
Studies on captive skipjack tuna ,  Kntsuuwius  
p d a i i i i s .  have determined three  physiological 
parameters tha t  may operate to delimit oceanic 
distribution of this fish. If 1) a lower temperature 
limit of 18' C,  2)  a size-dependent upper tempera- 
turelimit .  and 3 ) a  lower oxygen limit o f5ppmare  
mapped onto the temperature and oxygen levels of 
the central Pacific area, the  resulting model is 
consistent with many o f t h e  peculiar features of 
the geographical distribution of the  skipjack tuna  
(Barkley et  d,'). In  pnrticular, the  exclusion of 
adult skipjack tuna from warm. oxygen-poor wa- 
ters of t he  eas te rn  tropical Pacific Ocean is 
explained. 

But the physiological parameters used in the 
model were either speculative-upper tempera- 
ture limits-or based upon acute and stressful 
experimental conditions-lower oxygen and tem- 
perature limits. Gooding and Neill' determined 
the  lower oxygen limit by introducing tunas into ii 
small tank (1.8 x 2.4 x 0.6 m oval) containing 
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seawater  a t  a given level of oxygen saturat ion.  
Swimming speed a n d  survival  t ime were mea-  
sured. They found t h a t  survival  t ime a n d  swim- 
ming  speed were independent of oxygen levels in  
excess of 4 ppm; below 4 ppm survival t ime was 
directly and  swimming speed inversely propor- 
tional to dissolved oxygen amounts .  So apparent ly  
4 ppm is close to  t h e  incipient lower lethal limit for 
skipjack t u n a  under  t h e  given experimental con- 
ditions. For  modeling distribution limits, Barkley 
e t  al. (see footnote 1) used a more conservative 
figure of 5 ppm. 

However. a physiological limit of 4 or 5 ppm is 
not necessarily a behavioral limit; if the  limit is 
approached slowly under  na tura l  and otherwise 
unstressful conditions. can a fish adaptively re- 
spond? Whitmore e t  a l .  11960) found tha t  coho 
salmon, O/tc,o,h?,trc,/iris / : i . s i r t i ~ / i .  avoided water  of 
lowered oxygen levels yet which produced no res- 
piratory dis t ress .  In  contrast .  kawakawa,  Eii- 

thyri t l i is  offinis, a species closely related to  skip- 
jack t u n a ,  tolerated 2-ppm water for short  periods 
in order to  get food ( C h a n g  and  Dizon:'l. 

In t h e  present  exper iment ,  I tested t h e  re- 
sponses of free-swimming tunas-both skipjack 
t u n a  and  ye1 low fi n t u n a  . Th i i  ti 11 i i s  n l h o c ~ ~  ros - 
encountering slowly changing oxygen levels. The  
ra te  of change was  comparable with t h a t  which a 
t u n a  might  encounter i n  nature .  Yellowfin t u n a  
were tes ted for comparison because t h e y  a r e  
abundant  in t h e  s a m e  ~ r e n s  o f t h e  eastern tropical 
Pacific avoided by large skipjack tuna .  Finally, 
salinity fronts have  been suggested as a factor 
determining distribution, so responses to decreas- 
ing salinity levels were also examined. 

Eight  skipjack tuna  and three  yellowfin t u n a  
were tested with decreasing oxygen levc>ls, and 
three  skipjack tuna .  and  oncb yellowfin tunt i  were 
tested with decreasing sal ini ty  levels. Fish were' 
chosen from stocks at  t h e  Kewalo Research Fncil- 
ity of t h e  Southwest Fisheries Center. National 
M a r i n e  F i s h e r i e s  Serv ice ,  NOAA.  Honolu lu .  
Hawaii. Tuna  stocks for this  experiment were kept 
in outdoor t a n k s  ( 7 . 3  m diameter  A 1.2 m deep)  
until used; they were then  removed by angl ing 

,'Chong. K K C., and A E I h o n  I A ~ U  oxygen Ievttls ;is 
hiirriers to  voluntary movmienth of t u n w  Miinusr in prep 
Southwest Fish. Cent Honiilulu L a b ,  Natl Mar Fish Serv , 
NOAA. Honolulu. HI 96812. (Material presented at 26th Tuna 
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with a barbless hook a n d  transferred to t h e  swim 
chamber i n  a plastic bag  partially filled with wa- 
ter .  This  is  a good t ransfer  technique since fish on 
occasion have  fed immediately after transfer. 

T h e  responses of t u n a s  to  decreasing oxygen a n d  
salinity levels were examined in  a tank  system 
consis t ing of a swim c h a m b e r  equipped wi th  
photocells for monitoring and  recording fish be- 
havior. (For details see Dizon e t  al .  1977.) T h e  
swim chamber was  a 6.1 m diameter  Y 0.61 ni deep 
fiber glass t a n k  fitted with a concentric inner  wall 
so the  fish was  constrained to swim in a 0.75-m 
channel  around t h e  periphery. Six laps equaled 
100 m. Water  (24°C)  was introduced a n d  removed 
from t h e  swim channel through two pairs of con- 
centric r ings of polyvinyl chlovide pipe. Enter ing 
(o r  exi t ing)  water  divided c ~ ~ u a l l y  into t w o  inflow 
lor outflow) pipes. each flowing countercurrent to  
t h e  other  to provide niinimuni oxygen or salinity 
asymmetry  a n d  horizontal t ranspor t  of w a t e r  
within t h e  s w i m  channel .  Water  was  recirculated 
through a n  outside circui t  at  1,136 l i t r r s 'n i in  to 
insure thorough mixing of' a n y  introduced new 
water. New seawater  \v i i s  addcd to t h e  tank  a t  
38 1 i t e  rs mi n . 

Oxygen was reduced in t h c  tank  by replacing 
t h e 3 8  liters min newseawatt.rM'ith38 liters niin 
anoxic st.;iwiiter obtained a t  our  wcll head before 
aerat ion and  introduced Into t h e  in take  of thrl 
1,136 liters'  min recirculation pump.  Oxygen de- 
creased approximntely exponentially within t h e  
swim chi:mber-O.06 ppni niin af ter  30 min and  
0.03 ppni min af ter  60 niin. Sal ini ty  levels in t h e  
s w i m  chamber were reduced by introducing aer -  
a ted freshwater 138 l i t e rs 'min)  into t h e  pump in-  
take.  Salinity decreased exponentiall3.-0.07"~,', 
inin i i f t e i .  30 niin and  0 .03 '%~~~  niin af ter  60 min. 

P;issa~:c ol'thc fish was  s e n w d  a t  four photocell 
>tattons ( s i x  photoccblls s ta t ion)  a t  90 '  intervals  
around t h e  pcriphery of t h e  swim channel .  Infor- 
mation liwii t h e  photocells w a s  t ranslated into 
s w i m m i n g  speed ( m i n u t e s  per  l a p ) ,  direct ion 
 clockwise or countcrclockwisr). and  frequency of 
rvversals or swimming direction by digital logic 
equipment and  printcad on adding machine tape.  

Procc~Iut . (~s  ~ ' t i r t '  q i i ~ t c ~  si niplc; t u n a  (s tarved fi)r 
1 d a y )  \ v ( ~ r c  movcd into t h e  tank  and  allowcd 100 
mi n t o  hahi t uate: swimming speeds were continu- 
i ~ u s l y  rwordcd to provide bastbline d a t a  to compaly 
with 1)t~h;ivloi. dur ing  periods of changing oxygen 
or salinity. After 100 min. a tes t  was  s tar ted and 
hchiivtor was recorded tis salinity or oxygen de- 
creased. Oxygen and  salinity levels were allowed 



to reach 2 pprn and 29%0, respectively. After reach- 
ing these levels (about 200 m i d ,  test water was 
shut down and normal seawater restored. The fol- 
lowing morning fish were removed, weighed, and 
measured, and survivors were returned to holding 
tanks. Oxygen and salinity levels were monitored 
by oxygen meter and salinograph; samples were 
taken periodically for laboratory analysis to verify 
the instruments. 

Results and Discussion 

Behavioral responses to decreasing levels of sa- 
linity were unremarkable; Table l summarizes 
results from three skipjack tuna and one yellowfin 
tuna.  No consistent swimming speed changes 
were observed during periods when salinity de- 
creased from about 34%1 to 29‘%10. Although sample 
size is small, these tunas did not make any dra- 
matic response to salinity changes of magnitudes 
expected within their normal habitat. 

Figure 1 illustrates typical results from tunas 
encountering slowly changing oxygen concentra- 
tion. At or about 4 ppm, skipjack tuna (Figure l a )  
demonstrated a n  abrupt increase in swimming 
speed. In most fish tested, speed increased to over 2 
lengthsis. Yellowfin tuna, in contrast, showed no 
alteration in swimming speed a s  oxygen levels 
decreased (Figure lb) .  

Figure 2 summarizes the oxygen experiment 
observations from eight skipjack tuna and three 
yellowfin tuna. Individual points plotted are me- 
dian swimming speeds for the eight skipjack tuna 
grouped by: 1) before treatment and 2) 1-ppm dis- 
solved oxygen intervals both decreasing and in- 
creasing, i.e., 65 ,5 -4 ,4 -3 ,3 -2 ,  and 2-3.3-4,4-5, 
5-6. Number of swimming speeds sampled ranged 
from under 5 to over 100 depending on the number 
of laps swum during each interval. Heavy line 
connects the grand median of each interval. Simi- 

TAN E 1 -Effect of  decieasing halinitv on 
\peed in tunas 

_ _ ~  - 

Item n - -  ~. 
Skipjack tuna 1 (38 3 cm 925 g) 

Before salinity change 28 
During salinity change 22 

Before salinity change 44 
During salinity change 12 

Skipjack tuna 2 (37 7 cm 882 g) 

Skipjack tuna 3 (42 0 cm 1 352 g) 
Before salinity change 30 
During salinity change 15 

Yellowtin luna 1 (45 3 cm 1 491 g) 
Before salinity change 39 
During salinity change 31 
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I 0 1  SKIPJACK TUNA 
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I 0 1  YELLOWFIN TUNA 
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FI(;I’HE l.--Ef!t.ct I I ~  dissolved oxygen level on swim specsd in 
two species of tun:\*. Swim speeds :ire nirdian values sampled for 
10-min p(8riods. 

lar data fbr each yellon+in tuna (decreasing oxy- 
gen intervals only) are included for comparison. 

Not all of the skipjack tuna survivcid the treat- 
ment: three of the eight died when oxygen levels 
dropped below about 2.5  ppm. Survival times for 
skipjack tuna under conditions of low oxygen are 
as follows: in excess of 240 min a t  4 ppm, 59 min a t  
3 ppm, and 18 min a t  2 ppm (Gooding and Neil1 see 
footnote 2 ) .  My data a re  consistent with this 
resistance-time distribution, and both studies 
suppor t  t h e  Bark ley  e t  a l .  ( s e e  footnote  1) 
hvpothesis that  there does exist R low oxygen level 
that  limits the observed oceanic distribution of 
skipjack tuna. 

Yellowfin tuna are not apparently stressed dur- 
ing t h e  exposures to t h e  low oxygen water  
employed. In separate tests done after the expo- 
sures to decreasing oxygen, two additional yel- 
lowfin tuna survived and made no overt locomo- 
tory changes when introduced dircctly into water 
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FI(;[’RK 2.--Summ;iry of data from t h c  oxygcn cspcriment oh- 
servatiiins from eight skip,i;irk tuna and three yellowfin tuna. 
Dots - dtvt .as ing  oxygen Ievc‘l~. medi;in swini  speeds grouprd 
by I-ppni intcLrvtils and “hrfore“ t r d  obwrvations. Open trian- 
gles- incrc,: ,~ing~ixygen Ic~vc l l~ .  iiirdian swim speedsgrouped by 
1-ppm inter\;ils. Solid line - grand m c h i n  for eight akipjiick 
tuna. Rrokeii lineh - medians f i r  w c h  of t h r  t h r w  yrllo\vfin 
tuna. decreasing oxygcn l t ~ v c ~ l s  only. 

containing 1.4 and 1 . 6  ppm oxygen. They survived 
a 200-min  exposurt’ a n d  a 100-min  recovery 
period. By way ofcontrast, brook trout. Sal[vlirirrs 
fontinnlis, LDS,,’s for 1.5 ppm a n d  1.4 ppm were 300 
a n d  100 min,  respectively (Shepard  1955). The  
brook t rout  and  t h e  yellowfin t u n a  were swim- 
ming  a t  about t h e  siinic’ speeds. 1.0-1.5 lengths s. 
Although conditions of’thc t\vo experiments  :irv in 
no way similar. these da ta  do imply t h a t  yellowfin 
t u n a  a r e  a t  least ;is low oxygc’n tolrt.ant as I>i.ook 
trout. The  higher  enc’rgy w q u  irements i larger 
fish. warmer  water )  of yellowfin t u n i i  allow this  
conclusion. Perhaps if oxygen I c v c ~ l s  dropped low 
enough in my tank  (1.4 ppm is about t h e  lowest 
t h a t  could be achieved). an incrtsase in spccd simi- 
lar to t h a t  in skipjack t u n a  would have hren ob- 
served. 

I nc  r e a sed s w i m mi n g speed s h o 11 Id f’u n c t ion 
ei ther  to remove t h e  fish from suboptimal ;ii’c;is i i f  
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coupled with some directive s t imuli)  or to provide 
more water  to  t h e  gills-tunas are r a m  ven-  
tilators. Within t h e  skipjack t u n a  habi ta t ,  water  
deficient in  oxygen is found within a n d  below the 
thermocline (Barkley e t  al. see footnote 1). Ap- 
propriate behavior would be to swim up  a n d  out  of 
t h e  low-oxygen water .  Even without a change in  
direction, angle  of a t tack of pectoral fins, or body 
at t i tude,  increased swimming speed alone will 
ciiuse a t u n a  to rise due to increased lift I Magnu- 
son 1973). 

Faster  swimming speeds do not seem to be ;I 

response to increase ram ventilation (open mouth 
swimni ing~.  Increased flow over t h e  gills providing 
more oxygen delivery is offset by increased res- 
piratory demands imposed by faster swimming. 
Under  conditions of sa tura ted  seawater  ( 7 . 2  nig 
0, l i ter) ,  15‘i head lo ilong the  respiratory flow 
path ~ R r o w n  a n d  Muir  1970). a conservative oxy- 
gen utilization factorof75‘i (S tevens  1972). and  a 
1 cmz mouth gape Brown and  Muir  1970) .  oxygen 
is delivtlred to t h e  gills a t  the  ra te  represented by 
the  middle broken line (F igure  3 ) .  This, of course. 
also increases ;is swimming speed increases. Res- 
piratory demand isolid black l ine)  a n d  oxygen de- 
liverv intersect a t  two points: t h e  lower is nt the  
minimum swimming speed tha t  can still furnish 
sufficient oxygen for iin animal  in  a n  almost Oasiil 
s ta te  and  t h e  upper is ;I point at which exponc’n- 
tially increasing Irspi txtory demand agtiin ex- 
ceeds linearly increasing oxygcln drlivc.ry. 

The lat ter  \vould sc’em to be i n m i m u m  sus-  
t ;i i ned s w  i m ni i n g s peed: a nnerob i c in et ;I bo1 i s m 
would be neccwary t i t  spccds nlwvc.. Howcvrr. 
nei ther  function (iiniitwbic or~icro l , ic~  may he cor- 
rectly extrapolated to  the  faster swimming speeds. 
Respiratory demand might  well be less a t  higher 
speeds if swimming efficiency increases. 

Yet. if dissolved oxygen concentration drops to 4 
ppm, increase in swimming speed is a n  inefficient 
way to make  up  t h e  deficit (lowcr broken line). 
But.  increase gape to 2 cms ( I  a m  assuming for 
argument’s  sake  t h a t  th i s  doubles ventilation vol- 
u m c )  restores t h e  a m o u n t  of oxygen delivered 
(upper  broken l ine) .  In summary ,  I suspect t h a t  
increased swimming speed of skipjack t u n a  en- 
countering oxygen-deficient water  is not due  to 
ram ventilation needs but ra ther  is a behavioral 
response to remove a n  an imal  from a suboptimal 
a rea .  Considering the  relative expense of faster 
swimming in te rms  of oxygen needs. t h e  modest 
increases in swimming speeds observed a r e  prob- 
ably very adaptive in  t h a t  they should cause a 
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FIGCRE 3.-Respiratory demand (Gooding and Neil1 see foot- 
note 2 l versus respiratory supply (Brown and Muir 1970: Stevens 
1972) as a function of swimming speed in a 40-cm. 1.4-kg skip- 
jack tuna.  Respiratory demand increases geometrically while 
respiratory supply increases arithmetically with increasing 
swimming speed. When oxygen concentration decreases it 1s 
more efficient to increase ram ventilation hy increasing gape 
rather than simply swimming faster. 

fairly rapid rise in  t h e  water  column a t  a relatively 
low energetic cost. Yellowfin tuna ,  in contrast, a r e  
j u s t  no t  s t ressed  a t  t h e  leve ls  of s a t u r a t i o n  
employed in  our  exper iments .  Yellowfin t u n a  
should be able to  occur in t h e  anoxic water  in  or 
below t h e  thermocline and  since in t h e  eastern 
central Pacific Ocean anoxic, cool waters a r e  as 
inhospitable as t h e  upper too warm waters ,  skip- 
jack t u n a  may find no sui table  habi ta t .  

1.itc.raturc Cited 

BKOWN. C. E., A N D  B. S. ML'IH. 
1970. Analysis ofram ventilation offish gills with applicii- 

J. Fish. tion to skipjack tuna tKntsuwonus pdonrr.s 1. 

Res. Board Can. 27:1637-1652. 
DIZON. A.  E. ,  W. H NE1I.L. ANI) J. J .  MA(:NLJSON. 

1977. Rapid temperature  compensation of volitional 
swimming speeds and lethal temperatures in tropical 
tunas [Scombridael. Environ. Bid.  Fish. 283-92. 

MAGNUSON. J. J .  
1973 Comparative study of adaptations for continuous 

swimming and hydrostatic equilibrium of scombroid and 
xiphoid fishes. Fish. Hull.. U.S. 71::337-356. 

Resistance and tolerance of young speckled trout 
(Salrd inus  foritinalis) to oxygen lack. with special refer- 

SHEPAHI). M. P. 
1955. 

ence to low oxygen acclimation. 
12387-446. 

J. Fish. Res. Board Can. 

STEVENS, E. D. 
1972. Some aspects ofgas exchange in tuna.  J. Exp. B id .  

56309-823. 
WHITMORE, C. M.. C. E. WARREN, A N I )  P. DOUDOKOFF. 

1960. Avoidance reactions of salmonid and centrarchid 
Trans.  Am. Fish. fishes to low oxygen concentrations. 

SOC. 8917-26. 

ANI)KI.:W E DIZON 

Southwest Fisheries Center Honolu/u Lahorntory 
National Marine Fisheries Serc,ice. N O A A  
P.O. Box 3U30. Horiolrrlrr. HI 96812 




