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Hy'drod1'namic Performance of

Porpoises (Stenella attenuata)

Abstract .  Ttro ,spt 'c i r r ter .s-  of  Stenel la
attcnLrata,  t ru inet l  to c l tuse a t r incl t -
tove d lure , reucltcd u to p s pce r l  of
I  L03 ntcters pcr .sccortd (  2I  .4 kr tots)
in 2.0 .secottc ls.  Tl te r t tuxirr tunl  pov'e r
or! tptr t ,  oc ' r ' t t r r i r t ,q 1.5 ,secort t ls  af  tcr  t l te
.\ turt,  t t 'a.s culculalcd lrotrt  t t t t , t t .sttrcd
rult ta.s ol ucc'clcrat iort urtd drtLg cocf-

f i t ' icr t l  .  T l te r t tu.r intrrnr potr '?r  or t tpr ! t  pcr
ttr t i t  hotl t  r Ici ,q/r l  r Irr.r  50 pt,rt  t 'nt .qrcat(,r
t l tat t  lor  l t r t t t tur t  at l t !ctc.s. ' l  Jrc rr tea.st t red
tlru.q cot,f f i t iertt ,  ct l t tuirt t ' t l  l rorrt  ptr iod.r
ol  coo.r t ing.  v,us uppro-t i r r totc lv t l t t '  sutr te
o.t t l let ol urt cquivulutt r igid hotly
y i t l t  a t tL 'ur- t t t rbLr lcr t t  hornt t lary layar.

Rcsearch on thc top speed oI  por-
poises has bcen st imulnted by reports
of  untrsual l l 'h igh speeds relat ive to
predicted speccls. -I 'he wcl l-known
"Gray's paradox" stenrs f rom analysis
( ,1)  of  the performance of  a 91-kg por-
poise that lvas clockecl at a spcecl of
i0.3 nr/scc (20 knots) for  7 scconds:
drag was calculatccl to be severalfold
lower (otheru' ise the powcr oLltpLrt was

scveralfold higher) than that expected
of a torpedo-l ike bocly with a power
output cquivalent to that  of  a hunran
being.

The top specds of wi ld porpoises re-
ported in the l i terature (2) general ly
range from 9.2 to 10.3 m/sec for dura-
t ions of  lcss than I  0 seconds. Top
speeds of  8.76 to 9.28 m/sec for 8 to
25 minutes have been reported by ship-
board observers. and fast-moving herds
have been statcd to t ravel  at  5.16 to
7.?r m/sec for somewhlt  longer pe-
r iods. Di{Terenccs in perfornrance be-
tween species are noted, inshore spe-
cies being general ly slower than the
pelagic species.

Some observations of high speed rc-
sult  fron.r assisted locomotion (J), where
the animal derives thrust from the
ship's waves or from the bow pressure
field. Many of the short{erm high-
speed br"rrsts can be explained by the
great power output of muscles that go

into an oxygen debt. For example, hu-
man athletes can produce 457 kg
m sec-r  (6.0 horsepower) in a s ingle
movement of arms and legs, 145 kg
m sec- 1 for  6 seconds. 69 kg m

sec-1 for  I  minute.  and 15.2 kg m

sec-1 for 1 day (4). The power rat io
may be 30:1,  depending upon the dura-
t ion of exert ion. Gray's paradox can
be largely resolved by consideration of

duration; his analysis was based on the
power output of humans for a 15-

nr inute per iod and u'as thcrcfore biascd
bv a lactor of  ahorr t  .1.5.

Rcccntl l '  reported (5) are consider-
able di f fercnccs in powcr output bc-
tr l 'een porpoises of  d i f ferent species.
The highly '  act ivc pelagic species
Pltocoutoides dal l i  was crcditcd with
abor.r t  1.7 t imes the total  b lood-orvgen
content of  thc less rct ive pelagic species
Lugcrtorlrynctt.s obl iqrr iderr.s ancl nearly
3.0 t in"rcs that  of  coastal  ' [  r t rs iops
Irut t (  utr ts.  The top speccls of  the sc thrce
species l ie in the sanrc ordcr and 

-Qen-
cral l l 'wi th in thc rangc of  speeds re-

Ia(rr t r ( l  hV Grlrr  ( /  t .  An ercepl ion nrev
be PJto<oartoidcs dal l i  which is rcported
to be able to accelcrate rapic l lv  aheacl
of  a 32-km/hour capturc boat for  50
to 1 00 nr altcr r iding the bor.r,  u'rr.e
for 5 minutes or more. Some of the
morc unusLur. l  top speeds reported in
( / )  and anal lzed in (6) might be ex-
plained b1. the unusual lv large blood-
ox-ygen contcnt of  thc pelagic spccics.
Specd tests wi th the aid of  cal ibratcd
instrumentat ion under control lcd concl i -
t ions are neeclcd for  accurate measure-
mcnt of  spced and power.

Performance of  a t ra ined voung adul t
fenrale Paci f ic  str iped porpoise ( Icg-

ertorl t .vttctr.s ohl iqtt iden.s) was tested
in i961 in a 96-m tank. 2 m deep (7).

Top speed of  the 9l-kg animal,  7.76
m/sec, devcloped in about 2 seconcls;
maximum-accelerat ion power output
after abor.rt  I  second was 160 kg m
sec 1 at  4.59 nr lsec,  and the best est i -
mate of the measilred drag-area co-
ef l lc ient  (drag/dynamic pressure) was

0.0056 m?. No unusual  performance
was founcl.

In 1964 a trained, 89-kg 3-year-old,
n1. l^ P. '^ i6.  hnt t l, . - . . .enosc porpolsc
(Tursiop.f gi l l i )  was tested for speed

along a racecourse in a 300-m lagoon,

3 m deep, at Coconut Island, Oahu,
Hawai i  (B),  and in the open sea near
Rabbit Island and in Kancohe Bay,

Oahu (9),  where the animal was trained
to pursue a speedboat. Maximum speeds
were 8.30 m/sec for 7.5 seconds. 7.01
m/sec for 10 seconds, and 6.09 m,/sec
for 50 seconds; the resr-r l ts general ly

compared closely with predict ions.
Only the 7.5-second top speed was

somewhat unusual, indicating either
about 4O-percent greater power per unit
body weight than the power of athletes
or equivalent reduction in drag.

In March 1965 a new kind of speed-
run training was init iated with two sub-

adult male spccimens of Stenella atten-
uata, a pelagic species bel ieved capable
of unusually high speed. The smaller
animal weighed 40.5 kg and was 1.69

m long: the othcr.  52.7 kg and 1.E6 nr.
Bccause this gcnus tcncls to bc conrpara-
t ively s low to lcarn,  appcars dcprcsscd
ir-r  sol i t r rdc,  ancl  aclapts poor l l '
to changcs in rout inc,  i t  hacl  not  bccn
rusccl  prcviousl ,v.  The aninrals we rc
truined to chasc a *oocl  l t t rc.  1.6 crn
in dianreter.  36 cm lon..r r .  rnd paintecl

) 'cl lou'.  TI1c lr .rre, attachctl  to a 23-kg-
test  nr()nol i lanrcnt nvlc l r . r  l ine,  was towccl
ncar the sur l lcc b1'  a 1i-hp var iable-
spced. eleclr ic-pou,crccl  winch capable
of prcsclcctcd stcudl  lurc spcer ls up to
I5.-5 nr,  scc.

Thc tests werc conductct l  a long a
r lcccorrrsc la ic l  out  in ,1 nr of  scrL
watcr in thc 100-nr bv i -5-rr  Iasoon
at Coconut Is lancl .  Thc lagoor-r  u 'atcr
was clcar uncl  gcncral lv f rce f rom srrr-
facc u 'avcs.  Wc Lrsccl  a cal ibratccl  l6-
ntnl  B. ' lcr  n)r) l i ( \n-Pi . lL lc c ln lLf l r
rnountccl l0 n-r ahcad ol '  the f inisl-r l inc
on a plat fornr. l .9 r-n abovc u 'a ler l ind
ovcr looking the rucecourscl  the hor i -
zontal  c l is tance from animals to cunrer l l

variccl from 2 to 3 nr. Spccd was re-

duccd from thc cantenr data bl  t tse of

the anirr . ra ls as a lcngth scalc.  f ramc
rate l 'or  t ime. ancl  f i recl  ntarkcrs as

referencc points.
Thc f i rst  phasc of  t r l in ing consistcd

oI re* 'arding thc anin ' ra ls for  cntcr ing

ancl  lcaving their  pcn, fo l lowing thc

work boat.  progrcssing down the r tn-

fan-r i l iar  lagoon to thc t rurr icr  nct ,  ancl

for  passing near and l tndcr a cork-

buoy'ed l i r re uscd to mark the race-

course. The animals had prcviotrs l -v bee n

concl i t ionecl to the food-rc\r 'ard s)stenl

ancl  habi tuatcd to swimmcrs,  boats,  and

a lagoon si tuat ion.  Next.  the animals

uere rewarded for toLrching a f loat ing

or towed lure, and thcn for overtaking

a moving lure reelecl toward or away

from the boat b,v a f ishing pole. Dur-

ing th is phase of  t ra in ing one animal
became fouled in the monofi lament
l ine and had to be caught and cut free.
Both animals evinced caut ion and fear

of the l ine thercafter, but not of the
Iure.

When the animals had learned to
track the lure, a plast ic f inish l ine was
posit ioned at a depth of 1 m and the
animals were rewarded i f  they crossed

the l ine simultaneously with the mov-
ing lure. I f  they fel l  behind before

crossing the f inish l ine, they were not

rewarded. After a run, an assistant in

the boat retr ieved the lure and returned
it to the start ing point; the, porpoises
general ly swam near the boat and po-

sit ioned for another run.
During runs, the trainer stood on

the camera platform near the f inish



l ine.  l ront  uhich hc cor-r lc l  obscrvc and
dircct  bv walk ic- ta lk ie radio thc oper-
ators of  boat ancl  winch. Run lengths
were var icd ancl  lure spceds wcrc t rad-
ual lv increasecl  ovcr a per iocl  oI  several
wccks. Both anir-nals were rewarclcd for
cach sat isfactorv r l ln,  a l though the
lar_rter ancl don-rinant anintal was o[tcn
closcr to thc lure.  (No compcl i t ion bc-
trr 'ccn thc anintals was notccl  I  the usual
rcsul t  of  conrpct i t ion in th is spccies ts
that the lcss-donr inant anintal  cerscs to
u ork.)

A bchul ' io l  chl in at  the start  of  each
nln was cstabl ishecl  in w hich l i re assist-
ant in thc boat stoocl  lnd raiscr l  thc
lr-rre aloft .  Thc animals s\\ 'am to\\ ard
the hou. uncl  the l r r rc x as t l roppcr l  in
thc rvutcr  behind thenr;  thev c i rc lecl
anr l  canrc in behincl  thc lLrrc.  facing
dori 'ncoursc. \ \ 'hen thcy hacl a a- tcr
3-rn start .  thc t ra incr racl iocd thc r l , inch
ope rator.  who started the l r . r re:  th is pro-
cer lure pcml i t tc( l  animals and lurc to
reach top specd at  the sante t ime. Es-
l : r l r l ishlrcnt  t t f  thc "s ler l "  p i r t tcrn ncr-
nr i t tccl  thc t ra iner to givc thc anintals
scvcral  nr inutes rcst  bctu 'een rr-rns wi th-
ol l t  ant ic ipatorv racing developing.

Rtrns r . r 'crc held in tuo dai l r ,  40- to
E0-n'r i r rute t ra in ing scssions. Rr.rn len{t ths
r. lcrc cxtcnclecl bv up to 8 m a cla_v and
rrrn s1-rcccls were increascd i  knot at  a
t inrc.  Srnrul taneoLls incrcase in speed
ancl  length of  run rcsui tccl  in prema-
turc " f in ishes" f ront  thc animals:  there-
fore,  when the run length had been es-
tabl ishccl at over 30 nr. al l  fr-rrthcr ef-
l 'or ts wcre conccntrated on increase in
specd. Thc graclual increascs u'cre rr:rde
desirablc by the tcndenc_v of  th is spccies
to become confused bv any sudden
chlngc in procedrrre or cr i lcr ia.

Once speeds of  6 to 8 m/ sec had
been establ ished, the animals appeared
dis interested in part ic ipat ing in s lower
runs. As in most condi t ioned behaviors
involv ing long durat ion or great excr-
t ion.  performance decl ined rapidly i f
morc than three or four rLrns went Lln-
rewarded or i f  the reward was minimal.
Thc animals were t ra ined on about
5.5 kg of f ish dai ly apiece; abor.rt  0.2
kg was prescnted to the pair  af ter  each
successful  run.

Although performance normally de-
cl ined toward the end of each training
session of  15 to 20 runs, the respira-
t  ion rate did not appear to increase
markedly; this was perhaps because
power output was l imited more by mus-
cular oxygen debt than by body me-
tabol ism and respirat ion rate, which
would be l imit ing factors on longer
runs. Satiat ion and consequently de-

crclsecl  nrot ivut ion alscl  nraY hlvc bcen
a factor.

In aclc l i t ion to thc norntul  spccr l  runs.
somc rLrns wcrc conductcd in . , i ,hich

the lr .rre rvas sr,rclclenlv hal le-cl ncur thc
f in ish I inel  thc anintals w,oul t l  then
normal l l '  coast for  another l0 to 15
t- t t  c lowncourse. Thc coast ing lo a stop
provic lecl  valuablc c lata on drrg.  Thc
u inch was spccial l l '  de s igncd for in-
stant braking without backlash.

Drag-rrrcu cocf l ic icnt  (  c l rag, /  dvnunt ic
prcssurc ) .  l ) ' .  r , i ,as calcLr la lccl  lor  thc
lrLrtcr porpoise from the f i ' , 'c corst ir-rg
t t t t ) \  lh.r l  h i r ( i  c l t ' i r tc\ l  n)( \ t ion pic lLrrc
covcr lgc bv usc o1'  thc lo l lou ine cclr , r l -
uon:

1) ' -  ( r l lag), ' (p l . " r ' ) ) ' . , -  -  1.05 l r  u (pl ' , '  ) )

r r l tc le l l  i r  ln: ' . r  , r l  1 l1g p1rpp1r i .c.  a is
(ncgat ive) accclct 'at ion.  p is water c len-
si tv at  3 l . l 'C,  /  is  instantancous spccr l .
ancl  1.05 rcprescnts the aclc lcd 5 per-
ccnt of  ef lcct ive unclcrwater nr:rss.  cal lecl
Yir tL la l  nrass,  contr ibtr tcd bV thc \ \ 'atcr
carr icd along. Valucs of  D'  ran-ee d
lront 0.0011i8 to 0.0() .131 nr-  and aver-
. rsc( l  f l . ( l {  ) .17.1 nr l :  th. '  \c i r l lL. t  is  p| i -
nrar i lv  caused bv inuccr-rr l icv in calcu-
lat ins c lccclerat ion f rom cl istance l tnd
t inrc c iata.

l -h is nrcasLrrcd valuc cornplrres c losc-
l1 '  wi th thc valLre of  0.00- l26 mj
calculatet l  b l  convcnt ional  ntethocls
(  l0 l  in which Rcl  nolc ls-nr:n ' rber c lTccts,
hodl 's izc ancl  shape. f in-appcndase sizes
ancl  shapcs. ancl  f in-bocl f  interferenccs
are includecl :  thc calculat ions arc basccl
on a near- tLrrbulent boundart ' la1'er in
vicw of the f low cl isturbances oroducecl
around the lo*,er hal f  of  thc forcbodv
by the mor-r th.  rostnrm-melon j r . rncture.
ancl c1'es. The calculatecl wetted areas
of the boclv and appendagcs are 0.772
and 0.170 m:,  rcspect ivcly.  The est i -
mated clrag added by the appendages
was ?8 percent of  the est imated body
drag. Thc Reynolds number of the
bodl '  at  top speed in 32.2 'C sea water
is 22.6 X 101r,  and a typical  maximnm
Re.vnolds number for the appendages
is 0.9 x 101t.

Al l  f inal data were based on a course
length of 25 m, and only data on the
larger porpoise were evaluated. The
power outpl l t  was calculated for six of
the fastcst runs. ' l -he port ion of power
appearing as accelerat ion. P,{.  and the
port ion Prr, used to overcome fr ict ional
drag, were calculated as fol lows:

P{ -  1.05 m aV/a P":  ( .D'p V"/2)/n

where a is (posit ive) accclerat ion and

? is propulsive eff iciency (which is
assumed to be 90 percent and there-

fore representat ive of  the bettcr  sub-
n.rerged-body propulsors). The highest
values of  P. ,  werc l l9,  15.+,  and 278
kg n-r sec 1.

81' use of the avcra-qc nreasured
value for D'.  . , 'alues for P,, were
calculated and added to each corres-
ponding value of  Pr to obtain total
powel outpLtt  at  each instant dur ing ac-
cclerat ion.  The total  maximunt power
outpLrts were 387.419. ancl  461 k_q rn
scc I  (5.08. 5.51. ancl  6.05 hp) for  thc
threc fastest  nrns.  The calculated pcak
power output general lv occurrecl  about
1.5 seconds af tcr  the in i t ia l  accelera-
t ion ancl  about 0.5 scconds before
top speed was reachcci :  th is fact  sus-
ge\ts lhr l  thc in i l i : r l  nr : r r inrunr l .o$cr
burst  can Iast  onlv l . -5 seconds. Dur-
ing the ear l ier  sta_ges of  accclcrat ion.
the pow'er oLl tpLl t  incrcasecl  snldual l l '
f rom aroLrnd 2-50 or 300 kg nt  sec- l
to the nraxinrum rcportcd po\\ 'er .
Restt l t r  shou th:r l  n l i r r i r r r r r r r r  fo\ \cr
output per uni t  body ueight is about
1.5 t inres the nraximunt f  - i . ( r  kg n-t
scc 1 pcr k i logr lm) reportccl  (J)  for
a hunran athlete.  Srnce hunran athlctcs
can produce such powcr onl t '  dur ing a
single jerk ing movcmcnt of  arms and
legs, a crude extrapolat ion f rom thc
powcr data presented bv Wi lk ie (7) sug-
gests that .  for  a 1.5-seconcl  per iocl .  thc
power outplrt  b,v a poropise may be
greater than that bv a human athlcte
by a factor of 2.5. Such greatcr po\\ 'e: '
might be explained by one or ntore
of these factors: greater rat io of muscle
weight to bod.v weight.  bct ter  c l is t r ibu-
t ion of  muscles,  or  greater oxvgen con-
tent in the blood.

Maximum speed recorded dr"rr ing the
tests was I  I  .05 nr, /sec (2 1. ,1 knots).
Speed general lv decreased b1' 1 0 to 20
percent soon af ter  top specd had bcen
reached, al though the animals appearcd
to cont inue swintming fast .  The calcLr-
lated power output at top speed was
292 kg n.r  scc 1.  30 perccnt bclow the
maximum power ol l tput for that run.
The next highest speeds werc 10.3-5 and
10.30 m/sec (20.1 and 20.0 knots).
There is evidence that the top speecl of
one other run, not reduccd because of
poor camcra exposure.  was in thc re-
gion of  11 m/sec. Distance from the
start  to the point  of  top speed general ly
varied from 13 to 17 m-7 to 9 body
lengths; t ime to top speed avcraged
2.0 seconds.

Detai led analysis of the spced-versus-
t ime data tend to support the assump-
t ion that the porpoise's drag coemcient
when swimming is approximately the
same as when coasting; i f  i t  were sig-



nif icant l ! '  less when swimnt inq,  the cal-
culated power output at  top speed
would be much lower than the cal-
culated powcr peak that occurs dur ing
accelcrat ion.  On the other hand, i f  i t
wcre nruch greatcr when swintming, the
pow'er calculated in the early stages of
accelerat ion would be mr-rch lou,er than
the power calculated near top speed.
Both these extremes appcar unl ikely
from the training and physiological
v iewpoints.

An al ternate check of  top specd was
made in an oceanaruim at  Sca I- i fc
Park, Oahu, wherc two other speci-
mens of  S.  at tenuate werc t ra ined with
four spinncr porpoises to sw,im at high
speed around a 70-m path c i rc l ing a
smal l  is land in a tank.  The animals ap-
pearcd to travel at extremcll '  high
speed, but reduct ion of  data showed
top spceds of  only '  7.7 to 8.3 m/sec,
2 to 3 seconds af ter  the start .
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