle activity telemetry transmitter. Such a transmitter

has not yet been successfully employed on tuna. However, this equip

ment currently under development at the Kewalo Research Facility of the

National Marine Fisheries Service (Honolulu, HI). The telemetry system

will hopefully be operational before the beginning of 1979.

The Effect of Temperature on the Isotonic Twitch' of White Muscle and

the Predicted Maximum Swimming Speeds of Skipjack Tuna

My data concerning the effect of elevated muscle temperatures on

the predicted maximum swimming speeds of skipjack tuna show that the

sustainable I - zOe excess white muscle temperature will have only

slight effect on the maximum swimming speed of this species. It is

therefore unlikely that tuna evolved their unique anatomical and

physiological adaptations to increase maximum possible swimming speeds.

Although, as discussed previously, the presence of vascular counter

current heat exchangers can significantly effect predicted maximum

swimming speeds under certain circumstances; because the significantly

slow rate of muscle cooling following rapid changes in ambient temper

ature.
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ENDNOTES

1The units used in these equations are arbitrary. They have been

included only for the sake of clarity. A valid conclusion, based on

any set of equations, obviously must be independent of the units

employed.

2Tuna exhibit a curvilinear muscle temperature profile between

the vertebral column and the body surface (Graham, 1975). A standard

point of temperature measurement is in the muscle immediately adjacent

to the vertebral column, the point of maximum muscle temperature.

3Skipjack tuna lack a swim bladder (Godsi1 and Byers, 1944), and

are therefore negatively bouyant. The pectoral fins act as wings and

provide lift. The minim~ -'ydrostatic equilibrium speed is the minimum

forward velocity required to counter the fish's tendency to sink, when

the pectoral fins are fully extended 100% of the time.

4This study was completed in spring of 1976, and the graphs and

tables compiled for an end of the fiscal year report submitted to the

National Marine Fisheries Service, in September of that year. At that

time it was standard procedure at the Kewalo Laboratory to express heat

transfer rates in units of Kca1 per unit time. In subsequent studies

I used the now standard Systeme International unit of heat flow, watts.

The heat flow measurements in this study were not converted to

watts, because changing the units will obviously not change the con

clusions. However, the conversion factor between the two units is:

1 Kca1 h-1 = 1.16 W •
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5Skipjack and ye110wfin tuna lack scales, except for a small area

on the dorsal half of the body that extends roughly from behind the

skull to a point a few centimeters posterior to the origin of the

first dorsal fin. The skin in this area is thicker than that over the

remainder of the body. This scaled area is referred to as the

corselet. Walters (1962) discusses the possible function of the

corselet as a drag reducing mechanism.

6Note, here the caudal fin has been assumed to be 100% efficient.

Although this is impossible, it is likely that the caudal fin efficiency

in tuna is 80 to 90% (Webb, 1975). Assuming the caudal fin is 100%

efficient significantly simplifies equation 18, yet introduces only a

slight error in estimating metabolic heat production (especially in

comparison with the possible error introduced by the rough estimate of

the coefficient of drag), this assumption is therefore justified.

7Ye11owfin tuna cost as much as $100 each, obviously these animals

must be used as economically as possible. Therefore, any procedures

that result in high mortality or require a large number of animals

(e.g. determining the effect of body size on the standard metabolic

rate) can not be justified.

8Sus t ainab1e speeds are defined as swimming speeds which can be

maintained for 200 mins or better (Webb, 1975). At these speeds the

animal is presumably able to meet all energy demands through aerobic

metabolism.

9Tuna, unlike other te1eosts, do not have the ability to pump

water over their gills. These species therefore swim continuously,

forcing water over their gills by "ram jet" ventilation (Brown and
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Muir, 1970).

10 There are actually three ways to define swimming efficiency:

1) muscle heat production per unit of thrust developed by the caudal

fin; 2) the rate of metabolic substrate depletion per unit thrust

developed by the caudal fin; 3) the rate of oxygen consumption per

unit thrust developed by the caudal fin. Smit et a1. (1971) demons

trated increases in· swimming efficiency based on the third definition.

They interpreted their data to signify that white muscle fibers

(functioning anaerobically) are graded into activity at the higher

swimming speeds.

11In this instance a complete tail beat cycle is defined as the

tail swinging through 1800 of arc.

12By direct stimulation of the midbrain of c.arp, Kashin et ale

(1974) have shown that swimming movements of fish are coordinated by

neuronal networks within the spinal column, and that higher (i.e

midbrain) centers control only swimming speed (i.e. tail beat frequency).

Gril1ner and Kashin (1976) have hypothesized that the level of output

of the spinal motor neurons is directly proportional to tail beat

frequency. Therefore, as tail beat frequency increases (under the

influence' of the midbrain locomotor cente~s) swimming musculature motor

units with progressively higher thresholds will be recruited. If this

hypothesis is correct, the CNS thermoregulatory center in tuna would

somehow have to selectively lower the thresholds of the motor units

containing white muscle fibers at high ambient temperatures.

Rayner and Keenan (1967) showed that sodium pentobarbital prevents

paralyzed skipjack tuna from employing their white muscle fibers, even
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during vigorous swimming movements. These data, however, do not

conclusively show that the use of white muscle fibers is under high

level CNS control, because sodium pentobarbitol has peripheral neuro

muscular blocking actions (Oswald 1978).

13The Ringer's solution used in this study is based on Saither and

Rogers (1967) and Hudson (1968). Ion concentrations approximate tuna

plasma.

Salt

NaCl

KCl

CaC12 • 2H20

MgC12 • 6H20

NaHC03

NaH2P04 • H20

Glucose

Distilled H20 to 1 liter

Weight (g)

10.85

0.382

0.556

0.226

1.26

0.413

1.00
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