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A .  Introduction 

A major research facility devoted to the study of captive 
tunas (Nakamura, 1972) h a s  provided some opportunity to de- 
velop greater understanding of the biology of tht. r.k i!,jack t.ar.;l 
(Katsuwonus pelamis). Evidence to date indicates remark.able 
adaptation to pelagic environments and an unuriual physiol.ocjy 
associated with life in relatively warm b:it unproductive waters 
(Brock, 1974; Magnuson and Heitz, 1971; Macjnuson, 1973; Stevens 
and Neill, in press). Remarkable features of skipjack t u n a  
biology include (a) obligatory continuous swimming associate,q 
with the absence of a gas bladder (Magnuson, 1973) and lack of 
respiratory pumps (Brown a n d  Muir, 1970) ; (b)  warm-bodiedness 
owing to retention of metabolic heat via countercnrrent heat 
exchangers in the blood-vascular system (Stevens and Fry, 19.71; 
Stevens, Lam, and Kendall, 1974; Neill, Chzinq, and Dizon, 1970); 
and (c) activity-depr?ndent respiration rates that appear inde- 
pendent of both ambient temperature (Gordon, 1968) and the 
allometric effect of weiqht (Gooding and Neill, ms). 

All the tunas are extremely difficult to maintain for 
experimental work. Because animals often die shortly after 
handling ( e . g . ,  following weight determination), studies are 
limited in scope and duration. Nonetheless, recent and ongoing 
work (Neil1 et a l . ,  1976; Sharp and Francis, 1976; Kitchell, 
Magnuson, and Neill, 1977; Cooding and Nt?ill, ms; Uchiyama and 
Strusaker, ms; Barkley, Neill and Goodinq, ms) ha:; provided data 
and concepts that permit establishment of a hypothetical yet 
holistic framework for future research on tuna bioenergetics. 

In this paper, we attempt to combine principles of bio- 
energetics with data from experimental and field studies to 
construct energy bi.idgets for skipjack tuna and thereby define 
t.his scombrid's scope for growth (Warren, 1971). Using data 
of Sharp and Francis (19761, the analysis is then extended to 
yellowfin tuna (Thunrius a l b a c a r e s ) .  Our goal in this effort 
has been a more coherent characttirization cf the qrowth process 
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in tunas arid identification of those physiological, behavioral, 
and/or ecological processes that have tht, greatest potential 
for improved understanding of tuna biology. 

B .  E n e r g y  B u d g e t  Cornponcrits and Their U n i t s  

Usin5 L.onventional symbol notation (Hicker, 1971), the 
mass balance or encryy budget equation may be written 

C = 11 + IJ + F + G + AB ( 1  

whc.1 c! 
C = rate of food consumption 

R -- ratc of metabolisiri (rcspiration) 

U = rate of excretion 

F = rate of egestion 

G = rate of gamete production 

AB = rate of growth 

Our handling of budget terms has necessitated subdivision 
of R into two component. parts: 

R = S D A + M ,  

where SDA (specific dynamic Action) is the rate of energy cr-)st 
associated with processing the input energy sour.cic> (mainly, 
deamination-of proteir:s) and M is the r.itc> of energy expendi- 
ture associat.ed with the remainder of metabolic work, o r  net. 
metabolism (basal metabolism and activity). 

Each tern in the equation may be defined in biomac;s 
equivalents in developing mass-balance solutions. Reca!i t 

the calorie functions as the comnion denominator in bioc.nc.r- 
getics (Warren, 19711, the cquation may a l s o  tw  writtt>rl in 
caloric units if energy equivalents arc known for bionriSs 
units aad catabolic pro ic s ses .  

yiven 1 1 1  L i < ! r .  d a y  units based on ~7 s c x u a l l y  immat.ur(- 1 kq (live. 
weight) skipjack tuna at 24OC. Caloric values for skipjack 
biomass are 1 . 4 6  kcal/g live weigllt (Kitchell et al., 1377!. 
Although food habits of skil?jack are highly variable ( Y u r . n ,  
1953; Manar, 1966; Magnuson and Heitz, 1971), volumetric com- 
position approximatcs 50% invert-ebrates and 50% fishes; we 
estimate these t.o have caloiic equivalents of 1.0 kcal/g wet 
weight and 1/2 kcal/g wet w c i g h t ,  rrspectively. ~ ' I I u s ,  mearl 
caloric value of skipjack forage is t .aken as 1.1 kcal/q w t ? t  
weight. 

To facilitate calculations, a1 1 parameter cstimatf'!; a r e  



C. Energy Budgets for Skipjack Tuna at S i x  Input-Outpiit 
Regimes 

In this section, we attempt to evaluate the energetics 
spectrum of skipjack tuna by dctermining energy budclk.ts at six 
levels--starvation, maintenance (no weight chanqc) , olJscrvctf 
growth at three levels of metabolism, and estimated maximum 
daily ration. 

1. Starvation. Lacking any input, enerJy loss results 
from (a) metabolic demand; and (b) secretions and c.xc:rctions. 
Gooding (Southwest Fisheries Center, Natiunal Marine Fisheries 
Service , lionolulu, personal communication) measured rout inr 
oxygen consumption at 24OC for fasted skipjack tuna weighing 
0.63 to 3.90 kg. The resulting regression equation w a s  
Y = -0.340 + 0.016X (n = 40), where Y = loglo mg 02 consumt3d 
per g fish per, hour and X = loglo (weight of skipjack, g ) .  
Both the basal rate and the weight exponent are substantially 
greater than those reported for most fish species (Gordon; 
1968; Beamish and Dickie, 1967). Using an oxycalorif i c  c.,(iniv- 
alent of 3.4 cal mg 02'1 (Warren, 19711, routine daily meta- 
bolic output of a fasted 1 kg skipjack tuna would be 510 mg 
02h-1 x 3.4 cal mg-1 X 2 4  h day-1 = 42 kcal day-1. 
and Warren (1971) estimate that 0 2  consumption measures only 
80% of total energy loss associated with mobili.zing body tis- 
sues for metabolic activity. The remaining 20% is lost hot.!: 
as heat associated with deamination of protein and excrctcd 
nitrogenous waste. The former is termed specific dynamic 
action (SDA) and accounts for approximately 15% of the total 
output, while the latter is largely ammonia and/or urea con- 
taining about. 5 %  of initial energy content. Accordingly, 
total energy output would be the sum of SDA and calories ex- 
creted as metabolic waste products. Empirically, 42/0.11 = 5 3  
kcal of total energy output fish-1 day-l. The energy content 
of the whole fish is 1,4GO k c a l ;  therefore, the rate of loss 
would be 53/1,460 = 36 cal kcal-l or about 3.6% of total energy 
content per day (Table I). For a skipjack swimming at c?r near 
its minimum speed (Vi90 of Magnuson, 1973), the weight-specific 
equation for routine metabolism in caloric units becomcs 
M = 29$-Ol6 where M = cal kcal-1 day-1 and W = fish weight i n  
kilograms. 

hydrate when starved, weight loss alone is an underrstimate 
of net change in energy (Brett, 1973; Niiini and Beamish, 197.3; 
Kitchell et < 2 1 . ,  1 9 7 7 ) .  Skipjack lost about 1.8% of body 
weight per day (Dizon, Soutl?west Fisheries Center, Iionolulrl, 
personal communication) during the first 2 5  days of a s t i l rva-  
tion period. Data from Kitchell et a l .  (1977) indicate chanclc 
in energy content per uni: weight of about 1.8% per day 

Brett (19.71) 

Because fish utilize high-energy tissues ( e . g . ,  fdt) and 
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B i o e n e r u r t i c  Requisite Proses:; rat,. ( c a l  kcal-l l ay - ' )  

( 'on-  :< t Mc.- Excrc- Eqes- 
reg im<, ratirin 

i\ body sumi ' t ion  t n b v l i s m  S:iA t i u n  t i o n  Growth 
w t .  d a y - ' )  ( c )  LM) (I!) i F )  ( A B 1  

- - - - ____-.---_I 

Starvation 0 0 2 9  ) 7 - 3 6  
M a i n t e n a n c e  5 . 9 4 4  29 I 2 7 (i 

Observed growth at 
1 Lab M 

2 Lab N 

3 Lab M 

(= Level I )  7 . 1  5 7  i? '3 t 1 1 7 

:= Level 11 )  1 3 . 1  51 9 58 1 5  1 5  

(F Level 1 1 1 )  19.0 14 i 87  2 1  I 2: 7 

Maximum 30.0 2 50 647-155 38 1 7  > 'i .!-G9 
._ .- -___ .-__ 

'Ddiiy rdtion is given .is prrcentaqe of h i i y  w e i g h t  consumc..ii prr ( i d 4  assuming 
1 . 1  k c a l  prr  g r d m  l i v c  t o m i .  

for skipjack starved 10 days. Combining absolute weight chanqcs 
with changes irl caloric density yields an independent estimatt> 
of 1.8 + 1.8 = 3 . 6 0  10:;s per day, txactly the value rLtermincc3 
from the balanced energy budget. 

2. Maintenance. Calculation of a maintenance ration r:i\.i~t 
include outputs proportional to feeding level as well as rou- 
tine metabolic rata. Although expcrimental data w h i c h  would 
provide measures of rates of excretion, c!qestion, drlcl !;LN for 
skipjack tuna are not available, we can estimate these rate:; 
based on studies with other fishes. 

Excreted energy includes by-products and wastes, such as 
ammonia and urea, resulting from deamination of consumed pro- 
tein.. Caloric output is generally taken as 3% to 7% of con- 
sumed calories (Winberg, 1960; Mann, 1967). [Jsing a mean of 
Sa, we estimate excreted energy, U, as a constant proportion 
of consumption rate, C; thus, U = 0.05C. 

Egestion or fecal output can be similarly estimated as a 
constant proportion of consumption; exacting studies of car- 
nivorous fishes indicate that absorption ef f icicncies are not. 
strongly related to feeding level (McComish, 1970; Kelso, 
1972). Of the calories consumed as invertebrate foods we 
estimate that 2 0 0  would be egested (McComish, 19701, whereas 
as little as 10% of calories consumed as fish would Le egested 
(Kelso, 1972). Using a mean of egested calories, we estimated 
F = 0.15C for the mean diet. 

A 5  described above, the specific dynamic action component 
of energy output, SDA, is broadly defined as the energetic co:it 
of converting food for catabolic and/or anabGlic processes 
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(Warren, 1971). Based on the experimental data of Muir and 
Niimi (1972) and Beamish (19741, we estimate that 15% of con- 
sumed calories are expended as heat in SDA; thus, SDA is set 
equal to 0.15C. 

fasted fish, substitution in equation 1 yields 
Using the measured value of routine metabolism for a 

C = (42 + 0.15 C )  + 0.05 C + 0.15 C + 0 + 0 ; 

therefore, 

0.65 C = 42 ; 

C = 65 kcal fish-l day'l ; 

C/1,460 = 44 cal kcal-l day-l . and, 

In biomass units, a 1 kg fish must consume 65/1.1 (assum- 
ing a mixed diet) = 59 grams of food for a maintenance ration 
of 5.9% of fish weight per day (Table I). This estimate of 
maintenance is derived for fish swimming at or near their min- 
imum speed in a respirometer, and should not be construed as 
representative of the minimum energy requirements of fish in 
nature. Note, however, that the maintenace ration for skipjack 
tuna is equivalent to or greater than the maximum ration for 
most nonscombrid fishes of equivalent size (Magnuson, 1969). 

3 .  Observed G r o w t h  at Three Levels of Activi ty .  Mann 
(1967) describe'd the assumptions of what we call the Winberg 
approach (Winberg, 19601, which has been widely applied in 
fish energetics studies (see Backiel, 1971; Iiealy, 1972; 
Burbridge, 1974; Ware, 1975). Briefly restated, the routine 
metabolic rate determined in a respirometer is doubled to 
estimate metabolic levels for most fishes under natural con- 
ditions. More recently, Ware (1975) estimates that a three- 
fold increase might be more appropriate for applications to 
pelagic fishes. Bioenergetic studies of terrestrial verte- 
brates employ a similar 2-3x multiplier for field applications 
(Brody, 1945; Dutton, Fitzpatrick, and Hughes, 1375). 

mally active (Level I) skipjack tuna, we combined parameters 
of a maintenance budget with an observed growth rate of 0.7% 
in weight per day for 1 kg skipjack as calculated from growth 
curves (Uchiyama and Struhsaker , ms) and lcngth-weight rela- 
tions (Magnuson, 1973). Growth is equivalent to 0.007 x 
1,460 kcal = 10 kcal fish-l day-1; thus the budget equation is 

To estimate an energy budget for normally growing, mini- 

0.65 C = 42 + 10 
or C = 80 kcal fish'l day'l . 



The daily ration would be HO/l.l = 7 3  gram food per 1 kg 
fish or about 7.3% per day for 0.7% day-l growth in weight or 
a gross growth efficiency of about 10% (Table I). 

By assuming that higher levcls of activity in nature 
result in a twofold increase in routine metabolic rate (Level 
111, the equation becomes 

0.65 C = 2 ( 4 2 )  + 10 

or C = 14' kcal f i s h - '  day-' , 

which converts to a ration of 1 3 . 1 %  per day. A s 5 u m i n q  a three- 
fold increase in routine metabolism (Leve l  111) yields C = 209 
kcal per fish or a daily ration of .ipIbroxinately 19.0% (Table I) 
Gross growth cfficicnciec, woulJ bc 5% and about 4%, respectively 
for the higher activity levcls. 

4 .  Mclximum Input-Output of Energy. To evaluate this 
energy budget we set the input parameter, C, to its maximum, 
calculated outputs, and compared the results with those deter- 
mined independently from observation or experimentation. When 
combined with known metabolic rates or maintenance rations, 
the scope for growth is delineated as defined by Warren (1971). 

limit rates of food consumption. Within a species both are 
inversely related to fish size. As a result the maximum daily 
ration, Gax, declines allometrically with weight, W, and may 
be written as Cmax = arb. 

Based on previous ad libitum feeding studies using whole 
fish as food (Magnuson, 19691, the maximum daily ration of a 
1.5 kg skipjack was estimated as 15-20%. Recent studies by 
Steffel (Southwest Fisheries Center, Honolulu, personal com- 
munication) indicate that smaller food particles are more 
readily consumed and that maximum rations for 1.4 kg skipjack 
are approximately 28-35%. Using a value of 30% and converting , 

to caloric units assuming natural foods, estimated consumption 
would be 330 kcal total or about 225 cal kcal'l biomass day-l. 
The value of the weight exponent, b, is not available for skip- . 
jack but may be estimated as - 0 . 3  based on results for other . 
fishes (Brett, 1971; Niimi and Dcamish, 1974; Kitchell et al., 
1974). Taking b as - 0 . 3  And thrsn estimating a from Stcffel's 
data yields an estimated Cmax of 250 cal kcal-1 day-l for 1 kg 
skipjack (Cmax = 250 W o - 3 ,  where fish weight, W, is in kg). 

(VI, and egestion (F) are constant proportions of consumption 
representing a loss of 35% of calories conwmed. Thus, enerqy 
available for net metabolism, growth, and (in larger fish) 
gamete production would be 0.65 Cmax. Limits described by 
these equations are given as a function of fish weight (Fig. 1). 

Digestion rate and relative stomach volume intrinsically 

Energy outputs as specific dynamic action (SDA), excretion 
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F I G .  1 .‘ R e l a t i o n s h i p  of e s t i m a t e d  maximum ca lor ic  i n t a k c ’  
dnd o u t p u t s  to  s i z e  of s k i p j a c k  t u n a ,  Katsuwonus p c l a m i s .  
P a r a m e t e r s  a n d  symbols  are  described in text .  

Based o n  o t o l i C h  a n a l y s i s  (Uchiyama a n d  S t r u h s a k e r ,  ms), thc  
d a i l y  g r o w t h  i n c r e m e n t  o f  s k i p j a c k  t u n a  appears t o  be a n e a r l y  
l i n e a r  f u n c t i o n  o f  l o g  ( w e i g h t ) .  S k i p j a c k  g r o w t h  i n c l u d e s  
e n e r g y  s t o r e d  i n  b o t h  somatic g r o w t h  ( A B )  and g n n s d a l  t lcvc lop-  
mcnt ( G )  . S u b t r a c t i n g  o b s e r v e d  g r o w t h  from 0.61) Cmax (Jives 
a n  e s t i m a t e  of t h e  e n e r g y  avai lable  f o r  n e t  metabolism. A l s o  
p l o t t e d  i n  F i q .  1 arc? t h e  presumed l o w e r  ( L e v e l  I) and up!’er 
( L e v e l  111) l i m i t s  of n e t  metabolism as m u l t i p l e s  of r o u t i n e  
metabolism d e t e r m i n e d  by  Gooding and  N e i l 1  ( m s )  f rom c a p t i v t  
f i s h .  

1 n t c r i ) r e t a t i o n  o f  F i g .  1 s l m u l d  be made w i t h  c a u t i o n .  
F i r s t ,  w e i i j h t - r e l a t e d  ra te  f u n c t i o n s  are  c x t r a p o l a t e d  from 
d a t a  g a t h e r e d  for s m a l l  (0.6-4.0 k g )  s k i p j a c k .  Second,  no 
basic p h y s i o l o g i c a l  or e c o l o g i c a l  c r i t e r i a  t r u l y  j u s t i f y  cx- 
p r e s s i n g  metabolic ra tes  as  m u l t i p l e s  of t h e  r o u t i n e  r a t e .  
T h i s  p r a c t i c e  s i m p l y  serves t o  c h a r a c t e r i z e  r e l a t i v e  l e v e l s :  
o f  a c t i v i t y  c ~ s t i m n t e d  to o c c u r  u n d e r  n , i t u r a l  c o n d i t i o n s .  



D .  L i m i t s  on Growth and Maximum Size of Skipjack Tuna. 

Differences between rates of maximum energy intake and 
estimated energy costs ( F i y .  1) allow an estimate of bioener- 
getic limits on growth rate. For example, a 1 kg skipjack 
feeding at the maximum rate and maintaining a metabolic rate 
approaching Level 111 would process 0.65 x 250 = 1 6 2  c a l  kcal-l 
day-1 of which 3 x 29 = 87 cal kcal-1 day-1 would be metabol- 
ized, leaving 25 cal kcal-I dayw1 for growth. The observed 
growth rate is appioximately 7 cal kcal-1 day-l. 
jack do maintain Level 111 metabolism, individuals smaller 
than about 7-10 kg are growing at rates substantially less 
than maximal. As noted by Ware (19751, active metabolic rates 
are probably not greater than threefold routine rates. Thus, 
smaller animals appear limited by food availability and/or 
their efficiency as predators. 

Growth of skipjack larger than 7-10 kg appears limited 
not by the availability of food but by the maximum rates at 
which available food can be physically consumed and physio- 
loyically processed. This limitation becomes increasingly 
important as the fish qrow larger (Fig. 1). Levczl I11 metabol- 
ism cannot be sustained in skipjack larqcr than about. 8 kq; ut 
about 2 5  kg, even Level I1 metabolism requires more cncrgy 
than can be providrd by CmdX. We propose that maximum size in 
skipjack tuna ref 1ect.s tkle point of balancck between the minimum 
rate of energy expenditure consistent with normal activity and 
the maximum rate of energy aquisition ((:T>,dx), the latter qov- 
erned larqely by factors intrinsic rather- than extrinsic to 
the fish. 

Under an assumption of model (Piq. 1) validity, it becomes 
a simple matter to predict maximum skipjack size given the rate 
of metabolism at maximunr size or, conversely, to Fredict the 
normal rate of metabolism in a skipjack of rr.aximum s i z e .  The 
second prediction is thc appropriate one because we tiavc from 
independent sources a good estimate of maximum size in skipjack, 
but no estimates at all of rates of energy expenditure in wild 
tunas. 

22 kg (Magnuson, 1973); larger (>25  kq: skipjack are rumored 
to have been caught. According to our model ( F i g .  1) the EO- 

growth point for a 22-kg skipjack tuna eating its maximum daily 
ration occurs at a level of metabolism slightly more than twice 
the routine rate extrapolated from laboratory data. While this 
prediction conforms with Winberg's (1960) conclusiori that the 
mean metabolic rate of fish in nature is about twicc, the routine 
rate, its accuracy cannot be judged on the basis of existing 
data. 

the size of Cmax but by progressive inability of fi.;!!cs to 

If wild skip- 

The largest skipjack tuna on scientific record weighed 

In typical fishes, maximum size appears limited riot by 



consume at the C,,, rate--the energy cost of obtaining Cmc,, 
becomes greater than the energy return fron Cmax (Weatiiei ly, 
1972) .  One must presume th..<t this is because evolutionarily 
Cmax has kept pace with (or .I step ahead of) the average r~tc? 
at which food is available for  constinptiori. Why hiis thi:: not, 
apparently, been the case for skipjack tuna? Perhaps br,cassc: 
the bioenergetic strategy of skipjack tuna has been t c ~ r n p c ~ r c ~ r ~  
hy a peculiar consideration of no relevance in the evolution 
f typical fishes--a thermal “squeeze” in which skipjack 
larger than some critical size risk ovcrheating their corc1 
tissues at all environmental temperatures higher than the 
minimum temperature for function of superficial tissucs. 
Under this hypothesis (Neil1 et al., 1976), the habitat avail- 
able to skipjack tuna becomes progressively reduced as the 
fish grow laiger, with larger fish restricted to the cooler 
part of the range habitable for smaller fish. Rarkley r 7 t  J I .  
(ms) have extended the thermal-squeeze hypothesis to include 
an additional restriction imposed by low dissolved oxygen; 
their resulting model of skipjack distribution by size i n  the 
eastern and central Pacific seems reasonably consistent w i t h  
fishery-catch data and with the apparent migration patterns 
of skipjack. 

maintain an average metabolic i.Tte of 3 mg 0 2  g-1hr-l in their 
red muscle, Neil1 et al. (1976)  suggest that the thermally 
tolerable habitat for skipjack vanishes as the fish approach 
22 kg. A routinely active skipjack tunahas a red muscl6. 
metabolic rate of about 1 my 0 2  g - l h r - l  (Neil1 c t t  a l . ,  
thus, their assumption of a 3 mg ‘‘2 g-lhr-1 rate for wild f i s l i  
is equivalent 40 presumption that the normal wild ratc is 
thrice the ratf! mtLasured in routinely active captivo animal I;. 

Treblinq of red muscle metabolic rate is equivalent to doubling 
of whole-focly routine rate if, as seems reasonable ( D i z o r i ,  
Brill, and Yuen, this volume), one-half the routine oxygen 
demand of the whole animal is attributable to red-muscle ac- 
tivity. In this sense, then, the present bioenergetic hypothe- 
si s and tlie thermal-squeeze kiypothesis are consistent: t1ic.y 
invoke equivalent metabolic rates to account for the observcd 
maximum size of skipjack tuna. The thermal-squeeze liypothesis 
makes more tenable the unusual role of CmaX as a limiting 
factor in growth to maximum size, for skipjack had nothing t o  
gain evulutionarily by increased Cmax if risk of overheating 
set limits on energy output at maximum size. 

(Fig. 1) were based on thc rates calculated for a constant 
temperature of 24OC. Would a reduction in tcmpt3xature wit11 
fish s i z e ,  in keeping with the thermal-squeeze hypothesis, 
substantially alter the bioenergetic spectrum of skipjack? 
Probably not, because metabolism and activity in skipjack 

Under the assumption that normally active skipjack must 

1 9 7 b ) ;  

Skipjack energy budgets (Table I) and extrapolation:; 



turl,, a p p e a r  v i r t u a l l y  ir i t lciwndt-nt of ~ ~ n v i r o n m e r i t a l  t e m p e r a t u r e  
(metC.5olism--Gordon, 1968;  a c t i v i t y - - S t e v e n s  and  F r y ,  1972;  
Dizon  et a l . ,  i n  prc:;s; Chang e t  a l . ,  rns; Dizon ,  B r i l l ,  and  
Yuen, t h i s  vo lume) .  

E. Dioencrgetic Limits for  Y e l l o w f i n  T u n a  

S h a r p  and  F r a n c i s  (1976)  estimatt-ci eriergy b u d ( j e t  param- 
ters f o r  y e l l o w f i n  tuna i n  t h e  e a s t e r n  P a c i f i c .  Beg inn ing  w i t h  
Goodinq a n d  Nei l l ’s  ( m s )  est imates o f  metabolic r a t e  i n  s k i p -  
j a c k  t u n a ,  t h e y  assumed t h a t  y e l l o w f i n  metabolic w i g h t  was 
be t te r  a p p r o x i m a t e d  as woe*. 
metabolism o f  y e l l o w f i n  became M = 29 W - O e 2 ,  where  M i s  i n  c a l  
k c a l - 1  f i s h  day-1  a n d  W i s  f i s h  w e i g h t  i n  k i l o g r a m s .  
d e n s i t y  of y e l l o w f i n  biomass w a s  assumed t o  he similar t o  
s k i p j a c k  ( S h a r p  and  F r a n c i s ,  1 9 7 6 ) .  C o n s i d e r a t i o n  o f  c a l c u -  
l a ted  d a i l y  r a t i o n  as  a f u n c t i o n  o f  ye l I . owf in  w e i g h t  (see 
S h a r p  and  F r a n c i s ,  1976:  f i g .  5)  lead:; u s  t o  s u p p o s e  t h a t  C,,, 
( i n  c a l  k c a l - 1  day-1)  = 1 9 0  wO.35. T h e r e f o r e ,  t h e  maximum 
ra te  a t  which  e n e r g y  i s  a v a i l a b l e  f o r  g r o w t h  a n d  n e t  m e t a b o l i s m  
i n  t h e  y e l l o w f i n  i s  124  W 0 - 3 5  cal  k c a l - 1  day-1  

ships  bt3tween m e t a b o l i c  l e v e l s ,  maximum a v a i l a b l e  e n e r g y ,  and  
f i s h  s i z t .  f o r  y e l l o w f i n  ( F i g .  2). ~ h c  cxt7rcir;r. leads t o  a 
c o n c l u s i o n  i d e n t i c a l  t o  t h a t  r e a c h e d  above  for  s k i p  j a c k  tuna: 
maximum a v a i l a b l e  c n e r y y  arid t h e  e n e r g y  r e q u i r e d  f o r  metabolic 

Thus ,  t h e  e q u a t i o n  f o r  r o u t i n e  

Calor ic  

(= 0.65 C m a x ) .  
As for  s k i p j a c k  ( F i g .  I ) ,  now w e  c a n  estimate r e l a t i o n -  

% 

I 2 4 6 810 20 4 0  60 100 200 4 0 0  
Yellowfin Weight. W ( k g )  

P I G .  2. R e l a t i o n s h i p  of e s t i m a t e d  m x i m u m  caloric i n t a k e  
and o u t p u t s  t o  s i z e  of y e l l o w f i n  tuna, Thunnus a l b a c a r e s .  
P a r a m e t e r s  and symbols are d e s c r i b e d  in t e x t .  
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levels slightly in excess of twice the routine rate convprge 
at a weight equal to api'roximately that of the largest yellow- 
fin tuna on scientifically valid record--182 kg (Sharp, pcr- 
sonal communication). 

F. Discussion 

Our bioenergetic analysis suggests that small skipjack 
and yellowfin tunas are growth-limited by food availability 
but that larger fish are growth-limited by their- ability to 
consume and process available food. For each spwies, maximum 
observed body-weight corresponds approximately with that weiqht 
at which the maximum daily ration just fails to support a lcvcl 
of energy expenditure about twice that of the fish swimming a t  
its minimum speed for hydrodynamic equilibrium. 

Despite the qualitat.ive similarity between sl?eci es, thert. 
remains a striking quantitative difference: ypllowfin tuna 
reach a maximum weight more than eight times that attained by 
skipjack tuna. Bioenergetically, the difference in maximum 
weights resolves itself principally a s  a difference in thc 
weight exponents of metabolic rate. Specific mctabolic rate 
of yellowfin tuna, presumably like that of typical. fish(.$:, i : ;  
assumed to be proportional to W o - 2 ;  whereas, metabolic rate 
of the skipjack seems nearly independent of weiqht (i.e., 
M a Wo. 
and absence of a gas bladder in yellowfin and skipjack tunas, 
respectively. A gas bladder secms hydrodynamically obligatory 
for those tunas obtaining weights greater than hi )  kq (Mnqnuson, 
1973). The skipjack is among the largest of scombrid:; without 
a gas bladder. Absence of a gas bladder presumably enrlbl(,r; 
skil'jack to make vertical movements that are more rapid t 1 1 l l i 1  

those of which the yellowfin is capablc. Thus, the sk ip - j , i c .k  
would seem better adapted than yellowfin f o r  exploitation af 
the epipelagic zone's vertical dimension, at !east in t ( > i ' m s  
of such  speed-demanding activities as prey purhuit and i)x(-d,atot- 
avoidance. 

For skipjack tuna, we have accounted for the u n u s u i l  si761- 

limiting role of maximum daily ration (Cmax) by suqycstinq that 
evolution of increased Cmax was obviated by another, morr i n -  
flexible, limit on maximum siz,tl--a size-progrcssive thermal 
squeeze,  comprising convergence of the environmental tc~rn~~i'r;i- 
ture maximum for neccssary dissipation of metabolic core l i c v i t  
with the minimum temperature (perhaps 15"C--see Dizon c ? t  a l . ,  
in press) for function of more peripheral tissues sgch as skin, 
gills, eyes, and brain. Can the thermal-squeeze aroumerit. also 
be made for yellowfin tuna? Perhaps so, but with less confj- 
dence than for the skipjack. T h e  yellowfin tuna (a) appears 
capable of substantial physiological thermoregulation on a 

This difference, in turn, may reflect the presence 
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s h o r t - t e r m  basis  (Dizon ,  t - e c e n t  u r ipub l i shcd  d a t a )  ; and (b)  
e x h i b i t s  a marked r e d u c t i o n  i n  swim;ni:.y speed--and  p resumab ly  
i n  metabolic r-ate--witt i  d e c l i n e  i n  t m p e r a t u r e  (Qlo  2--Eizon 
et a ] . ,  i n  p r e s s ) .  T h e r e f o r e ,  t h e  y e l l o w f i n  t u n a  mcty n o t  be 
s u b j e c t  t o  r i s k  o f  o v e r h e a t i n g  as  i t  grows t o  m;lxirni:rn s i z e .  

I t  seems par;lr ioxic-nl t.1int foori  < i v ; t i l a b i l  i t y  r;!ioultl f a i l  
t o  be g r o w t h - l i m i t i n y  f o r  l a r g e  t u n a : ; ,  q i v c n  t h a t  t h e y  l i v e  
i n  w h a t  s u r e l y  mus t  be one o f  t h e  most. u r ip roduc t ivc  t -nv i ron-  
m e n t s  i n h a b i t e d  by f i s h e s - - t h e  e p i p e l a g i c  zone  o f  t r o p i c a l  
seas. Re id  (1962)  i n d i c a t e s  t h a t  b r o a d  r e g i o n s  o f  t h e  c e n t r a l  
P a c i f i c  Ocean c o n t a i n  a v e r a q e  n e t - z o o p l a n k t o n  d c n s i t i e s  on  t h e  
o r d e r  o f  2 5  par t s  per billiun or 1C: jS .  A d u l t  t u n a s  f e e d  a t  
l e a s t  o n e  t r o p h i c  l e v e l  h i q h e r  t h a n  i i e t - zoop lank tc )n ;  t h u s ,  
water w i t h  2 5  ppb n e t - z o o p l a n k t o n  m i g h t  c o n t a i n  o ~ l y  a b o u t  
2 . 5  ppb  o f  t u n a  f o r a g e .  T h a t  l a r g e  t u n a s  even  s u r v i v e  i n  s u c h  
a f o o d - d i l u t e  e n v i r o n m e n t - - l e t  a l o n e  o b t a i n  maximum d a i l y  
r a t i o n s - - m u s t  t e s t i f y  L o t h  t o  t h e  h i g h  d z g r e e  of p a t c h i n e s s  
i n  d i s t r i b u t i o n  o f  t u n a - f o r a q c  and  t o  a r e m a r k a b l e  a b i l i t y  of 
t u n a s  t o  locate and  h a r v e s t  a g g r c c j a t i o n s  o f  f o r a g e .  

I n  conclu :s ion ,  w e  s u g g e s t  t h a t  t h e  cne rc j c , t i c  l i m i t a t i o n s  
of s k i p j a c k ,  y e l l o w f i n ,  a n d ,  p e r h a p s ,  m o s t  o t h e r  t u n a s  v a r y  
a s  a f u n c t i o n  of body s i x .  Growth rate:: i n  sinal1 f i s h  a p p e a r  
l d r g o l y  l i m i t e d  b y  food  r e s o u r c e s .  Reduced g rowth  r a t e s  i n  
l a r g c  f i s h  may, i n  p a r t ,  be d u e  t.o i n c r e a s i n g  l i m i t a t i o n s  o f  
f o o d - r e s o u r c e  a v z i l a b i l i t y  b u t  more p r o b a b l y  are due  t.o t h e  
p h y s i o l o g j c a l  l i m i t s  imposed by  a d a p t a t i o n s  which  make t u n a s  
v e r y  e f f i c i e n t  p r e d a t o r s .  

E v a l u a t i o n  o f  o u r  hypot-hescts can  be ach i r ,vcd  by d i r e c t l y  
d e t e r m i n i n g  ra tes  of f e c d i n q  a n d / o r  rnetalx,lism i n  w i l d  t u n a s .  
Because  t h e  f o r m e r  seems l e a s t  l o g i s t i c a l l y  f e a s i b l e ,  w e  
recommend t h e  l a t t e r .  1 , abora to ry  studir_.s c o u l d  be employed 
t o  ca l ibra te  a n  u l t r a s o n i c  t e l e m e t r y  hystern t h a t  m o n i t o r s  
b o d y - t e m p e r a t u r e  d i f f e r e n t i a l s .  I f  a p p l i e d  i n  c o n j u n c t i o n  
w i t h  h i g h - s e a s  t r a c k i n g  o f  t u n a s ,  s u c h  an a p p r o a c h  would iiro- 
v i d e  ah  u n i q u e  oLspor tuni ty  t o  d e t e r m i n e  a c t u a l  h a b i t a t - a c t i v i t y  
l e v e l  i n t e r a c t i o n s  f o r  a free-swimming f i s h  a n d ,  u l t i m a t e l y ,  
t h e  k i n d s  of i n f o r m a t i o n  t h a t  would a l low a quantum i n c r e a s e  
i n  knowledge  o f  t u n a  b i o l o g y .  
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