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ABSTRACT 

Supervisor: Dr . J . E. ,cinerney 

Swi in speeds of coho almon juveniles have been investigated 

with respect to acclimation tamperature and acute (test) te perature 

experience . Sustained n s. eds wer ap raximated n terms of 

critic 1 immin speeds; the tt r 1 related to the t to fatigue in 

· Tllples of fish exposed to n ncreas in wate loci ty in an 

ex rimental water t nnel . res ries oft sts wer conducted between 

pte bor, 1968 an .ay, 1969 on coho ran ng e een ap raximatoly 

7 and 9½ cm. total len th. 

Regression relations between critical velocities and acclima­

tion and test teIDperatures were developed by responses face analysis 

using a non-linear second de ee polynomial as a mcdel. 

ax um perfor nee (5. 8 lengths/ second) occurred at 

accli ation and test temperatures near. 20° C. At l ower acclimation 

te peratures, maximal performaree was found at te peratures greater than 

those of acclimation, defining a rid e of near-maximal performance . Thus, 

maximal perforrriance over a r n e of test te peratures is not necessarily 

fond at a test t perature eq •a l t that of accli.Iriation. In a dition, 

imum performance over a an e of cc 1 tion te peratures is not 

n cessarilv found at an accl mat n te. perature e ual to tha of testing . 

This lack of correspondence overt perfo ance surface changes pro­

essively, attenuati n at accli tion ar:rl t st temper t es in the 

vicinity of 20° J o 

Seasonal differences in perfol"IIBnce ere observed, al tho·Jgh 

not clear defined . These involved change in the shape of the 

performance surface . In addition, a dependence of swimming performance 
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INTRODUCTIOO 

T perature is pro bly t he m·ost potent phy ioal factor in 

th quatio ecll • This i especially t for f ishes, which 

obligate poikilotherms throughout t heir lif . The hi h specific 

h t of water, co:mbi ned h rapid ci rculate oh n t o· h t h 

11 , k s i nte nee of n i nd perxient bod 1mpr ctic 1. 

lhi l the l e t i on of body- uscle te has een noted in t una 

(Barrett and He t r, 1964) it y tated that f i s ar g n rall~ 

t h 1 oonto ar t o expe no nerg;y to i ntain 

cons nt body er t e. us, all t h activiti of f ish s ar, in 

varying d es, • Br tt ( ) e ts t hat for 

fi shes temper t consid r a t "mater ecological fac t or 

of the aquatic enviro nt. 

Th subj ct of thi study, the coho (Oncorhynohus kisutch, 

alb ) , i n nadromou salmonid t t c oteristi c lly s nds it 

f ir t y in rre h water, lthou h th period of terr i d nc 

WJ7• Th aobo is c n in 11 str ams n alon t he horelines 

of lak s . Te ratures in thes quite hi gh (20°C +) 

nd y ubj ct considera le f luct tion. 

o other speoi s of cifio 

1alb ) and t he sock ye (Q. nerka., Tal 

ore in fres ter. C aoteriatically 

lmon, t h oh ' nook (Q • .;;..t;.;...;;;.;.:.L_;.;;.....;;. 

) also spend up to ye r or 

se species in bit br 

stre s and deep la es res cti ve , v re ore unif o , lover 

t s 11. 

lhile th se a oiea ar taxonanioally olos ly r lated, t 1r 

distinotly different habitats ug at that they display differenoe 

in t h 1r r spons tote per t • Th coho oul d be expected t o 
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the most eurythermal of thee salmonid, owing to its relativ 1:y 

and uns ble bitat. 

Attempt t o asses the f! eta o tempe tu on ies 

r often xtr ely diff i cult under fi 1d co _itions . The environment 

consi sts of a co plex of biotic and abiotic t ctors w ich y act 

er in concert, and t he fi h responds not to i ndivi 1 

£ ctor , but t o the complete nviromnent. To interpret deq tel:y 

the effec of perature in the unconstrained environment, the 

ecolo 1st requir s info tion on the effect of thi f ctor lone 

and inc bination with other factors of importance. of t hi · 

type are st tained fr controlled labor tory st ie . 

The f ir t step in a laboratory et of thee facts of 

on 

A describe by 

ci e ia to determin th temper t toleranc • 

(1947 ), te perat e tolerance is d pendent upon 

the 1 history, or t he accl tion te pert n both upper nd 

low r toler nee 1 ls are considered, a son or te pe e tolerance -
described . The ar a enclosed by th toler nae zone, or 

o po on., ha been ed. i n te s or aocli tion and test 

t r t 1• s to provide a quantitati t im to of t he uryth city 

of the species, expres as "de es c nti de sq ed. " 
ett (1952) det 1ned the tolera e zones for the f ive 

speoies of Paoific lmon. •lhile the size of t heir tolerano zor.ea 

shows some corr lation with t ir respecti e bitata, the bility of 

all five speoies to exceed normally encoun red extr mes suggest 

that temperat e tolerance per e plays relatively minor role in 

ting t heir di trib tion. 
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To t her s t he role o.f te per t in th eology of 

P oific mee110w:·ts of vi bi ll ty requi d • Br tt 

(1956, 1958) t th bllity of pooi e to be aoti 

within its tol ranc d n of o e importanc ind te ining 

th eccsa or p ci a than th otu 1 d nsiona of th tol r nee 

d in. He ug ted the pr nee or ller d n 1 thin t he 

te peratur toler noe Bene, definin bound ries for ffecti growth, 

activity nd reproduction. 

ithin e ch of these . ller domains, t r sponse i n question 

e optimized nd r certain condition of acclimation n test 

ratures. I t thee re nse c n as ed to provid et 

of th phy iolo ioal ell.being or speci s, it di tribution 

according tote p rature 

( pe) of these r spon 

optima. 

y b d pendent upon bot h t dimensions 

d ins int e po ition oft ir r pon 

Th pr nt t dy esori s labor t o 

th ef fec of eolimation and a te to pe tur 

extent the effect of size, on th 

juve le coho aa on. The te 11aou 

us to denote t e testin ot f hat te per t 

of acclimation. 

in'V\ ti t i on of 

xp rienc , to 

i ng spe d or 
rienc " i 

s other t n t hos 

Sustained ............... "-·"""" active capacity of t 

s 

in gr ted or ni , in contrast· with ca city ,uvca, ............... ents of i ndivid-

1 stems or organs within the ani 1. Swimming s 

the nergy ilabl o t o t he fish fter intenanc req. irement ha 

en ca ci ty is d pend nt upon th di.ff reno tw en 

tandard and oti m boll ( bolio oope) . However., for 
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given c nge in , swimmin a chang s are ch les 

than tho e r or tabolic scope . In g n ral, etabolio soo rise 

ge trically with inc eed i:,w,411JU1.&.ng s ed (Fry, 1967). Aa 

swi ng ape ds are direct aeures or active a city, they may 

ily translated in tenns of the or ni I ability to intain 

position in a current, ob in food# or defend territo • Also, 

acti ca city a growt.n optitna y coiooide (Fry, 1964) . Hence, 

the nt of sustai ed sv in speeds y prov.id one 

biological valid est te of the coho's p iolo cal potent 1 

under varyin te perature con itions. 

billty of th ju nil coho to in bit and 

be r lated to the d onsions of 

1 ts te perf nee oma n nd t h position of 1 ts rf orma.noe 

opt thin t d in. r or biolo ically port.ant 

response to a ven factor or c 1 tion of factor define 

_,.,__ _____ .;;.~;;;,_ for a peciea ( lderdio , MS) . The present 

study in sti tea one respons t o test nd acclimation te perature J 

it is intended to provide a step t~ proved knowled o 0£ 

physiological optima for .Q• kisutch. 

IATERIA A 

Sourc • 

· ercise prior tote tin ei nificantly af ect th 

immin ability of fish ( r tt et 1. , 19$8J ett, 1965). 

ssumin ild population wo be tter 
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rcised t n cult tock, it wo ld n de ir ble to ob in 

ild pee ns nd te t th as oon s the 1 cclimation wa 

complete. H ~ r , the difficulty in obtainin ad q te num r or 
wi coho d in the winter onths d this pproacb pr ctic l . 

An l rnate proc adopted . i coho try w re 

colleote Kinkade C k, a tributary of the 

Uc vor, Vnnoou r I l nd, B. • Th ti h 

to holding facilities at th Fi heriea R s arch Board of ca 

Biolo ·c 1 Station, a imo, n.c. and h l d t r durin t he e.x 1m ntal 

p riod, fr S pt iber, 1968 to · , 1969. n initial tock of 500 

coho s coll ct on J 22 d 23, 1968. fish r us for 

tisfactory st Augu t , 1968 to eo bllsh 

d ing t period Au st 28 to S p fish ere 

n total length a bout 6 

). 

pprox tel,y ont old a rxl their 

c • (aiz pprox tely' 4. to 8 

fter coll ction, fie we be in a 1ar circ lar 

nk (3 1 x 8 ') looa ted outdoors nd provided w1 th a partial co r . 

Th ti h we subject to natural pbotoperiod, nd onal and 

t.ell:tJ.)8J"&ture fluctuations ( • 1). A continuou inflow of 

fre h ter to the nk produ · odera te current. a in t which 

th fish level of activity va qui 1 , pro abl,y not in 

axcee of one b l en h r econd , ercial pr par , lleted 

food ( ber t formula, S lmon-Cultur 1 borato , Ion , 

·as n ton) l!i u • Thi di t ppl n d with frozen brin 

) for the fir t f month . ---
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Figure 1 

Variation in photoper1od (civil) and ambient 

water temperat ea durin the experimental period 

(Sep bar 1968 • ay 1969) . 
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While th ex r n l stock oould not b ola "wild • 

the work of Vino nt (196o) on d stic tion of brook trout suggest 

that th experim n 1 tock would re in oh of t tam1 of wild 

ti h. The low ortali ty and bsene of di 

th ti h in in ood condition throughout the 

sug st that 

erimental period. 

A 1 of 10 fish s us in ch ....... ,_ t , nd 

it as neoessary to re-us s e fish d in ter test . To llow 

adeq to tim for r covary fro testin rd aecli tion to stock tank 

fish h for min of one onth in a 

llcr oirc 11D.r nk (3 1 x 3') located beside the stock tank. After 

the holding period, the used fish r tran terred c into th 

pe imontal tock. 

Ace tion or test tis . 

oups of appradmately 100 fi h were r oved rr the tock 

tank for the l oelimation prior to testin • ny obviou zy wea 

or injur fish r di oard d ing 1 ction for oe tion. The 

da of Brett (1965} rxi inbri g (1958) irdic te that size f'ects 

performance . Therefore, tish to b co ted were leeted aeeo ing 

to a ze . Fish wer a e theti ed (1110, 000 S 222 for 2 to 4 minutes) 

arxi s 1 oted r or a gi n to l 1 n th !o.2$ cm. 'lvo dvan s 

in by thi proo ur • irst, by beginnin a replicate wit ti h 

sll ht lar rt n the n iz or th perimental stock, it a 

pos ible to in in this ize for eaoh acclimation oup, in pit of 

continuing ovth oft fi h d ing th t to complete one 

replicate of the experimen 1 design. Second, it wa fourd d ring 

preliminary ssive behavior s di played d ing 
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swimmin te t , ven t swimmin speeds n ar fatigue l vela. This may 

have ca s prema.t f ilure of san fish. Unifo sizes ction 

to reduce the l vel of a easion. 

Oro ps of test fish wer ace ted in oval, 100-U 

fibreglass e lt tanks (Alderdice t. 1. , 1966) located in th labo -

tory. sh water t three te rat s availabl for each tank: 

bient te per ture (Fig. l)J heated (26°C)J a refri r ted (3oC to ,Oc) . 

y app opri te mixin , it a possible t pr oe n inflow to the nks 

t temperat pprax tely 1°c below the desired acclimation 

te perat • lanoin t hi inflov a inst the ostatic 11 controlled 

h ter allow control of te perat within ~ .1°c. 

Five aeo tion tank were a ilable (Fig. 2) . Two of these 

were equipp for high tempe t cellmation by the addition of 

s-stripping columns to re ove exces en and nit o en tr the 

inflowing odified £or low te perature ace -

tion by the addit on of stainless steel cooling coil .. Insulation of 

one of these nka allowed acclimation te ratur a to be 1d as low 

as 2°c. A low net inflow of water was re ired in order to int.a.in 

preoiee control. 

Electric pa re installed on oh tank to reoirc te 

water and provide a ourr nt. Tater velooitiee varied considerably. 

axi lociti s re approxi: tely 1~ to 20 om/second near t 

pump o tlet a minimum loc1t1es of l ss t n 3 o /s cond er 

record dins potions of the nks . The avera velocity was 

about 6 to 8 /a cond, or slightly less t n one body len th/ oond. 

o lar fluo so nt ps ounted abo¥ th aecli tion 

tanks provided lighting. Photoperiod wa controlled by tim clock 
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Fi ·2 

Photo ph of t h cc • Th p at t he 

nk 1ro te ter to provid a curr nt . 

T two tan to the left (1 and 2) are pped with a-

strip 1 co • The t o to th ri ht (4 Dd S) are 

quipped with atainle teel ooolin coils. t rmo-

regulatora at t h rear of ea.ah tank nd the relays abo 

control tainleaa ate l heater in each tank. T per -

t 1 continuou■q reco ed. b,y the an r and atri 

c t recorder 1n the top left or th pbot. Tb ntr;r 

device ( e text rxi Fig, 6) i al o hovn to the left 

of t he tanks. 





10 

regularly djusted to provide no 1 day-1 ngtb (Fig. l . J !30 

minutes) . 

Durin eel tion, fi h re r d i , u in t di t 

described for the outdoor tock. The fi h were not f d for 

minim period of 12 hours prior to testin . 

tee of ace 

for 

(Brett, l9u6) and 

tion to te per ture 

in of nt tol ra 

•tion period■ u tor 

not been de ribed 

for Caraseiua tua 

itic lmon (Br tt, 

1952) provid rough trl.d lln I for establishin n acol 

riods in the present tu.dy. u..w.c, ... ,. riods of 2 to ) weeks ap r 

des ble, th t ndent upon t direction oo nitude 

of t ir.o,,'""""' n e quired., The ct 1 eel tion t s to 

t beginnin of testing for ach ace tion oup ar ehCMn in 

Tabl I . Owi to t t e required to te t ch p, s oup 

w r held at aool tion te per ture for extended periods prior to ut1e. 

1 Br tt (1952) .tou no d1tferenoes in te ratur~ toler no 

after tended acclimation, the lon r rioda in this study v re 

undesir ble, s ially for high te pert aool tion where th 

ri of dis s could ater (Tabl I) . 

i!:City Apparatu 

of ap ratu■• 

Various t a of ap ve been us by vious 

investi .ators for the dete ination ot •immi Fey and 

rt (1948b), nbr1d (1958), Paulik et al. (1957), tt e 1., 

(1958) oo oth s rotati ann troughs. lhile annular 

trou son be us to sure or sing speeds, it is difficult to 
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T ble I . D of acclimation prior to testi ng. 

co Initial 1 
T T 

(~ture 
Acclimation 

(oC) ( ) 

11.0 1, . 0 14 
14.0 1,.0 20 
a.o 15.0 22 

17. 0 l3•3 18 
s.o a.o 29 
2.0 ; ,o 23 

2.3. 0 1.3 • .3 21 
20. 0 13.3 20 
17.0 1.3.3 S6 
14.0 1.1 17 
n .o 1.1 32 a.o s., 20 
s.o 2.S 16 
2. 0 2.6 16 

2.3. 0 2.6 15 
2. 0 2. 0 10 

20. 0it 2.6 46 
17~0 1.9 b4 ,.o ,.1 lS 
14~0 , .. 2 20 
s.o 4.o 16 

n .o 4.0 24 
20.0 1.; 14 ,.o 6.o 19 
14~0 6.o 24 
2.3. 0 6.o 20 

Thi gr p contracted a fu dieea • 
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force fish to maxi Uy in t he • Screens or lectrode 

added to th nnul.a.r trough to stimulate t he fi h to , but 

t hese produce increased slippa between t he water and the trou h, 

kin ctual ter velocities diffic lt to d te ine. C US of 

t circ lar deai n of a ch 11tia w 

also ooc bet e n t e inner and outer 

som vel oci t y differences 

soft trough. 
• 

Straight, open trou hs have b en e ployed by 

m Vincent (1960) but it is diffic.ult to obtain precis 

rs (19.56) 

r 

loci ties in these trough • all dra " i often con id rable, 

e pee 11.y intro ghs with rectangular cross-a ctions. 

CJlo d-circuit" ter tunnels been used by sever 1 

in~ atigators (Brett, 1964J Bla:aka t . 1. , 1960J vis t a.1. 1 1963J 

Smit, 1965J Tb a et 1., 196h). Thee t unnels have the advanta 

of ore precise velocity control, and reduction of 11 dra is 

possible. Also, tiah y stimulated to perform maximally in thi1 

type of ap • 1'h are two basic types ot . oiroulati n ter 

t unn ls, t hose designed for sur ment of tabolio rate , ell a · 

ng perto no ( ........ .,mLLn respirometera) and t ho designed for 

(acti ca 1ty t unnels) . 

Th o 11 vol of r pir t be limited to 

allow meas 

relati vely 

.ent of gen con . pt ion, and t c bers ar ther fore 

11. · Thia proble s partially sol din a respirom ter 

vher the test o r was of a much larger diameter t n the r mainder 

oft t unn 1 (Brett, 1964) , 

e of the test chamber ap 

nsion and contraction cones at each 

nt]¥ r due th undesirable now 
ttern which would no 11.y res t fran n brupt o nge in tunnel 

dia eter. A different approach was us by lazka t . al. {196o) in 
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the esign of their respir ter. Thi ap ratus consis of two 

horizontal concentric cylinder . n throu h the inner 

cylin r by o llor and return b twe nth two cyl nder . Th 

d ted close proximity of t he p opellor nnd te t c ibor, 

it tion which ve ct on the te t fish. 

eter st seal d to as n con umption, testing 

groups of fish 1 often difficult, as t ti ed fish c onot readily 

be re oved. 

Tunn la de i ned for peed only are not 

subject to size rest iotion . Iar r test o hers a possible, 

allolling the f h ore freedom of o ent. As there is no ne to 

strict overall water volum , p0rtione of the tunnel leading up to 

the test c iber be lar e in diameter, red cing undesirable fi<M 

tt.erns in th cha r . a t aeti ca o!ty tunnel does not 

require ealin from the atmoaphere, r~ o 1 of spent fish is 

taoill • Thi■ attribu , c ibined with th tunnel ' lar siz , 

allon testt of oups o fish 1n . · er to rative d ta. 

General cont ction oft ap atua. 

The ter tunnel ed in t hi t udy s built pooific lly 

for a ............... ng spe (active o city} 111,:;,a.01,,U;·em nts (Fig • 3 and 4) . 

It s deei ned by the staff of the Fisheries Res ch Board or 
Canada Biolo cal Station, 1mo, B.c. and fabricated at the Pacific 

N nl laboratory, E q lt, B.o. 
Water wa f oroed through the tunnel (Fig. 3) by a f1 -blad 

propellor, belt driven by- a /8 H. P. cons nt-s ed el ctric otor. 

A h;ydr ulio drive unit (not shown) allow precis control of propellor 
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Ba ic conatz-uction oft active capacity tunnel. 

1. turbulence ec na 

2. test o 

3. ehocker 

4, rear ecreen 

, . observation port,f 

6. reco c 1&1Q1uar 

1. ore n 

a. ooolin coil 

9. 

10. propello:r 

11. pro llor cs rt 

12. dri pulley 

13. te perat a naOl" 

The direction ot water flow is irw.':lioated by the lar arrow . 



I --r------ .l --- --t----- ---I---
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Figure 4 

A photograph of the actift capacity tunnel. The 

tion ports (upper left) are rtiall,y covered 

th plastic 11heetin . Tho electric rans ands oud­

ing around tho te t o ber --nt oonden tion. 

The T ....... '""'°· contr 11 r , taoh ter a nd shocker 

vol g in t nel. 

eloctrio motor aoo th 11VU L ..... U unit lQV 

are vi i bl i n t h lower ri ht co r of t photo. 
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Th p opellor and the jor c pon nt of t e t unnel, with th 

exception of t he t C ref br1e ted tr ib glo.e • 

eter, wi t h t r exo ption oft e test c 8 

(in de d ter) nc1 t h total vol oft app t u 

bout 550 11 rs. 

in th tun 1 oontroll by 

la ing two $00 tt ter a t hylen '.cyool 

pum t ough oooling coils. A sensor wa locate -
tw en th propellor the test o ber. A pair of olenoid l , 

by t circulate t ou h the 

coils a t t l test 

tempel'\ turee we diffic t to obtain Th r r ore, the entire t unnel, 

1th the c ption of the at o er, a insulated with 3/4 inch 

neop ne r e tin • o ble plexiglae nd s 

to id in 

t lov te • ft.er i 

oo ld b h 1d within to.1°c. or 1 , 
cooling coil 

velocitie . 

ncounter with 2°c. 

The te t onamDer. 

t ho· h ioe fo 

constructed 

t te per tur 

tion on tho 

eat 1 

o tainless steel or n w re inserted at th fo 

end oft te t c 

propellor nd m1.nim1z "wall drag" in t, te t o 

nee caused by tb 

er. The ac 

produo d cro-turbulent now which rasult in n flat 

velocity profil in t e te t c 
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~s 
The velocity profile int teet c r . The points 

hawn are perc n ot th 180AD •ter velocity, 
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t c .ber as constructed of clear acrylic tubing, 

, 3/4 inches I .D. (inside di ter) and 24 inches in lengt . The 

of the obaltb r Di a 

removable nylon onofilament reen fo ed t he rear boundary. S ver 1 

stimuli w re used to ens ~ax 1 sw ng performance £r the fish . 

Strips of black plastic with transvers w ite were ttached to 

the top aoo bottom s faces of the o ber to provide vis :.al orientation • 

point for th fish. A light gradient was stablis ed by brightly 

illuminatin the cover, area and th rear of the cha iber . Th 

pparatus was loc ted in a darken ro , ar:d a half- ilvered mirror 

in front of th t.o t, c ber allowed th o rator to ob rve the fish 

wi tho t b in seen. At t rear 0£ .th nn 1, thr e o ged gr phi te 

rin s produced n leotric rrier, .further induain t h fish to 

perfo u-~lly. It was initially suspected that the c bi tion of 

orientation points, 11 ht adient and hocker would provid sutfici nt 

stimulus to eep t fish in t test c er. How r t low Vi looitie , 

a ssive be vior arxi spontaneou activity often r sulted in fish 

ntering the 1 ctric barrier hil ...... I.J&l,l,L .... n downstre • Thor it would 

reoei ve shock rn dart throug into the r covery c her. The r 

screen added to the test o 

l ibration. 

A calibration curve was const cted relatin water VI lociti 

in the test c r to propellor shaft R. P. • S ft r volutions 

mea by a photo leotric taobom. ter. Two inst nts were used to 

eas e r v; locity at the r ar of the test c m r . The initial 

o libration and tho cross- etio l p of1l re dete n d with 
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dir ct-reading Pi.tot nometer. As tho velocity profile (Fig., 5) 

indicated that the centre lin velocity wa l ss than abovs tb 

m n velocity, the calibration curve s constructed using oentr 

lin velocity. An "Ott" current meter wa u for ubs quent 

calibr tions, as this inst nt wa more ccur te t n the Pitot tube. 

Durin the co e of the cxper nts, d tritus aoo ulated 
. 

oB t he turb ence screens. This impediment to flw resul din a 

r uced velocity for Vi n propellor s ed . The screens . re 

cleaned d i nd t he o libr tin so c ed oh woek after th 

disoove of t his fact . The r lar cleaning s eff otive, as the 

calibration checks hawed no si nif e nt de tins fr the initi l 

oali ration. 

Test Procedur 

Method of testing. 

Several easure of 8Wimmin speed be used to determin 

the active oapaci ty of fish. Cru1sin speeds, as defined by Fry and 

Hart (19h8b) and rett t 1. (1958) were not i ble for t his studyJ 

the th re ires djust ents of th ter looity to be 

are dependent upon the performance of the individual .being tested. 

Fix velocity tests will ace ately estimate maximum 

sustainable sp eds, but a series of time consumin test 1s needed to 

establish a fatigue time~veloc1t o 

conditions. 

riti cal imming speeds, 

for each set of p rimental 

efined by Brett (1964), w r 

chosen the oat -1itable method of approximating maximum sustained 

speeds. These test could be performed in an 8 to 10 hour rioci, 
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i table £' or group testing, and ve 

r ults obtained fr fix velocity 

en shown to ppr-:v.imate t 

Critical an..r.,LLL<, .... ng speeds 

ar determined by a stepwis procedures th wa r velocity is 

inor en lly justed until t he fish fati e . It s en demon tr tad 

by Brett (196h• 1967 ) that it v, locity inore nts about 1/8 the 100.X• 

ustai ble pe are applied for periods or one ho , th f tigu 

velocity will approxima the true. ustainable · 1oc1ty. 

Unl s the tis r ti e exactly at the nnin or nd or a 

given loci ty increment, t · actu 1 wloci ty cau in f'a ti t be 

estimated. The t.hod used (Brett, 196h1 1967) involves addin a 

po locity incre nt to t hi est v looity 

in lned fort f ull hour. · ction ia proportional t o the ti 

the fish w a able to continue svimmi •. For example, if a fish as 

able to uatain a velocity of 35 cJD/eec. but fatigued after 30 inutes 

at 40 cm/sec. , t critical swimming ed uld bee tima.ted ati 

35 cm/sec. + 30/60 x 5 cm/ • • 37 .S cm/sec. 

To dete n t e nitude of velocity inore nts for a iven 

·teat, a prior stima.te of the velocity ttainable at each t of test 

corxlitions is r quired. Care must be ta n that this st te does not 

seriously overe t te the ot l performance or th fish. If t 

imposed velocity incr ent are too large, the f tigue velocity will 

over st1 te th aotu 1 sustainabl s • r tt (1964) su ted that 

a ini um period of about 5 ho swimmin eq d for oo y to 

r ach t e tained In t h present st , t he 

velocity inoro ent u ed in n te t re d t e in from pr - t 

stimates of perf ormanc • For ruri;mm spe under 

cer in test conditions was expected to be about 4 l n /second, 
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looity inc nt o! 4/8 • 0.5 length/ cond would u • Fish 

avera ing 7 cm long would b subjec to 

by 7 x o., • 3.5 cm/second ach hour and wo 

after about 8 ho s or swimming. 

r velociti s increasing 

r ch f, tigu v, locitie 

T st strategy. 

uch oft te~ti in this st dy wa done urrler aout 

temperature ex riance, t tis, test arrl acclimation temperatur 

were not 1. It was des ble to in n accl 

until the fish had act lly ntered th test o r rrl to all th 

s 

om ti to recover fro the activity arxl excite ent c us by c pture 

from the cell, tion tank • An entry d vie con t oted to t 

thes requirements (Fig. 6) . sically it consisted ot l e, 

stoppered plastic ra r fr th oclimation tank pum d 

through the devio to n in co 

in ambient air perat and temperat 

peratures. Vari tions 

sin t otive capacity 

t nnel pr vented precise control or ntry device temp ratur s . In 

o t cases, control was intained within !:o.;oo. 
Fish ere transferred fr the acclimation tanks to the entry 

device in se 1 arkn ss to uo excite nt nd then allow- on hour 

to recover in t he darkened ent device . Th stopper s then removed 

and t fish ver allowed to svi down th conneotin tube nd into the 

test c mber. Onoe the fish oec:suie quiet., the entry device was, re oved 

and t h nylon screen ae pl.ao at t rear of the test c iber . 

lhi le r velociti s r low, d in the first few hour of 

a st, th fish often o restless abut th test c ber. low-

shocker voltage {about 2 volt) s fioient durin this time to 
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Fi 6 

tai ls t h entry devic • 

1. test d 

2. reco ry C 

3. tl.exib tu 

4. stainle1a ate 1110nen 

s. etoppai-

6. twm.l 

7• 111pporting bn.cket 
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condition the fish to avoid the rear or the ohamb r ... As . ater velocitie 

approached fatigue le ls, the shook r device 

6 volte . 

adjusted upward to 

Oxy en concentrations in the test ter were d temined 

(linkler method1 .Strioklarxi rd sons, 1965) at the ginning arxi td 

of eaob experiment • . Attempts wer mad to intain oxyeen cono ntrations 

at saturation levels {!;j) . An air bre k r in the recov ry ehani r 

p vented · en levels fr t llin oh below t tioo. n tests 

, er cord oted at hi h t mperatur s, it to allow equ te 

gen to b oved tr th h ted ter. time for exoes 

peri varie tween l2 atxl 24 hours, depending upon the t st temper -

tur nd bient water 

Fish were recovered 1ndividual.J¥ aa t ry fatigued and were 

swept against the rear screentt A fish wa jud ed fatigued when gentle 
. 

prodding would not ove it tr the oreen and restore 1 t to mming. 

The screen s then lifted and the fi h was recovered, anaesth ti in 

MS 2221 ll8ighed and sured (total length) . After th completion of 

a teat, the fish ere plaoed in a sh kt in the acclimation tank 

for at least 12 hours. Any t-fat1gue ortality s record • After 

thi,s period, t 7 were transfer to the "u • fish" tank. 

Factor Space 

The te perature tolerance ran of .Q• td tch epana about 

25°C ( c/Jc to 2S'°C) . Three degree aoolilaD.t1,on and test temper.at 

inor nts were oonsiderfd _. easary in o er to asses · the ef'feots of 

temperature on swimming •speed. The upper aoclimat1on lim1t waa, set 

at 23°c and t loller limit was aet at 2°0. T st t emperat ures ranged 



from 2°c to 21.s<>c. 
Initial test er c ndueted t points alo t eq 1 

acel tion temperature .. test te porature dia onal (T ble II) . The coho 

cruisin speed . dete in by Brett et al. (19;8) re used a -test 

performance stimates (for stablishing velocity incre ents) in this 

initial serie of tests. c th dia onal series a co pl 

adequate inf'o tion s a ilabl to ke reasonable pre-test 

est · tea for sub eq ent exp rimente. 

Two replicates of the factor apace were detennined, (Table 

II and III) . These could not 

1ential testin of ch ace 

th replicates were de i na 

considered as tru. replicates, as 

tion oup wa pl • 

test erie 1 and 2. In the 

1y i s of the ta, t e:x: erim nts rto on the eq l AT - TT 

(aeolimation te per tur - te t te perature) dia onal were ded to 

ser1e 14 S e te pera.ture co binationa re ulting in extr me stres . 

re omitted in eeries 21 as the data from the firat series indicated 

that the fish were inca 

condition .. 

t hird ries of te t was performed to .provide in.formation 

regardin· the eft ct of size on 111ttmm1.ng s ed. at different levels or 
acclimation and t temperaturee. The 33 factorial desi n (Tabl IV) 

ploy-,d three leTel s. or aoclimation te per ture• test temp rature, 

am. 1ze. 

Time limitations de it necessary to perf'o experiment 

t night as well as d ing th day in eries 2 and ) . It was suspected 

t t so difference in n bility might result tro da 1y 

ta.bolie oles • .a: er fo , a final sor1es of tests s p rformed to 
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estimate po sible differences b tween t and n1 ht time nmd.ng 

s eds. These erimont (T ble V) also te of th 

var bili t y to ted tr re te te ts under identical cond1 tions 

of ace ll tion perat e,, test temperat 

Anal.ya s of Da 

Individual tests. 

and size. 

In this t dy it decided that biological variability- could 

be st ace odated by eas in the response of a group, r ther t n 

by .,,.,..,.g..... the r spons of on individ l . '1:easurements on a ·seri s 

of in i d 1 test fi h could not be achi ved in the time ava lable. 

Pr limi experiment with y arllng coho (11 cm in len h) indicated 

t hat up to 10 fish of this si e could be tested thout undue er ing 

in the nt device or test o erefore, oups of 10 fi h 

ver us for all periment . 

1hen t he perfo nee of groups of fish be n ea r d, 

various est tee of the aver e response have b en used . vi et l . 

(196.3) us the locity at which first and second failures 000 red in 

a le of 5 fi h. They sug ted that the re ining fi h apu ..... ..-...... 

to take advantage of eddies in the te t c mber, so later failure 

velocities were not valid indices of perfo nee .. Al o1 as fatigued 

fish could not be readily re oved tr t he du.metre screen in the 

ap t us these authors ploy , ter velocities t ougb the c 

would decrease e th fatigued fish would part 1~ block the screen. 

tt (196.5, 1967) teated groups ot from .3 to S sookeye 

unde rlin s . oh individ 1 with fore p trom th 

r spirometer w:hen it was fatigued . Br tt sug . st that t hi technique 
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T ble n . Te t on the acclimation-teat te per tur diago l 
and tests ries 1. 

Diagonal: 

perature 
(OC) 

(.A.T-TT) M + tandard deviation n 1 ngtb - 1 
len (om) s .d. (c ) 

11, 14, a, 11, 5, 2 8.35 0.42 

Teat aeri a 1. 

Acclimation Teet + deviation e n length - 1 stand 
rature (0 c) temperature (OC) len th ( ) s .d. ( ) 

23 ; , 8, 11, , 17, 7. ;2 0. 22 
20, 23, 26, 27. 5 

20 2, ; , 8, 11, l4, 7. 90 0. 28 
17, 20, 23, 26 

17 2, ; , 8, · 11, 14, a.49 0. 28 
20, 2.3, 26 

14 2, ; , a, 11, 14, 7. 78 0. 17 
17, 20, 2.3 

11 2, ; , a, 11, 14, 7. 47 0. 17 
17, 20, 23 

8 2, ; , a, 11, , 7. 56 o.14 
17, 20, 23 

5 2, r;, a, 11, 14, . 7.47 0. 20 
17, 20, 2, 

2 2, ; , 8, 11, 14, 7.53 0. 33 
17, 20 

The tests in this table were oarried out d n the ri~ Septem r 
19, 1 to Feb ry 6, 1969. A n 1 ngt h or 7.77 cm - 0. 43 was 
observed for all fi sh in t hi seri •• 



Table III. ctor level for test series 2. 

Acclimation Teat ean len h ! 1 standard deviation 
temperature (Oc) temperature (OC) l nth (cm) a.d. (o ) 

23 5, · 8, ll, 14, 
20, 23, 26 . 

17, 9. 44 0. 17 

20 * s,· s, 11, 14, 
20, 23, 26 

17, 9.13 0.17 

17 2; · 5, B, 11, 141 9.66 0. 31 
17, 20, 23, 26 

14 2., 5, a, u, 14,, 9. 26 0. 22 
17, 20, 23 

ll 2, 5, a, 11, 14 9. 21 0.28 
17i 20, 23 

8 2, 5,, s. 11, 14, 8. 91 0.11 
17, 20, 23 

2, 5, 8, 11, lh, 9. 29 0. 26 
17, 20, 23 

2 2, , , a, ll, 14, 9.)9 0. 22 
17, 20 

periments in this series were perfonned d in t he i,riod Janua17 
301 1969 to April ll, 1969. A n len h of 9. 29 om - 0.31 vaa 
observed for all fish 1n this replicate. 

*The 20°C acclimation was repeated at the end of the series and the 
result of the first aoolimation discard • The initial group 
contracted a f'un disease nd t heir performance was considered 
a ical. 
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Table rv. otor level for test aeri s 3 •. 

Aoo 'l'eat n le h!ls ndard ev.lation 
tempe temperature (0c) length (era) e.d. (0J'11) 

5 ,, lh, 23 7.o6 o.44 

s S, 14, 23 a.11 o.47 
; 5, lh, 23 10.13 0. 28 

14 ~, 14, 23 1. 29 0. 52 

14 s, 14, 23 9.0) 0. 28 

14 5, 14, 23 10. 97 0.34 

23 ;, 14, 23 7.32 0.1.ia 

2) 5, 14, 23 9. 13 0. 28 

23 ,, 14, 23 10. 96 0. 40 

These tests were tomed during the period April 141 1969 to A 11 
25, 1969. ean le he tor eaoh aise oup vere1 

11 7. 21 to.so 
l edium 8.96 t 0.40 
Jar 10. 89 t 0. 36 



Table v. 

Aoolimation 
temperature (0c) 

14 

14 

29 

otor levels far r peated teats 

T t 
temgerature (0c,) 

l4 

14 ight 

}lumber ot 
tea·c.a 

L 

4 

' 

This oup ot exper nts was done d i the period y 7, 1969 
to May 13, 1969. 
~ean length tor all fiab 1n these exper nte was 9.SB cm : 0 • .30. 
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occasional~ caused cite nt on th -inin f i sh. Fati e 

veloci ies of all t fish in in hi tudies. 

The velocity ofil for the ter t unnel u in this tudy 

indicates t t s of uc velocity in t test chamber were 

extre ly • Th rear so en could be lifted nd fatigued 

fish re oved without disturbin tho re ining. Therefor , it was 

conside d that the tailure locities or all ten fish could be used 

to estimate a ian failure looity for each exper nt. 

Brett (1967) ha shown t t the distribution or f. tigue 

times in fixed velocity experiments is similar to bioaa dosage-

r sponse data. The time to S tatigu could ther for d termined 

phical.ly by probit nalyai1 (Bliss, l937J Litchfield and lilcoxon,, 

19L9) . 

In th ~ sent t udy, th lo r1thma of th f i e velooiti 

for a given oup of £i h appe to ve a normal distribution. Probit 

a l,ysis was used to estimate pbiaally the 1an failure velocity 

for each pJ.e . The tic error inherent in aphical analysi 

of small samples was corr c by o puting the c tive percentage 

fatigu as the total number respond.in at all lower velocities plus 

one-half' of those responding at th velocity in qu ation (Bll s, 1937J 

p. 826) . 

Tllo the.xis appe 

probit data. h tirst th 

fatigue, velocity (cm/second) 

possible tor plotting the velooity­

invol d plotting th lo arithm of 

inst t e c ulative % fati ed (probit 

unite) to provide n est . te of dian failure Vi loci ty in c ntimeters/ 

second. 
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It it could be s ed, howo r , t t 1z variation w1 thin 

enou h to arr t the o er of £ tigu , plott-

ing lo t s of individ velocities in leng hs/ oood (de ned 

accordin to ch individ l' s len h) a int p obit off ti 

would provide ab tter fit to the rectilin fo • 

In er to lect the tter t od, ttgtt statistic (Bliss, 

1937) were computed for a ple ot 1 tests picked at nd from all 

the data,. The g1 ti tio ( surin kewnea) is sure or the 

try of the distribution aod the g2 tatistio ( ring kurtosis) 

dete ne whether it is otually no 1 distribution. In ddi tion 

to the stat tics, correlation coeftioi nts (Li, 1964) vere c puted 

for oh ethod t rovid s o tter about th probit 

line . The re lts ot t hee tests (Tabl VI) indioa that 1th 

o 1d b ti facto • However, th ormer ethod (one) 

erally prod oes l t as 8.1. nd 2 ar ller 

ind.ioatin red oed a ness •nd kurtosis a 1' 1• gen r l l.ar r , 

iooicatin soatter about the probit lines. Consequent , the 

to r method (plotting lo • velocity in am/aeo . gain t p obit or 
s used to te t c m n p rfo no • 

divided by the ap priate n h to convert the 

to body len ba/ eecond. 

probit transfo tion served to linearize ost of th 

, but wa not entirely aatia aoto in all oasee. pprax tely 

12% ot th test results how evidenoe of truncated pro bility 

di trib tions . The d f'r linearity in t o se (Fi . 7) 

to nt th tittin of "split probit" 

lines. ian perfo nee s t h n e timated .from t is plit plot. 
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Table VI. Suitabi lity of two met hods\ of e~ti;mat i ng median performance. 

1peraturc, 
(oC) 

AT ft 

2 
17 
2 

23 s 
5 

14 

2' 
1h 
20 
8 

17 
14 
14 

Method 1 
{l og. cm/aec. n. probits -of fatigue ) 

gl/Sgl . g2/Sg_ r 

0. 26) 
o.}.'47 
3.970-~ 
1 .. 077 
0.52a 
0.)71 
o.a34 

0.303 
0.$65 

. 6. 070 ~ 
1.006 
o.~11 
o.591 
o~oso 

0 .,9'(8 -1Ht-

0. 97b -H 
0. 778 -18} 

o.m~ 
o. 961 -jp,} 

0.,968 -18} 

0. 981.,...;;. 

Method 2 
(log. lengt hs/eec . vs. probite of fatigue) 

gl/$gl g2/$g2 r, 

0. 919 
1. 320 
3. 870 ~ . 61'."1 .P• ~£. 

49 ~ 
l~h7 
~61.0 

o. ,86 
0.550 
; . 8)0 ·!Ht 

1.260 
1.77 
o.841 
1.510 

o.651* 
o.798~ 
0.154°~-::• 
o.aaa~ 
o.951~:1-
0. 932~ 
0. 920~~ 

Signi ficance levelst 
the columns g/Sg are t-test. t or g • o ... A si ifieant t-\e~ indicates- ness or kurtosis. 
Degrees of fnM,dcm are infinite. 

regressi on coeff icient (r) has 8 degrees of f'reed<lll~ 

* P • 0. 0.5 
_.. P • 0. 01 

, 



Figure 7 

ncated pro bility distributions 1n 

aviJlrning speed • A normal distribution, obserm 

in moat tests, 18 1hown tor oaaparieon. 



7 

C/) 

t: 
z 
::> 

!:: 6 
CD 
0 

5 
w 
::> 
C) 

~ 
LL: 

w4 
C) 

~ 
z 
llJ 
() 

a:: 3 
llJ 
Cl 

2 .__ __ __.___----'-_......_~~~___._. _ ____.__ _ ___._ _ __.__.__....____._____L-.L___.__._ ____ _,___,__.__~....__L-.L_.__. __ ....____._ _ __, 

20 40 60 100 20 40 60 100 4 6 10 2 0 

SWIMM I NG SPEED- CENT IMETERS / SECOND 



34 

llbile this ethod has obvious shortoanin s, it ppeared per' or to the 

.fittin of singl strai ht lines to data hich vas obvious4' non-Un ar. 

Calibration corr ction of te t aerie 1. 

A oallbr t1on ch k on the active capacity apparatu following 

completion of the first test ries indicated t at water velocities 

uc t a. gi n opellor R. P. • were 3 lover t n w .en t 

ppar tu wa first a libr ted. This error s caus by an accumulation 

of detri tu on the tur enoe screens am its re- oocurr no · s 

prevented by- regular cleanin of these screene. However, it was 

necoaoaey to app an objeoti correction to the da obtained before 

di o ry or th ca lib~ tion error. 

The calibration error known to be 0% at e tim of the 

fir t experiments and 3 at the t test seri s 1 was compl ted . No 

direct into tion was vai ble re in t t at ich a 

ignifioant error tiret occurred, or the rate at h1ob it ino 

An indirect thod or correction waa ployed. Two 

est tes of ........ ,~ eed were availa (Tabl e II) tor those poin~ 

in th factor spac where acclimation a te t te 

Tb re lts or the eq 1 AT-TT dia onal serie co considered free 

of calibration errors as the tests were completed shortly after the 

init 1 eallb tion. e res ta of corresponding points from oh 

eel tion group in te t eries l would bjeot to 

of error, according to t h callbr tion error t t t 

Canparison of tbes two sets of r ts provided a 

or testing. 

oft 

calibr t ion error t t t e oh acclimation oup wastes 

C••11•-.- a not bew n pairs of observed re lt , but b tw en 



points on a curve fit to tho r to~ t ho init 1 tosta fo 

£it on t e i111pera ture dia o 1 arxi correaponcli,1 point on c 

to the r sults fl•om e ch · eel tion group'" The error for enoh 

accl1 t i on group ere plotted with res ot to tho ohronologioal o er 

of testing and a curve• fitted by eye to this data (Fig. 8) . Thie 

curve was used to determin a perc nta correction for each acalimation 

group in teat eriea 1 nd the corrected data was used for all 

seq nt calculations. The calibration error at the end of t 

series was 3 as detennined by thi ethod, aoo a es well with the 

actual error ob erwd at th1 time. 

Ana. is of test aeries 11 2 oo 3. 

The estimates of • edian Slri:mmin velocity v re use to 

de~ lop resp ns faoea for the feet or aoli ton and test 

para tu s on "" ........ ,,... t hod 0£ ana initi ally 

desc ibed by B~ (19$6) and invol fitti ng a quadratic polynanial 

ter pro (Lind , 1968), both linear 

lcu ted., 

to th data .. U ing a c 

and non-linear respon 

The o-factor .tac (. t eene, 1 am 2) ve titted 

with · 11 odel• 

vbere Xi • aoclbat1on 

x2 • test temperature, oc. 

i • critical sw1mmi speed, len tha/ eecom.. 

The non-linear odel involved tranaf tions of th inde n~ 

ct nt vartables (x1 am . x2) am the depend nt variabl (Y·) as descri 

by Lil'lds et al_ pol,ynanial wa 1 
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The CUM9 uaed to correct calibi-ation wr<>r• in 

test~- 1. 
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The pow r ( c£1, o{2 am o ). re etermined • 

likelihocxi ratios r c lcul.ated to pro a sure of th precision 

of the est tea. The preoi ion or the c ntre points for both the linear 

and non.linear odel was similarly cal ula ted. 

The data or test 1es 3 wa fitted with th.re -f ctor 

sponse urfaoe, a 1n in th pro 

linear cdel wast 

of Lind (1968) . The 

2 2 2 
y "bo XO +bl;, +b2 ~ + b:, xj ♦ bn xl ♦ b22 X2 ♦ b33 X3 + b12 xl X2 

+ b13 ~ x3 + b23 x2 X3 

where x1 • acclimation tem~r t :1 , C)c . 

x2 • test tem.nON.ture, 0c. 
x

3 
• ize, • 

Y • critical nw..1.IJIW.l.ng epeed, le t /eecond. 

As in the tvo tactor case, a transformed polynanial was cal­

c ted to provide non-linear ode1 for the effect ot acclimation 

te peratur , test · perature am ize on peed. The non-

to determine the d nlions of the coho ' s aatiw capaait7 domain aoo the 

position or ita perfo nee optimum within this danain, in relation to 

the variables, acclimation temperatu , test a size. 

Conto plots were emplo , bowing isopleths of ed. in 

relation to q nti tive chan - a in these 3 variables . 
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Test Series 1 (S pte · 19, 196 to February 6, 1969 

Fitting a response eurface by eye . 

Lines of best fit ver draim by e,ye thro gh the d 

each acclimation group in te t aeries l(Figs. 9 am 10) • The e ourvea 

repre ent tran acts taken at 3°c. intervals ot acclimation perature 

ac,ross the spons surface relatin acclimation te perature and test 

to n1 ng a ed (Fig. 11) • The transects in Figs. 9 and 

10 are Qhown by the solid lines in Fig. 11. As• illustrated by t 

broken lines in Fi . 11, a aecord aeri a of transects a construct 

from the d I lating aco tion tempe ture to perto no at 

different levels of test tempor t • Di ooal transects of th 

ons fao were al o plotted. 

lhile the t naional plot indicates the oneral t e 

of tl r spon surf'ac , its aotual shape in re tion to the ace tion 

and test te pera axes is ditfic t to vis~ze. A contour plot 

(Fig. 12) of the response f oe was con tru.cted to d interpr tation. 

an ch transect, those oomb tiona of accl tion nd test 

temperatures were est ted which produoed a given level of respons • 

For ex!UT.ll)le, at an acclimation te perature ot 20° c. (Fi • 9) a l!!IW1:mm1.n 

of ; .o a/aecorxl would expected at test te tu.res of 

14° c. and about 24. ,0c. A n er ot loci in the factor pace pro-

dueing thi level or response re dete ned by mina tion of all 

t transects or the surrac . These loci illdioated th po ition of a 

,.o 1engtha/seeorrl response isopleth on the , tac . Isopleths for 
. ' 

re ponse level of 6.o, , . ,, ,.o, 4.5, 4.o, 3.$,. 3. 0, 2.5 nd 2. 0 
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Figure 9 

Te t Hl"ie l . The et.fecta of test temper ture on 

svinlning speed■ ot juvenile coho at w.rioua acclimation 

temperatures. Linea of best fit are drawn b,- eye. 
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Figure 10 

Test eerie• 1. The ett cts or teat temperature on 

llftfimming dpeed ot jUTenile coho at various acclimation 

perat s. Line or best fit are drawn by eye. 
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Figure n 
Teat aeries 1. Th response surf'a.ce relating oolimation 

tempei-ature and test, temperature, to awillJD1ng speed. n. 
curws in Figs ., 9 ard 10 are shown aa • olid lines. 

dotted lines reprreeent transeQts constructed from the 

data., relat ,ng tba effect of aeelinlation temperature on 

awimm1ng speed e.t each te1t temperat ~ 
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Figure 12 

A oonto r plot of the r sponse surface in Fig. 11. Response 

contours e isopleths of swimming speed (lengths/second) . 

The response surface is shown in relation to t he coho temp ... 

era ture tolerance polygon (Brett.,, 1952) • Swimming rform• 

anoe observ in the zones of resi stance (outside the 

tolerance polygon) ar denoted b;y dotted lines. The 

direction of the transects u eel to esti· te the response 

isopleths is indicated (see text for further explanation) . 
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lengths/second wer tannin fr the transects. 

The response isopleths er plotted on the ccli tion 

temper t e- test t perature plane to prod ce a two-dimensional 

contour plot of th respons surface (Fig. 12) . This procedu is 

a lagous to plotting elevations on topographic map. The response 

surt ce contours are shown in r lation to the coho temperature 

tolerance polygon defined by Brett (1952) . Response isopleths 

outside the tolerance polygon are repres nted by dotted lines, as 

any ability to perform in the zone of resistance would be time­

dependent and cannot be consid red as a true sustained swimming 

speed . 

The centre of the response surfao (maximum swimming 

s ed) occurred at an acclimation tem rature ot 20° C and a te t 

temperature of 20° c. Elongation of th surface on the oclimation 

temperature axis iooicates that test perature d the atest 

ffeot on performane • That is, there was a gr ater c't:ang in 

performance per de ree of te pert c n e for test te per ture, 

as com red with that for accl1 tion temper ture . This elongation 

is described as risi ng ridge . The ridge y be follow bye timating 

th test te perat pr ucing maxi 1 perfo nee f or a given 

accliJnation te perature. This appeare to be about 16° C for 2° C 

acclimated fish, and ris until test and acclimation temperatures 

eoincid at about 20° c. 

The response surface indicates th t coho were able to 

perform quite well throughout ost or t tolerance zone . When 

oompar w1 th th maximum r t , swimming s s at tb la., tempera tur 

tolerance boundary- were reduced by about ;o percent. The 
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perfo~ .. ~~ ..... e of warm-acclimated fi h (20° C - 23° C) 

t test tempera tur belO'tl the low temper t toler nee boundary. 

bourn was· about 70 perc nt for 2° C fish, but only )0 

collmated coho (20° C percent for t ho eel ted to 23° • 

per~od t te p ra tures de 

bound ry. 

or abo th upper tole no 

lcula ted r aponse faces . 

Lin am non- Un r r sponse surfac 

t o th data tr te t 

effect of accl tion 

ie 1 (Apperxiix I) to further evalua to th 

perat (x1) nd te t temper t 

............... ng speed (J) . For the lin ar odel, second d gr polyn 1 

s fitted . Bene 1 

l'V\.L-. 2 2 y • 1.s2, + o.040x1 + o. 434x2 - o.~ 1 - o.017:x2 + o.oosx1a2• 

Analysi of iance (Table VII) indicated t t on'.cy the rm for the 

lin r effect of acclimation te p at 1tho t 

at ffecting th deq el. 

Th spo o plot by di ct substitution 

into the polynomi 11 but it was or conv ni nt to tr n form the 

po omial to its canonical to 

involves a translocation fr 

, 1956) . Th tr nsf o tion 

centr of the design tot 

calculated o ntr of the respo e surface, rn ro tion of the axes 

of sure ent fr tho of the design to thos of the response 

urface . Hence, the po l r uced to th fo : 

y -Y 

where Y • 
B 

• 

surfac . 

2 2 
~ 11 X.1 + ~ 22 X2 
ape calou tad t the c ntre oft r pons 
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f\ • i n lue , d notin the r at which the r spon 

direction of the X-axe ( s of the r sponse 

surfac ) . 

Tho polyn ial fitted to th seri s l reduced tot 

1 - 5.41 • .0190X1
2 

- 0.0049 X.2
2
• 

Th sin or th ei n lues indicated t t the re pon r ohod a true 

imum within th factor space investi ated ( , 1956) . The c ntr 

calculated at1 

accli tion 

ed at the c nt (Y 
8

) s , . 47 lengths/ 

cond. 

The c ntre of th calculated lln 

quite different tr the centre shown on th 

respons surfac is 

face drawn by ey . 

imtm1 relati li lihood plots (Fi • 13) indicate that the centre 

point or the line odel s ch or cl r 

to test te perat e (x2) t n to ocli tion perat 

Si nificance-l evels not bulated for llkeliho 

val s ving a lati likelihood of le · t n O. l 

'th re ct 

tios, but 

consi dered 

unlikeq et 

centr of th linear odel 

.,.,,..T.,,.rs . Thus, while it is plausible t t 

occur a~ n aocli tion te peratur . as 

high as 20° 01 it i unlikely' that th c ntre occur at ate t 

temperature above 16. 5° c. 
The 11 r r sponse surface plotted (Fi • 14) by 

sub titution into t canonic l eq tion. Elon tion of thi urtace 

on the x1 -axis indicates that te t temp r ture d 

effect on perfo nee t n accll tion te per ture. 

chg ter 
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Table VII. Analysis of varianc of the untransformed 
data from test series 1. 

Source of Variation . ss d. t . MSS F 

Treatments 100.11 70 1.4, 2 •. 92 H 
Linear 14.,6 2 ·7. 28 14. 82 ~ 
x1 lineal" 0. 2; 1 0. 23 0.47 
x2 linear 14.32 1 14.32 29.14 * 
Quadratic 4911137 ~ 2h.68 ;0. 23 .,,. 

~ Quad: 4.,28 1 4. 28 8, 71 H 

4;.07 1 4;.07 91. 70 K 

Xl • Xf 9.;o 1 9.;o 19,33 H 
Lacko fit 31 .. 94 65 o.h9 

Total 100.77 70 

*P = o.os 
HP = 0.01 
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Test series 1. Mui.mum likelihood rati o ot various estimates 

or the centre coordinates for the linear response ·SUJ.'"tac 

model. The symbol.;. denotes the aoclilration tempentuni 

coordinate, x28 the test temperatui-e coordinai.. 
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Figure l.4., 

The linear :response .surface fitted to t he data f'rom 

test eries 1,, shown 1n relation to the coho tolerance 

polygon (Brett, 1952) . ·The calculated axes of the 

response surfaoe are denoted by x1 . nd x2• The 

contours are vw.r.iuu~ng e,peed iaopleths in lengths/ 

eecond. 
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Interaction bewe n acclimation temperatur nd st tempora­

tur is shown by the rotation of the x1- am x2- axe in r lation to 

the axes of measurement. 

Comparison or Fig . 12 rn 1h indio tes that th hape of 

the lin ar mod l i q te different tr that of the respons f'ac 

lotted by eye. le diff renoes ost notic abl t combinations 

of low test aod accll tion te peratures, a 

abo~ t he let 1 limit . 

t test te pera t es 

On the basis of th differanc sin B· pe and posi t ion of the 

een point of the two surface, th linear model doe not ·ppear 

ad quate to deeqribe the observed data. The significance of th 

deviation fro regression could not be determined in t h anal;ysis ot 

variance, as the model was calculated tro a single r plicate. A 

comparison of the linear odel with a non- linear odel fitted to the 

e data wae therefore u 

mod 1 to descri the data. 

to d termine the adequacy of the linear 

The power par et.er of the non-linear model w r esti ted 

as: 

L l • 1.16 

oC2 • 2.35 

0 ,. 2,,37 

The inrum likelihood ratio p1ota {Figs. 15, 16; 17) sh t t all 

three eters were defined reasonably well. The .efreot of test 

te parat again wa mor . clearly d tined, as the range of plausibl 

value a for x
2 

vas very n . 



so 

Figure lS 
Test series 1., the non~11.near odeli maximum 

likelihood ratios ·of various esti tee ot the 

pc,Wer parameter oC1 • 
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Figure 16 

Test r1es 11 t non-linear 

likelihood ratios of various e timatea of the 

pc:,Ver par ter oC2• 
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Figure 17 

Test series 1_ the non.-linear models maximum 

likelihood ratios o:t various •st1mate- of the 

pOW'er parameter Y • 
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The polyn ial, 

y 2•37 1,. ,27 • o.614x1
1

•
16 

+ o.063X2 
2

•35 - 0. 029%1
2•32 - 4.o x 10·5x2 

4• 70 

+ 1. 2 X 10- .'.3xll. l.6X22•3S 

was calculated f'ro the data, The a ~Si of varianc (Table VIII) is 

unusual» as true "F" ratios cannot be Cale ted trm the tr nsformed 

data (Lindsey et 1., MS) . Exact inter nces can be drawn, however, by-

maximum likelihood procedure. Therefore, . imum Uk llhood ratio 

(range O to 1. 0) wer calculated (MIR coll.min, Table VIII) . Thes ratios 

irdioate the likelihood of the value of the compo nt or meter 

tested being replaced by zero. Hence, the likelihood that treatment 

e:ffacts (temperature experi nee and 1 ts rt cts on per o nee) do not 

account for significant oportion of th total var nee is ry 

11 (T ble VIII) . On for te t te1rperature (x2) 

could b removed with t eat · affectin the adequacy or the non­

linear model. Canparison or th lik lihood rat.· o vi th t he approximate 

1 tr ratios in Table VIII is UBe• 1 to familiarize oneself with the 

· nalysie rf varianc for the transformed data. 

The canonical fo of the titted equation was aalculatedt 

2 2 y. 6$.S32 • -0. 02911 • o,oooo3X2 • 

The canonical equation a.gain proVides a useful means of 

plotti·ng the non-linear response surface (Fig. 18) . Comparison of the 

non-linear plot with the r apons surface drawn by eye ugge ts t t 

t non-+fnear odel closely describe the observed data. 

The relati likelihood of the comput linear odel versus 

-18 the non- linear odel was calculated as 1. 70 x 10 • Clearly, t he 

non- linear odel provide tter tit to th observed data. 
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Table VIII . Analysis or variance of the transformed 
data from test series l. 

Source or Variation ss d.r. MSS Apprmc. F MIR 

Treatments 87.83 70 1. 2, 7~71 9tl.3 X lo-.'.36 
5 4 . -, Li.near .3 . 19 2 1. ,9 9 • •7 X 10 ) 

x1 linear 1.'73 1 1.1, 10.6, .3e59 X 10-
~ linear o.;7 1 0 •. ,7 ,.;i 0.14 

dratic 66.,29 2 33.14 203.67 6.19 :1t 10:~2 

~ Quad: 
3. 22 l 3. 22 19. 82 $. ~ X 10•)1 

6) .46 1 6). 46 3~9;96 2.)6 X 10 l4 
Xl * ~ 14.70 1 14.70 90. )4 1 •. )7 X 10-

18 Trana rm 21.85 3 7. 28 44. 86 1. 70 X 10• 
Lack of fit 10.08 62 0.16 

Total 87.83 70 



Figure 18 

The non-linear response surtace titted to the 

data from test eries 1. The oontour." are 

isopleths of swimming .speed . in lengtha/secorn 

and are ott outside the tol ranee polygon. 

Xi and x
2 

denote the axes of this surface. 
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Figure 19 

Test series 1, the non-linear modelt ma:ldmum 

likelihood ratios or various eetimatea of the 

centre coordi tee. Upper pan 1, the acclima­

tion temper ·ture coordinate (x18). wwer panel, 

the test temperature coordinate (x28). 
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'nle oentr of the non-linear odel was c lculated ats 

Acclimation te perature (x1) • 22.03° c. 

test temperature (x2) • m.u.f c. 

The response at the e ntre wa calculated a , . 84 lengths/ eoond. 

aximum elati ve likeliho phs (Fig. 19) indicate t h t the 

acclimati on t perat e coordi te of t he c ntre s not clearly 

defined, but the test temperature coord.1 te was .stima.ted with 

high preei.aion. The graphs g st that an aoclimation te er ture 

of 20° C and a test te pert e of 20° Care plausible estimates 

of the centre point coordinates. 

Coho ar able to perfo well over most of t heir tol ranee 

zon {Fig,. 18) • However, the rang of te t temperatures over which 

t he coho can maintain a oderate level of performance varie with 

th acclimation temperature. Fish oolimated to 23° C were able to 

n in • swimming speed of at least 3. 5 lengths/second over a test 

te peratur r nge ot 1.5 degrees (10° C - 2,° C). Fish acclimated 

to SC· C were able to mai,ntain at least this level of performance over 

a 21 degree (2° C - 23° C) range, while t hose acclimated to 2° C were 

abl to in n 3.5 lengt hs/so nd over on]sr a 17 de e (S° C • 22° C) 

test temperat e range. 

The ability of coho to perform, for the test periods e ployed, 

outsid the tolerance zon , is shown . the dotted lines in Fi e 18. 

The surface suggests that the ability to perform in the lower zone of 

r sistano increases with decreasing accli tion temperatures, lthougb 
. 0 

car should b taken not to extrapolat below 2 c, t lower test 

t perature limit. Conver l y, the ability to swim at te erat es 

in the upper zone o:t resistance appear greatest for acclimated fish. 



The axes of the non-linear· response surface ar denoted by 

Xi and x
2

• illle t hese ax would be linear and ortho onal wh n con­

sidered in te s of t he tr nsform data (xo£ coordi nates) , t hey are 

neither linear ncro~thogonal hen recalculated in the original units 

of measurement (x coordinate ) a.a ·shown in Fi • 18. The biolo foal 

si gnificance of t he X es is not ent 1y obvious. However, t h x2-

( i g. 18) appear to defi ne t ho axi s of 1mum perfo noe wi t h 

res ct to ace t i on te p rat e f or . i n teet 'ta per t es. 

A knowledge oft test temperat sat which coho perform 

best for a given acclimation temperature 1$ impor tant in evaluating the 

s · of t he r espona surface. An axis denoting the tNst te perat 

of maximal response tor oach acclimation temperature was dotennined 

by con truoti ng · r tical tangent to the response isopleths (Fi • 20) . 

This axis (a) defined t he po i tion of a ridge ot maximal per.fa nee 

in relati on to test t emperature for· given acclimation temp~ratures . 

Condit i ons of eq 1 acclimati on and test te perat ar shown by the 

diagonal construction lin in t he fi • Comparison ot t h diago 1 

with t he axie of th ridge indicates t hat l performance of coho 

acclimated to 2° C occur ta test te pert e 16.6° c. The 

discrepancy between t h aaclima.tion temperat ·re and t he t emper t e 

which provides maxi mal perfo nee decreases until the two temperat s 

coincide near t he centre or t he surf oe, at about 20° c. 

The second axis (b) ot Fig. 20 defines the acclimation 

tempera e pr ucing max l pertormanoe at a given test t mperature 

and is apparent . id ntieal to the x2.axi of Fig. 18. The curvature 

of t his axis suggests that t he fish performing best at given test 

temperature may not be those accl ted. to that temperature. 
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Figure 20 

Axee of IIIXimal perto ance tar test aeries l . Axi . defines 

the test te perature producing marl l performance at each 

acclimation temperature. Axie ~ def nee the acclimation 

temperature producing mu1mal perto nee at each test temp­

erature. The diagonal construction line indicates con itiona 

or ~qual acolimation arxl test te er t es. 
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Test Series 2 (January 30, 1969 to April 11, 1969) 

ta r or the eorxl test ri s (Ap ndix II) was us d to 

calculate, on the of the linear odel, the oond degre polynomial 
2 2 y • 1.;34 + o.o,ax1 • o.429x2 - o.oo6x1 • o.016x2 + o.001X1x2 

Ana si of variance (Table IX) indi 

linear ett ct of acclimation teroperat 

that only th term for t he 

r oved from the 

polynomial tho t affeoti n the adequac7 of the mod.el. 

L:&AA;u ..... nation of th canonical eq tion 
2 2 

~- .. 5.518 • -0.174ox1 .. 0. 004912 

indicated that the surfac contai imum, The o ntre of t 

re ponse surface was calculated at• 

acclimation temper tur (x1) • 14.11°c. 

teat temper ture {x
2

) • 16. 57°0 .• , 

A in, _the x2 coordinate of the centre point s est precisely, 

but the Xi coordinate wae not cl arly defined (Fi • 21) . The e lculated 

at th centre ; .,2 len tbs/second. 

The plot or the linear surf ce (Fi . 22) 1 very similar to 

the linear surf ce fitted to the ries l data . Howe r, the centre 

of th serie 2 

test ta peratures, 

t. oe occurred at li ht hi her aceli: tion rxi 

estin spons urface 

in the f otor pace . A e ng$ in t he d ee of ro tion of t he surfao 

ment is not apparent . H ver, the 

comparison indicate that differences in oa oi do exist, as fish in 

the second series er abl top rtorm t higher velooitie than thos 

in the fir t series. 

The power parameters of the non-linear model titted to st 
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Table IX. Analysis of varianoe or the unt:ransformed 
data ft,cn: test series 2. 

Source of Variation 

Treatments 
Linear 
Xi linear 
lE2 linear 
Quadl'atf.c 
Xl Quad, , 
22 Quad. 
X1 * !t tick o tit 

Total 

* p -:::: o.os 
i4f. P = 0. 01 

ss 

84.70 
24. 21 
0.01 

23. 0) 
,a,19 
, .12 

,1.06 
6.02 

26 •. 14 

84.70 

d., t . ss F 

63 1. 34 2. 98 iHf-

,2 12.!tl 26. 8; ~ 
1 0.01 0. 03 
1 23 .03 51.09 ff 
a 16.)9 .36. 37 0 

1 :h12 e.2s ff 

1 31io6 68. 90 .,., .. 
1 6.02 13.3.5 H 

58 0.4~ 

63 

I 
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Figure 21 

Test aeries 2J the linear mode11: Maximum likelihood n.tios · 

ror varioue e~timates of the centre ooordi nates. The 

acclimation temperat e coordinate, (:r:18) is ehown int 

upper panelJ t he 'te$t temperature ooordinate (x25) in the · 

lawerw 
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Figure 22 

The linear response surfaoe titted to th dai. from t$1i:1t 

aerie 2. The ieoplethe are avimming apeed in lengths/ 

acond .nd aJ."e dot~ outside the 'tolerano• poly on. 
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eries 2 were : 

Th 

c{1 • 0.564 

oC2 • 2.177 

?J • 2. 476 

ter o{ 2 was som hat ore preci . ly · st ted t n t h others 

(Figs. 231 24 arxi 2S) . 

The non- linear polynomial vas oalculated as 

J2. 4a • 2.o6s + 12. 252x10.s6 • o.121x22.18 ~ 2~a13x.11.12 ..o. 00016:r.24.36 

+0. 018x1 o.,;6 x2 2. 18 • 

Analysis of variance (Table X) indicated that none or the terms could 

be removed without appreeiabq affect1ne th adequac, of the model, 

The rel.ati likelihood of thc;l linear model vereus the non­

linear model (2. 99 x 10•10) wg ested that th non ... linea'.!' odel pro­

vided a sup r101" fit for the served data. 

The canonical equation 
2 . 2 

?· • 75. 370 • .2. 21~1 "" 0. 00013X2 
was used for plottin the response surface (Fig •. 27) , Th oentre a 

calculated att 

acol tio~ temperature (Xi) • 20.15° e 
test te pera.t (x2) • 19. 71° c. 

the maximum likelihood plots of the •Centre point (Fig, 26) 1Ddicat 

that the X'2'!111Coord1nate of the centre was .est • ted with extra 1y high 

precision. but, the x1.aoordinate was poorly' d$fined . The likelihood 

of both centre coordinate being 2000 was hi h. 

( 
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Figure 2,3 

Test aeriee 2. Maximum likelihood ratios tor 

vari ,eati tea of t h paver pe.itameter oC1 • 
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Figure 24 

Test eerie, 2. Maximum Ukellhood ratios tor 

various estimates of the powel' parametei- oC2• 
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Figul"t ~$ 

Teat emea 2. la,u.mwn likelihood ratio for 

ftrioua estimate• of the ponr paruei:C' o . 
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Figure, 26 

Te,t - iee 2. Maximum likelihood ratio,i tor the centre 

coordinates of t he non-linear modtl. The acollmation 

temperat ooordi te (Zi) itt hCMl in the upper nelJ 

coordimt.e (x2-) it below. 
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The non-linear Naponee surtaee fitted to the data tran 

test series 2. Isopleths of swimm1ng ·Speed {lengt; a/ 

secorrl) are dotted outside the tolerance po'.qgon. The 

axes of the l"esponse surface are denoted b;r 1i and x
2

• 
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Table x •. Analysis of variance or ·the transformed 
data f'rom test series 2. 

Source or 
Variation ss d.t . M$ Approx. F MIR 

Treatments 76.6$ 63 1.21 $.-07 2. 10 X 10- ;7 
Linear 11. 71 2 S.8~ 24.45 l e44 X 10•

2 
~ linear 1-.76 1 1.76 7.37 1.78 X 10-

7 
~ar 7. 47 1 7. 47 31.19 5.71 X 10 .. 

22 tic 46.67 2 2,.1, 91.u2 9. 2$ X l<r) 
Xi Quad. 2. 28 l 2. 28 9. ,4 , . 98 :x 10-21 
x2 Quad• 45.SB l 4;,;s 190. )0 1.66 x 10·1 

~~ 
7. )L. 1 7. 34 30.67 6.91 X 10• 

12. 97 3 4.:,2 1s.04 2. 99 X 10-lO 
Lack of tit u .11 s, 0. 23 

Total 76. 6, 
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The non-linear r spons surtac fitted to the da of test 

series 2 (Fig~ 27) was sicalzy- imilar to t non- linear surrac 

for the first. series. The coho demonstrated hi h capability to r­

form over o t of t he tolerance mne. Hove r, the r ng of test 

tempera t a over which at least a odera te swimming peed could be 

ntained varied th t h aocliJr.ation temper t • level of 3.5 

len t hs/seaond s intained over a 16 degre r n e (9° C - 2;° C) 

by 23° C acclimated fish. Coho acollma to 8° C in ined at 

l st t his level of performanc over a 19 de ee temper t range 

(4° C - 2.3° C), bile 2° C acclimated coho could maintain 3., 
lengtbs/secorxl over only a 16 de range (6° C - 22° c). 

Performance of coho in the second series at temp ratures 

near the boundaries of the tolerance d in differed slightl;y- from 

t e perfo nee of tho e in eries 1. When acclimated to te peratures 

tween 5° C and 17° c,, f'ish of th seoorxl series were able to ntain 

higher sw:imming speeds in the upper portion of the resistance zone than 

t hose in series 1. Hovever, when these two groups were acclimated to 

temperatures above 17° c. • th 1r perro ee in th upper resistance 

zone was almost identical. At cl.ination temperatures other than 

a ve 20° c., the · n speeds or the seriee 2 fish at st 

s near t he lower l t 1 limits ere slightly slower t n 

t speeds at ined by th · series l fish. The perfo nee of 2° c. 

accllma.ted f i sh was lower at all test te perat es in test eries 2. 

The axes of maxi response t or a giwn acclimation or 

test te erat e {Fig. 28) wei' aimilaJ' to t hose determined for 

series l . For given ace · tion temperat s, t test te perat s 
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Fi e 28 

Axes of naximtm1 response for teat riea 2. Th teat. 

a prod cing maximun response at each acolima­

tion temper ture is defin by ax1 (a) J the acclimation 

temperature producing imum response at eaoh teat 

temperat re is defined by axis (b) . The dia nal con­

st otion line in icates aorxiitions of eq l ao.clima.tion 

am test te per tures. 
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bega t 16.5° c. for 2° c. acclimated fish and crossed the eq 1 

eel.imo.tion perature-te t temper t diagonal at 19. 6° c. The 

c linearity of th rid sug eats that the interaciion of test 

nd aoclim tion te perat s not eon tant at •11 levels of 

acclimati on. Tl e second axis (b) of th f'i defined the acclimation 

temperatures producing .. -..IU.,&l,-1 perfo e at given test tempe~ t s . 

Again, t his axi sug steel t t -the fish perfo ing best at a gi n 

temperature may not be t hose acclimated to that temperature . C -

parison with the first test series ggests a translati on of the 

second series axis such that the acclimation peratures producing 

maximal perf nee at ch test te perat were slightly lower in 

series 2. 

The non- linear response surfaces fitted tote t series 1 

aoo 2 were g neral'.cy- similar, but not identical. Tran lation or the 

surface (move ent with respect to the axe of measurement) and a c nge 

i n capacity ( ing s ed at th s taoe centre) were pparent fro 

c parison of the linear s toes. The differences in th non-lin ar 

faees appeared mor complex. The o nges in these rfaoe eou 

not explain by rotation or tr nalation of the whole surface~ and 

oapaeity differences at the centres were quite s 11. A c n in 

the shape nd s cing of the isopleths appeared to be involved rather 

than in integral mo ent of the whol surface. T s y be described 

as n inner rotation of the respo e surfac (Alderdicej IB). 

Differences occurring breen the two non- linear response 

surface of se:ries 1 and 2 were exa ned. from relative likelihood pl ots . 

plots of the oentre coordinates (Fig. 29) indicated t tan 

acclimation temperature of 20° c. and a test temperature or 20° c. were 
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Figure 29 

C pariaon of the centre coordinates ot the non-linear 

response tJUrfaces for test series 1 ard 2. Th aoclima• 

coordinates (x18) are ahovn in the 

upper panelJ the test te perature coordinates (x28) in 

the lower. 
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plausible stima tes for the centre of both surfaces. C on 

stimates could also be dete ined for the power pa eters ( oC1, oC2, 

and Y J Figs • .30, 31 nd 32) 'Whioh would have a hi h rel.ati like­

lihood tor each te t seri s . Th 

p r pa meter caloulated for test ries l w plausibl , but 

near borderline esti tes for the corresponding parameters int st 

seri 2 R( oCl • 1. 16, L 2 • 2. ,s, ~ • 2.37) • 0.12 • Convers ly, 

the maximum likelihood estimate of the pow r parameters for erie 2 

w re unlikely stimates of the eries 1 p r par eters ( 4 • 0.564, 

cL 2 • 2. 181 Y • 2.48) • o.04 • fhile there re ba io similarities 

in th non-linear re nse 

eno gh that littl would 

r ces, the difforonces we gr at 

ined by c bining t data of the two 

test ries. It is intere ting to note, however, that 

stimate of the centre of the ca oity surface ~ be 

st co bined 

ined by noting 
{ 

the temper turee (Fig. 29) at which the 1mum likelihood ratio are 

highest (intersection) tor both t aeries. On this basi th ·c ntre 

of the non-linear aurtac 1 est ted at an acolimation temper t 

of bout 21.S'° C and a test te rat of .lightly ter t n 20. 0° c. 

Test Serie J {April 14, 1969 to April 2~, 1969) . 

Test eriee 3 s designed to dete ne ~he effects or 
acclimati on te per t {Xi), test temperat {x2) and size {x

3
) on 

swinm:d.ng speeds {Appendix III) ., For the linear model, the s oond 

d e po nomial wae: 

2 2 Y • 2. 160 + o.091x1 + o.19~ + 1. 362x3 - o. uax1 - o.ol.4x2 

- o.oa9x3
2 + o.015x1~ + o.001x1x3 + o.ooLxzic

3
• 
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FigtiN 30 

Ceilparison or the pcllte~ aJli8ter d 1 tor 

teat sei-ie · l acd t ., 
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Fi )l 

Comparison of the J)CMtr parameter cf2 tor 

test aeries 1 and 2 • . 
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FiguNt; ,a 
Oanpal'iaon of the .pc,lireP parueter tf ror 
test aeries 1 ar:d 2. 
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Analysis of variance (Table XI) indicated that the terms associated 

with the linear and quadratic effects of size (x
3
), t h interactions 

of size ~th acclimation temperature (x1 * x3
) and teat temperature 

(x2 * x3
), and t lin eff ct of test teroperat e (x

2
) could 11 

be removed without greatly ffeoting t he adeq ey or t he model. 

The linear od 1 in t his series of experiments does not 

llow one to measur the relationship tween size, temperature and 

SW1:rrrn1ng speed. H nee, further a lysis ot the data with respect to 

the linear model was set aside in favour of a lysis ployin the 

non- linear model. 

The pow-er parameters of the non- linear odel fitted to 

the third series werea 

c£ 1 • -1. 89 

oL2 • 4. 69 

oC3 • 0. 140 

o' • 1.,000 

None of t hese par ters were preoisely estimated (Fi • 33, 34, 3, 
and )6) . The likelihood plot or oC 

3 
indioa ted that the effect of ize 

poorly defined . 

The non-lineal" polynomial 

yl•O • 293.8 + 321, 
1
•1•89 + 4. 94 x 10 x

2
4•69 + hll[). ]X)0. 11,. 

.312s.0x1•3•78 • 2.68 x 10-12xa9•38 • 163.1oc3°•28 ~ 4, 26 x 10•5· 
1. a9 4.69 a~ an.. -1.a9 0.14 

x1 X2 • .1 • 7 ..,..l x3 
was calculated. Analysis of variance (Table XII) indicated that the 

linear e£feot of test te per ture (x2) and the interacti ons of size 

with acclimation temperature (x1 * x3
) and test temperature (x2 * x3

) 
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Table n . Ana11sis of variance or t e untransto · data 
tar test seri es). 

Souroe of Variati on ss 

Treatments 
Linear 
Xl linear 
x2 linear 

~ear tic 
Xl d ., 
X2 Quad. 
xi • I teraction 
Xl X2 
Xl *2 
X2 1 lick o tit 

Total 

P == o~os 
P = 0.01 

43.07 
4.38 
2.47 
1.53 
o.SJ 

13.75 
5.16 
a.01 
o.56 

16. 93 
16.40 
0.17 
0.04 
8.77 

43 7 

d. t . MSS F 

llt> 1.65 3;. 21 ·:8} 

3 1.46 2. 83 
1 2.47 4. 80 * 
1 1.s, 2.96 
1 o.ss 1.o6 
3 4.S8 8. 88" 
1 5.16 10. 01 · 
1 a.01 1$. $3 M 
l O.S6 1.09 
3 ,.64 1.00 
1 16.40 .31~ 79 it-! 

l 0.17 0. 34 
1 0.04 0.08 

17 o.;i 
26 
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Figure'' 
aximum llkelihoal ratio to iou■ estimate■ 

,or the parer ~---.11 .. ter rf.1 tot- test aeriee :,. 
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Figure )4 

Maximum likelihood rt.ti<> tor var!ou_ •timataa 

of the. s,ower pannneter c£2 for test series 3. 
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Fi 3S 

Maximum likelihocd r ti for 'Variou est tea 

ot the power, parameter cl l for test ac-iea , . 
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F~e 36 

'Maximum likelihocx! ratios for various oltilnatt• 

of the paver para.meter "'( tot" teet tlel"iee J. 
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Table III. Ana 11s of variance of the t ransformed 
data fr test aeries 3. 

Source at 
Variation ss d. t . ss Apprax, F u.n 

Treatmen 4.3.07 2> 1,65 17.71 8. 29 X 10- 21 
Linear ,.a, 3 1. 94 20. 81 4.89 X 10-ii 
x1 linear 5.63 1 5.63 60. 24 7. )0 X 10• 
X2 linear o.oo l o.oo 0.04 0. 96 l2 
X linear 0. 4h 1 o.44 4. 79 1. 44 X 10 .. l) 

atio 11.79 3 3.93 42.os 1. 26 X 10~ 
Xl • 1. 89 1 1. 89 20.23 ) .14 X 10 l) 
X2 d . 9.49 1 9. 49 101. ,b 1. 75 X 10•2 xi Quad. 0. 39 l 0. 39 4. 26 2. 17 X 10-

18 teraotion 24.47 ' a.1; 1.00 1 . )0 X 10•
18 

~ * Jr:2 2:3.76 l 2;. 76 2~19 1. 88 X 10• 

Xl *~ 0. 07 1 0;07 o.a, o.4.3 
X2 0.12 l 0. 12 1. 36 0. 26 12 

ns rm 1.55 4 1. 88 20. 20 2. 58 X 10-
Laok 0£ tit 1. 21 13 0. 09 

Total 43.07 26 
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could be removed wi t hout greatly affecting the adequacy of the mo del . The 

relative likelihood of the linear model providing an adequate fit to the 

data, as opposed t o t he non-linear model, was 2.58 x l o- 12• Hence, the non­

linear model pr ovi ded a more powerful test than the linear model, as a 

defini t e s ize effect co uld be discerned from the data. The canonical form 

of t he polynomia l was 

2 -12 2 2 Y - 9.393 = -162.756X
1 

- 2.68 x 10 x
2 

- 3725.93X3 . 

The centre coordinate s of the non -linear model were estimated at: 

ac climation tempe rature (x
1

) = 7.70°C 

test t emperature (x
2

) = 19.92°C 

size (x3 ) = 8 .39 cm 

The swimming speed at the centre of the surface was calculated as 9.39 

lengt hs/second . The x
1 

and x2 coo rdinates of the centre were very precisely 

estimated (Fig. 37 ) but the x
3 

coordinate was poorly defined (Fig. 38). 

The three f act or non-linear response surface was illustrated 

by transects through the centre in the x
1

, x
2

, and x
3 

planes. The 

swimming speed ca lculated at the centre of this surface appears somewhat 

unrealistic when compared with the observed data (Appendix III) and the 

more detailed surfaces developed for test series land 2. Consequently, 

the maximum response iso pleth plotted was 5.5 lengths/second. Compa rison 

of the acclimation temperature-test temperature plot (Fig. 39) with the 

non-linear surfaces from series land 2 suggests that the effects o f these 

two factors have been poorly defined by the small series 3 design. 

Wi t hin the size range investigateq (approximately 7 cm. to 

11 cm. ) the non-linea~ plots indicate that the effect of size on 

pe rformance was poorly defined (Figs. 40 and 41). The surface in 
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Fi 'J7 

'l'ei,t aeriee )J the non-linear model. axilllu:m likelihood 

n.tio for varioll8 estimates t h centre coordi nates-. 

The acclimation pe-rat e coordinate (x18) ia shown in 

the Upper' panel, th test temperature coordi nate {x21) 

in t he lower. 
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Ft 36 

Teat auiett 3J the non•nn..r m.Cldal111 Muimum 

likelihood rati o for varioue estimate• oft 

centre coordi nate x3 (11.le.) . 
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Figure 39 

A transect through tl non-lln r od.el for st ri s , , 

illu trati effect or accl tion nd s 

on wi.lmning a for fish 8. 39 ., long. The 1aopl t e 

irxlioate =n:'ill 

lines lndioa~ th . area. of t taotor lJ)a<le enoompa d by 

orimenta.1 deei n. 
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Fi e, ho 

A transect through the non+linGar odel for 

tests r1e · 311 illustrating the etfeot 0£ 

a~elimation temp r ture and size on swiirwtng 

speeds tor fish 'tQsted at 19· .• 92° c. The 

isopleths are swimming speede in lengths/ 

eeoo and the a · of t experimental 

d$s1gn ia denoted by the dotted lines. 
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Figur h1 

A transect through th non-linear model for ies 

3, 11 str tin th ffeo or st te pe~~t and 

~PGffl:X{:t tor fi h aocl to 

7,. 70° ,, The 1 opl th are -...-1 ....... ., ng speed in 

:ten th /aeoon and the or the experimontal 

destt.gn i denoted by' the dotted line • 
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Fig. 41 indicates that maximal performance occurred at a length of 

8. 4 c • .and t! t the effect of size s not con tant t all test 

temperatures . How ver the esponse ieoplathe eO'ld not be eoepted 

without reservation, a t hey appear to verestimate the :imming 

veloci ti _ s aet lly obse . in e ch th three seres. 

Error Estimate 

A t - te,t (Li. 1964) tndic:ated that the results of day time 

and night time tests were not significantly different (Table XIlI) . 

Theda.~ from thi eries of repetitive test$ waa therefore combined 

to provide an stimate of experimental e:rtror. Fran the tandard 

deviation of this test series,. a variation oft 7% could be expected 

for pe ted tee ts at a ven pointlj Aa · ng a constant variance 

throughout the factor space, this lue is indicat!Ya of the error 

invc~ "rerl i ·n t!.e oalcu ted rea onse isopl tha. 

Post-Fatiee ortality 

Post-fatigue JTtortality occurtred in 1h oft 170 m,imming 

speed teets oond oted in thi study (Tabl IV) ., The d~..,r-,,.,~ or 
mortality in the e 14 te ts a 25% and ranged fr 10, (1 fish) 

t-0 100 . With the exception of thre oa es of ei le Mortalities, 

post.-fat.i e ortaUty- oacurre only when test temperat es 

the uppor temperatur tolerance limit . 

above 
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Table XIII. Comparison of day time nd night time tests. 

Mean 

Day time 

4.14 
5.06 
5.42 
5.01 

L. 92 

SWimming Speeds (length /second) 

t - teat 

t • -0.324 NS 

Night time 

5. 11 
4.62 
5.11 
5.24. 

5.03 

(critical regions, t ~ 2.45J t 2.45) 

Canbined datas ean (le the/second)! 1 standard deviation. 

4. 98 ! 0.36 
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Table XIV. Post-fatigue mortality 

Acclimation Test Percenta mortality 
temperature 

(O C) 
te per ture 

(OC) 
(10 fish/test) 

23 21., 100 
20 26 10 
20 26 20 
20 , 10 
17 26 30 
17 26 30 
11 14 10 

8 23 10 
5 23 10 
5 23 20 
5 23 20 
5 23 30 s 23 40 s 5 10 
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DISCUSSION 

Fact.pre Affeet¾ng SWimming Performan~e 

perimental conditions. 

On the basis of the error etimate, the medi an swimming speeds 

determined in this study appeared to be quite variable. 

Genetic diff.erenoes oould have contributed to the vat'iability 

observed, as the exp rimental fish w re obtained f r om a wild population. 

Genetic variability might have be n inimized by t he use of offspring 

from a single female, but wild fish were used to obtain a wider represen­

tation of a natural population. 

A further source of potential variability could arise fran 

the handling of experimental fish during transfer from the acoli tion 

tanks to the entry device. Fatigued sookeye require about 3 hours to 

recover sufficiently to perform t maximal levels . Following moderate 

levels of activity, sockeye recover from gen debt in about l ho 

(Brett, 1964). However, Black et al . (1962) demonstrated that normal 

blood and liver levels of pyruvate and lactate were not restored in 

ra nbow trout unt i l, almost 12 hours after severe fatigue bad occurred. 

Thus, while fish r cover t heir swimming ability quite rapidly after 

fatigue, compl ete r oo r:, requires c onsiderable time .. Tho fish in the 

present study were allow done hour for recovery in the entry de ce 

prior to testing, Hence, recovery from the ef.feots 0f · ndling coul d 

only be assumed complete at the t ime ef entry into the test chamber. 

The effect of group testing on the variability of t he 

swimming speed response was not determined in this study, Brett (1965) 
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reported that oup testing of sockeye reduced metabolic rate variability 

through an aver ging effect a a reduction in restless behavior ard 

excitement. However, this may not have been the case with the coho, 

a more aggressive species. The level o:f aggressive behavior did not 

appear to be oonstant for 11 to ta in the p es nt study, and may 

have contributed to the variability between tests. Se ection of fish 

according t o size apparently r uced aggression, but t hi behavior 

appe ed to be affected by other factors . For example., in test 

series 1, no aggressive acts were observed at test te er t s below 

$0 c. In test series 2 and :3, aggressive behavior· was c only observed. 

at teat temperatures as -10\f ae 2° C and may have caused so premature 

failures . 

The dependence of swimming speeds on dissolved oxygen 

concentrations has been dosoribed by Davis et al. (1963) . These authors 

demonstrated that the performance of underyearling coho is reduced a.t 

all oxygen levels below air saturation,. but shows little or no improve­

ment at levela above air saturation. The reduction i n swimnrl og speed 

is about 4% at Cficy'" en l evels as low as 8 s turation. The oxygen 

levels in t he pr sent study were enerally- maintained at air saturation 

+ + ... 5% and ·only ooaasionally exceeded - 10%, Theref ore, it may be 

aaSUll'led that dissolved ax;ygen levols had little effect on t he variability 

observed in this study. A more important effeot of dissolved oxygen 

on performance could reside in th differential solubility of oxygen 

with respect to temperature. Thus, swimming ability at high tempera­

tures will depend on t h~ e!'f ioienoy of oxygen extraction tro an 

environ.'llent containing less dissolved oxygen (Brett; 1964) than 
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ie available at lwer temperatures. Howe r , this phenomenon would 

influence the l evel of parfo .ance 1th respec.t to temper ature, 

r ther t n t he ri.abi ty sooi ted with a given test. 

Ancillia variables. 

In addition to the vari ations of experimen l conditions, the 

effect s of ncilllary variables on temperature-dependent swimming speeds 

should be considered. 

The effect of s i ze on swimming speede of fish ve been 

investigated by only a few authors {Table XV) but two basic patterns 

are apparent from the data. First, velocity may be directly proportional 

to size . Relative performance {lengths/ second) is therefore indepen• 

dent of size . The dace and the roach are examples . Second, velocity 

may be dependent upon some fractional exponent of size. Relative 

per formance thus decreases with increasing size. This relation 1s 

exemplified by the trout, goldfish, socke~ and stur eon. 

There appear to be several classes of physiological parameters 

influencing the relation between size and ewimming performAnoe. These 

are associated with a) the rate at which the fish produces ener gy; and 

b) t he proportion of available energy t tis required for swimming. 

The former is i nfluenced by the amount of b y musculature and the 

metabolic scope, the latter by those factors affecting hydrodynamic 

drag. 

For the sookeye, both the percentage of body musculature 

and the metabolic scope increase with size (Brett, 196,) . As the 

performance decreases• Brett concluded that the increased hydr odynamic 

drag accompanying larger size i only partially compensated for n 
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Table XV. The relation of' size to swimmin speed for 
various species of' fish. 

Species 

dace 
(leuc~scus leuciscus) 

trout 
(Salmo irideus) 

goldfish 
(Carassius auratus) 

sookeye 
{Onoorhynohus nerka) 

Caspian roach 

Effect of size on BWimming 
epeeds Velocity proportional 
to: 

length 1.09 

length o.,a 

len th 0. 71 

length o.49 

length 1.o(approx. ) 
(Rutilus rutilus caspieua-) 

Russian sturgeon length < 1. 0 
(Acipenser guldenstadtii) 

Source 

Bainbridge (1960) 

Bainbridge (1960) 

Bainbridge (1960) 

Brett (1960) 

Pavlov et al.(1968) 

Pavlov et al. (1968) 



99 

this species. 

Bainbridge (1960) discussed several fac t ors possibl;r affecting 

hydrodynamic drag. These included the roughness of the body surface, 

the fineness ratio (body form) and the Reynold ' s nUillher (a len t h-

velocity dependent frictional coefficient) . While ' i nbridges data 

sug ested that the eynold 1s nurnbe~ may affect relative p rformance, 

his results were not conclusive. 

The relationship between size and swimming perfo .. ance 

devel oped by different authors may not be oanparable, owi ng to 

differences in t he methods ar:rl apparatus employed. The data of vlov 

et al. and Bainbridge (196o) were determined for burst speeds and were 

thus independent of metabolic scope (Brett, S) . e Brett ' s (1965) 

findings and t hose of the present study were determined for sustained 

speeds, comparison with the data of the former aut hors is difficult. 

Also, the factors affecting eydrodynamic drag may vary with t he type 

of now in tbe test apparat• s . Hence, the results obtained from 

apparatus producing laminar flow (Bainbridge, 196o) may not be, 

comparable with t hose obtained from apparatus producing turbulent 

flow (Brett, 1965J Pavlov et al., 1968s present study) . ore 

inform t ion, obtained under standardized condi tions, is required before 

generalized conclus i ons may be drawn regarding the relat ionship of 

size to swimming performance . 

The results of the present study did not clearly define 

the effect of size on the coho ' s perfo nee at different test and 

acclimati on temperatures . While a size effect is 1pparent fro the 

non- linear model, quantification of this affect is diffi cult, as the 

mcxiel suggests levels of performance whioh appear unreal when compared 
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with the observed data. This probably indi cates that t he size range 

employed in the present st dy (7 cm - 11 om) was not great ■nough to 

detect real differences in tenperature-dependent swimming speeds 

related to size . Further examination of t hi s point woul d require a 

more extensive experimental desien, replication of the design, or an 

expansion of the size range 0£ test fish employed . The latter 

strategy wou indicate, ost economically, the presence or absence 

of a real difference . All three tactics would be required to adequately 

define the nature of the difference. 

Seasonal changes in temperature-dependent responses have been 

demonstrated by a number of investigators. Comparison of temperature 

tolerance for winter and summer specimens of the red- bellied dace 

(Chrosomos eos) {Tylerj 1966) indicated a winter reducti on of 2° C to -----
4° C in the upper tolerance boundary, depending upon the acclimation 

temperature. Hart (19.52) demonstrated shifts in both upper and lower· 

temper ature tolerance l evels for t he yellow perch (Perea flavescens) . 

The ultimate incipient upper l et 1 temperature (at the :maximum 

possible acclimati on temperature) was .3° C lower dur ing the winter 

than d ing t be summer. The lower l ethal temperature at t his 

acclimation temperature decreased by ,° C for winter specimens. Thus, 

it may be concluded that t he dimensions of the tolerance domain are 

not fixed . A seasonal diaplaoement, and possib~ a seasonal change 

in the shape of the tolerance domain may occur . 

Photoperiod appears to be a cont,rolling factor in the seasonal 

change of te perature dependent responses. Hutchinson ard Kosh (1965; 

quoted in Fry, 1967) indicated that a change in photoperiod from 8 to 

16 hours produced a rise in the critical thermal maximum of the 
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painted turtle (Cbrysemys piota) equivalent to a 4° C increase in 

acclimation te perature. Goldfish exposed to a 16 hour photoperi-od 

exhibited ater resistance to high temper tures than those exposed 

to an 8 hour photoperiod (Hoar and Ro ertson, 1959). The difference 

was eatest during the spring and fall . Goldfish exposed to the 8 

hour day- length were more cold-resistant than the 16 hour fish from 

October to December, but the nature and magnitude of this response 

varied at other periods of the year. The authors suggest that these 

seasonal resistance changes would have survival value during the 

spring and fall periods of rapid temperature change. 

Seasonal changes in metabolic rate have also been observed . 

When compared at equal temperatures, the standard metabolism of 

Fundulus pa,rvipinnia rose during the winter and decreased d ing the 

summer (Wells, 1935). For a iven temperature, the routine metabolism 

of the pinfish (Lagodon rhomboides) is hi her in winter than in the 

a r (Wohlschlag et al. , 1968) . How ver, Ekberg (19.58) fouoo that 

gill tissue respiration of goldfish was higher ins r t n in winter, 

when compared at equal te per tures.. No photoperiod effect was apparent 

for gill tissue of the orucian carp (Carassius carassius), but the 

whole fish had a hi gher meta.bollo rate at 20° C when photoperiod waa 

increased from 7 hours to 17 hours (Roberts; 196o) . Investigation 

of the seasonal rates of standard metabolism r or th~ brook trout 

(Salvelinus font1nalis) and the brown trout (Salmo trutta) (Beamish, 

1964) indicated that the seasonal rise in metabolism coincided with 

the reproductive periods of these species . Thus, seasonal chan ea in 

metabolic rate may be only indirectly related to seasonal te perature 

changes. 
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Pr ferred temperatures in fish also show seasonal variation. 

A sudden increa e in the thermal preferend of t he brook trout was 

obse ved in late winter (Sullivan aoo Fisher, 1953) . antl man (1958) 

described a decrease in the preferr temper ture of t he rainbow trout 

{Salmo irideus) durinp, the fall. 

It has been sug ested. by Fry (196h, 1967) and Brett (1965, ~S) 

that the the l preferend ap rs to indicate the optimum temperature 

for activity in thos species for hich activity and the temper ture 

preferendum have been measured 1n relation to acclimation temperature . 

Thus, seasonal changes in temperature prefererxia roay be indicative of 

seasonal changes in temperature-depernent swimming speeds. 

As the fish in the present study were exposed to natural 

variation in photoperiod, some evidence of seasonal changes in 

swimming speed may be obtained from examination of the respon e 

surfaces. The dynamic properties of biological response surfaces with 

respect to season are clearly shown by Alderdice (1963a, S) . esponse 

surfaces relatin survival t imes of juvenile coho salmon exposed to 

3 m ~/1 sodium pentachloropbenate at different levels of temperature 

a nd salinity showed se sonal changes in the temperature• salini ty 

interaction (rotation of the surfaces) , chan es in tho position of the 

centre point (translat on of the surf oes with r spect to both temperature 

a salinity) and changes 1n the absolute survival time {capacity 

changes at the centre of the surfaces) . With r spect to temperature, 

the optimal temperature for survival was 4. 2° C during August/September 

(fry stage), 2. 7° C during Aprilh!ay ( lt stage) nd 4.9° during 

July/September of the second s er (post- emolt eta e) . 
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The seasonal chan es observed by Al derdice (196.3a) and 

the results of the present study may have been influenced by several 

seasonally- related factors, including a) aptations to asona.l 

temperature changes, and b) physiolo ical a nd morphological changes in 

the developmental stages of the coho, in preparat ion for migration to 

a marine environment. With this limitation in mind, the non- linear 

respons a faces for the pres nt study (test series 11 September/ 

Jan and test serie 2, J nuary/. pril) may b c par for vidence 

mmin speed. C parison of perfo anoe ne r 

t he te perature tolerance boundaries indicat s (Fig~. 18 nd 27) that 

fish in test series 2, w n acollmated to t mperat es fro 5° C to 

17° c, were better able to perform (than those in test series 1) at 

temperatures near or above the upper temperature tolerance boundary. 

The performance of the former group t temperatures near or below th 

low temperature tolerance boundacy (as low as 2° C) was reduced f'rom 

that of the teat series 1 fish . These c n s would ppear to be 

beneficial to organisms subject to the risin habitat temperatures 

no 11.y encountered at the time of the series 2 experiments. 

The comparison further suggests that a translation of the 

respon surface centre to all ht lower coordin tes of acclimation 

the test temper tur s occurred in te t series 2. Thus, fish 

acclimated tote erat s of 20° c. or low in test series 2 y 

have been better able to swim t n tho in te t series 1. Howevor, 

the maximum likel ihood plot indicate that th cent,re coordinates 

were not defined precisely enou b to determine wh t her the observed 

translation of the centre was real. 
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The rid o of maximal performance in relation to aoclimation 

temperature Figs. 20 arxl 28) also suggest seasonal di fe ences 

between the test series. ~lhil~ the position of the ridge is almost 

identical in both aerie , the hei ht of the id 1 ater in eries 

2, when considered over the acclimation temperature rang of 5° C to 

17° c. In relation to test temperature, the rid is al o broader in 

eries 2 for the 2° C to 17° C eclimation temperat e range . These 

di e encea may be inte p ted ater b lity of t he e ies 2 

f"sh to at oderately arm temper ture • Suoh a chan e durin 

periods of rising te p ratures would ppear to hav- survival valu • 

In 8 , some of the differ nces ir1 the non-lin ar response 

sur.£ ces fitted to test ries 1 arxl 2 ight be a ttribut d to sea onal 

chan s in temperature dependent swimming speed .. The diff r&nc s may 

be descri d a an inner otetion or change in the shape of the 

e ponse surface, appearing to involve fish acclimated from ,0 C to 

17° c. The d ta sug est an increased billty of the series 2 fi h 

to perform at temperatures near or abo (for the test period) the 

upper tolerance boundary, c bind with an increased ability to perform 

at moderately -.i te peratures within t he tolerance zone. This 

f oilitation of perfo nee at er temper t sis apparently 

accompanied by deorea e in perto nee at temper tures near or below 

(for the test period) the low temperat e tolerance bound • 
Howe r , the error estim indicat es t t t he ra~pon e 

isopleth may be subj ct to an rror of bout 7 percent , t .e 11 

sea onal effects suggested by the d have not en pr oisely d .fined. 

There are number of reasons why seasonal differenc a 

discussed were not clearly defined. The magnitude of seasonal changes 
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1n temperat e ependent r spons s y vary with both t e response 

and species in question. Fry (1967) stresses th fact t t diffe ncea 

in swimming spe ds a relatively 11, compared wi th other temperature-

dependent responses such as metabolic rate. Also, the difference in 

size of test fish employed in series l arxi 2 may partially have sked 

seasonal var1 tions . However, the time periods required for the com­

pletion of each test series, .and the lack of a distinct time period 

between these series w r e probably the most port.ant factors preventing 

a clear defini tion of seasonal c mmin perfo nee. 

A refined d finition of seaso le nge would require a 

comprehensive invosti ation involvin s veral con id tions . A de 118d 

study of the shape of th temper t e-sw ng spee surt c ( s 

d rmined in the present study) would first b requir d . The r lation 

of ize to swimming speed must also clear defined, in order to 

e ove the effects of t his variabl fro easonal da • A reduced 
. 

exper ental desi , c pable of being o pl ted in le s than a onth 

might ten be employed a number of times throughout t he year to 

determin seasonal ch.inges in swimming speed . The size of this design 

is critical . For ex ple, in test series 3, nine c binations of 

acclima.tion and test t emperatures wero employ • Th non-linear 

surface f itted to the series 3 data irxlicate that a more extensive 
"Tr/£ 

desi n i s required to adequately desoribe/\whol response do in of 

.Q• kisutch. A desi o of 25 to 30 points may b r quir d to adeq tely 

d fin the temperature performance domain of t hi specie . Nev rtheless, 

estricted egions or the domain, uch a the rid o 

performance or the areas n ar the tolerance boundaries m~ be investi ted 

with ller designs . 
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Temperature 

The non-linear responoe surf c-s fitted t o test er1ea 1 

and 2 of the prssent study (Figs. 18 and 27) clearly demonstrate 

that swinmdng spe s of juvenile ooho a.re affected ,y both acelimati.on 

and test temperatures . Acclimation modifies the response to environ• 

mental (test) temperature in such a way that the coho is able to maintain 

a eater constancy of swimming speed at 11 temperatures than would be 

expected if acclimation were not present. Thus, the ooho is able to 

maintain a moderate lev-el of performance over tnost o its tolerance 

doma o. 

The most obvious ~eat es of th eoho 1S par ture- swimming 

speed response s face are a) tie temperatur opt:bmlill1 which at ~o° C 

i a prisingly close to the upp rt per ture tolera ca bound , nd 

· ) the presence of a risi :i•idge leading to t his optimum~ In · raction 

oi test and acclimation temperatures ia a, .. ch that the temperat 

reducing opti l performance ooc sat about 16. ~° C for 2° C acclimated 

fish. and rises until acclimation and test temperatures coincide at 

about 20° c. The shape of this ridge indiaateli that t he interaction or 

test and accl imation temperatures is net constant. If it were constant, 

the r idge would b"" symmetrical. HC>l ever, curvature of thG axis of this 

ridge (test series 2) and displacement of the reeponse isopleths teward 

low-er test temperatures indicate that non•linear interactions of 

acclim tion and test temperatures occur♦, 

Detailed response su.,rf oes relating acclimation a nd teet 

temp Taturos to performance are not available for other species . 

However, ome of the data in the 

terms of. respon~e surfaces. 

be interpreted in 
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'he dn · of Bontho (1954J quoted in echt, 1958) suggest 

that the effect of ace imat on nd test te. pera.t ea on the e citabillty 

of the foot of !d.mnaea stag 11 maybe described b'IJ a ri ge tem. 

The maximum observe csponse occurred t about 17° C for 12° C 

acclima.ted specimens.. As the cclirnntion tempe ature increased to 

21° C, the te ,perature pr ucing maxim response rose to 24° c, but 

the ma ni tude of the maxurum was smaller than that observed for 12° C 

acclimated pecim ns , s only 3 t ( nsoot of t his surf ce are vailable, 

a detailed description is not possible. 

The heat resistance of stOD'lacb juice prQteolytie activity from 

ellx pomatea ( cws, 1957; quoted in P ec t, 19$8) is modified by 

accli. tion te pe at a .. Altho h ·th d re limite t hey su ,eat 

t .-e pre~enoe o 

at hig1er acclwtio11 temper t • 

As tho exrunpl . s to esponses of lit ited syst m 

'Within organi s, they may not be indicative of the inte . ated response 

or the whole organi , • 

Response surfaces have been. fitted by eye to two sets of data 

elating acclilllation and test temperat es to perfo • nee (Alderdioe1 MS) . 

The su ace fitt to the dat of oteese and ·Tilder (1958) ndicatea 

that the walking rate of the lobster (Homarus amerioanus) is modified 

by both acclimation and test ter.1pera.t s, The contours of this surface 

cl arly indicate that th interaction of test n aoc i tion tempe ature 

is not constant. A rising ridge is pparent in this face . The 

maximum walking rte of 1 ste s ocl1mat~d to low te perat es ocouns 

at temperatures bi her th n those of oolimati on when walking rate is 

asur acutely . Thu , w.s.xim walking r tes ooour when the lobster 
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acclimated to 2° C is exposed to a temperature of 6° c. As acclimation 

temperature is increased, the temperature at which maximum perfo ance 

occurs approaches the level of the acclimation temperature . Finally, 

at temperat es above 20° c, the l obster perto s maximally at its 

acclimation te perature. Furthe ore, there are two distinct regions 

of optimum performance on this response surface . The first occurs at 

an acclimation temperat of about 15° C and a test te perature of 

about 17° c. The second occurs t acclimation an test te peratures 

0 of about 25 c, quite near the 1mum upper let l te perature 

(32° ) . 

data of 

The second responses face, fitted by Al derdice ( ) to t he 

and Hart (1948b) 1llustrat s the known dep ndenc of 

cruisi n speed f or t he go fish ( arassius auratus) upon both 

acclimation and test temperat e • This face also contains a risi ng 

ride . ax performance of ,0 C acclimated fish occ sat about 17° C 

and the axis of t he ridge rises ad 1y with inoreasin acclimation 

temp ratures . At an acclimation temperat e of 20° c, t he test temperature 

producing maximal performance is sli htq hi gher than 20° c. At this 

point, t axis turns and parallels the equal acclimation- test temperature 

diagonal. The nature of this ridge clearly indicates that t he interaction 

of test temperature and acclimation temperature is non- linear. The 

surface also indicate that two swimming speed optima y occur for the 

goldfish. The f irst occurs at an acclimation temperat ure of about 25° C 

and test temperature of about 27° C. The second occurs at an 

acclimation temper t e of about 35° C and a test temperat e of about 

37° c. gain, t his econd centre is clos t o t he max 

temperatu • 

upper let 1 
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D of re guson, (quo d , 1964) for th y ll<m perch 

-----) SU ha · t h 

on o rising rid • The e of th id 

~ ies 

nc) 

occurs t b t 18 C fo perch ccllmated to 9 • .3° r s to about 

26° C for 20° C eclima specim n • The a.xi hen ri s s ply to 

JOO v for 25° C acclimated fish, suggestin a non•li er in ractio 

of st and acclimation te eratur • 

The avail.a 1 d gge t t t ridg system y be common 

in acclimation-test temperature r spon surf: ces. Acclimation te perature-

test temperature interactions y fr quently non- linear. In some 

cases, surface y con i n ore t non spon e c ntr . Howe r , 

d tailed r po es face or n 

for a detail d cription y 

t o riabl s a oct p rf on nc • 

r of eci swill b re ir 

of the nn r in which the 

It ti coho r ... pon e a fa.c in 

s of temper ture ,.;;,;,;;..,;.;;..;.;;;;..;... __._ s as d scriboci by eoht (195 ) • 

Precht distin ish s n her of types cc 1ng to the o ng in 

response (eg., gen con tion) hich occurs when an organi i 

· ken ro .:.:. te peratur to which it i accl (t1) ud put at 

a ot r (highor r lower) (t2) . fter aocl' · t·on bas 

occur at the new level, the aponse may diminish, incr ase, or 

r · n at the l wl reached edia ly following the initial change 

to th new temperature . Precht distinguishes between these patterns 

of adjustment and asoigna the cl racteristic names. 

For the coho in this study, tr nsects were kan t o gh the 

non-linear s £ ce calculated from t e te t s ries l data (Fig. 42) . 

1'be upper panel of t ri fi e c pares transects taken thro· gh the 
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Fi gure 42 

Transects through t he non- linear ~espo e surface 

titted to data from test serieo 1. See text for 

ful'ther explanation. 
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re pons surface at acclimation te poratur s of 8° C and 23° c. T o 

transects indicate that if the coho is acclimated to 8 C (t1), its 

swimming speed will remain nearzy cons nt after transfer to 23° C (t2) . 

After the fish becomes acclimated to the new temperature its swimming 

speed will rise to a rate above t he 8° C acclimated rate . This acclima­

tion pattern differs from all of Precht 1s adaptation types, although 

his type 5 (inverse compensation) is sanewhat similar. However, if 

the coho is first acclimated to 23° C (t2), the 8Wimm1n speed will at 

first drop after transfer to 8° C (t1) nd then rise to an intermediate 

level after acclimation to t he new temperature is complete (partial 

compensation, Precht•s type 3) . 

mination of t he lowe panel of Fig. 42 irxlicates that coho 

t o 2° C show a r i e in perfo nee after t nsf r to 8° C 

nd the swimming p rfo nae further increases s t hey eco acclimated 

to t he new te p rature (Precht •s t ype 5). t he ore, t hos fish . 

acclimated to 8° C exhi 1t a drop in swimming speed after tr nsfer to 

2° C nd performance continues to drop as colimation proceeds (Precht•s 

type 5) . 

In t he terms outlined by Prosser (1958), the upper panel of 

Fig. 42 is indicative of a clockwise rotation of the swimming speed 

curves. The lower panel, howe~ r , suggests a translation of the 

~ing speed curves to the right , but without rotation. 

This exa ple clearly indicates the need for develoJlllent of 

detailed response surfaces to f 11.y- appreci te t he action of acclimation 

arxl acute temperature experience on te pe.rature ependent responses. 

Precht 1s adaptation types and Prosser•• acclimati on patterns consider 
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only pairs of transects across a response a race. Howeve , adaptati.on 

types or acclimation patterns ar.e seen to be dependent upon both the 

nat e of the response surface in question and the particular tempera­

ture levels selected by the investigator. 

The occurrence of t o activity ima in the response surfaces 

constructed for the lobster and the goldfish (Alderdice, S) presents 

an intriguing problem. It i s sug ested by Alderdice that the maxima 

occurring at low-er temperatures may reflect physiologicalq optimal 

temperatures for these species, provid that other obj ective measures 

of notional capacity ooinoide with these maxima. The upper max 

appear to provide the animals with a high oapaoity to mov: at near­

lethal temper tures, presumably increasi ng t heir cha s of encountering 

lower, more f vourable temper t • Fisher nd Sulli n (1958) 

observed a bimodal temper t respons in t he looemotion of the 

speckled trout (Salvelinus fontinalls) . Re oval of part of the 

cerebellum resulted in a disappearance of the lower maxim.urn, but not the 

higher maximum. This suggests that the lower maximum may be a response 

of the integrated or nism, while the hi her lll8l!Cimum may be associated 

with the eneral irritability of' nervous tissue. 

Sufficient data are not yet available to determine whether 

double maxim are common in temperature-activity relations~ The swiming 

speeds of .Q• ldsutch determined in the present study showed no evidence 

of' two maxima. However, it is noted that t'he lower response maxima 

observed fo. the speckled trout, the lobster and the goldfish all 

occurred near the centres of t heir respective tolerance domain,, As 

t he sin le ximum of t he coho occurred near t he up r limits of its 
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t olerance domain, t he presence of a seooo , slightly higher maximum 

(if one existed) woul d be difficul t to detect. 

l temperature pre ere (sel ected 1npe:raturo * acclima-

tion tern ro.ture) appe t correliite w-it various a.ct vity o tima 

or number of oies. The ftnal pr f erem (2,° C) f or t e guppy 

(I.obi tes rcticulatus) coincides i h the tei ratura pr uo 

r sis no to high 1 t 1 tamperat ·, a ol l s t e O\Jth r a 

optimtU'l . Th maximum re pon e of Atlantic 

a electrical sti lus occ 

(7ishor nd Els n, 1950; 

in t e region of t e r fer te pe · t ire 

. Br t 1956) . 'Ih stion that 

te. er-atU! e 1 :y i ica co tion t vou:i: . :>l ctivi. ty 

lo tion or t 

sp od ice, . S) . Th poait:l.011 of a r·dg o 1 .. C<i 

te pei: atur e t ace ti low th fi 1 ref r tid 

fo nco n this fac may be 

co.rre t d Ti th irei' d te pe turos . C ,par:f.son of th 

te peratureR of the yellow erch with tho posi t on of :lt perfo. nc 

· ge (For sonJ quoted ts that or the yellow 

perc1, these tvo rospons s y al coincide. 

On the sis of th s da , it woul d be ease ble to oxpeot 

the te, per turu prefo no of t e coho to coinci th th axi 

d fining temp-rat e prod cin imal pe fo no or ch acclimation 

t , ratur , t1at a,, the j r id of th coho respon ace. 

Hcn1evar, onl;r on point on the coho ' p e r re tompe t r urve 8 
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been definad (Brett, 1952) . This single point indicated that the 

preferred temperature of 10° C acclimated fish was only slightly 

above the acclimation temperature . If optimal activity and preference 

actually are related for t his species, a preferred temperature near 

18° C would be expected at t his acclimation temperat • A more detailed 

description of the preferred te peratures of .Q• kisutoh in relation to 

acclimation is required before further ooncluaione can be drawn. 

Fry (1964, 1967) icdic ted that at a given test temperat , 
those fish acclimated to that temperature show t he best possible 

performance. ia appears to be a reasonable stat .ent when the data 

examined (Carassius a atus, Peroa flavesoens, Salmo ealar and 

Notropis oornutus) are viewed as transects of a temperat e surface 

{Fry, 1964, 1967! his Figs. 4 and 8 respectively) . Interpretation of 

these surface transects is rather difficult as the response to a given 

test ternperat e may be very similar, yet not identical, for a number of 

acclimation temperatures . Interpretation is enhanced when these data 

are plotted as response surfaces . For example,the response surface 

plotted by eye for the goldfish data (Alderdice, MS) suggests that 

co itions producing the ultimate maximum cruising speed y not be 

those of equal acclimation arrl test temperature. The plotted surface 

suggests that the ultimate maximum cruising speed app rs to be 

restricted to an area slightly above t he te pe~ t e diagonal . Cale 

tion of a non-linear response surface for the oldfish data (Undsey 

et al. , MS ) further suggests that t he "eyed" response surface may be 

correct, as t he calc tad centre and ne r- imum swimming s eds 

are displaced above the te p nture dia onal. Nevertheless, maximum 
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likelihood plots ot plausible alternative temperature loci indicate 

that the centre has not been estimated precisely eno gh to define a 

real difference. 

The response surfaces in the present study lso r.gest 

that the aoolimation temper t ure producing maximal response for a 

·ven test temperature ay be other t han th test teirp at e . Thia 

is ost noticeable at ve low test te pcratures (2° C) .. Fish 

acclimated tote poratures from 6° C to 8° C appear bett r able to 

perfo t the fo er temp r ature than 2° C acclimat fish. The 

size of the error estimate in the p sent study indioa s that this 

difference im.y be real. 

A possible explanation of this phenomenon is s ested from 

field observations, Durin the winter, temperatures in coastal streams 

are often below 2° c. Coho in these streams appear to overwint r by 

burrowing into the bottom debris, remaining there in a semi-dormant 

state (Wickett, pers. comm. ). A lCM metabolic rate wrold be advantag-

ous d ing this period, , as ooho in their natural environment are not 

actively swimming during periods of extreme cold. Thus, the drop in 

performance tall temperat es observed for 2° C acclimated fish may 

have been due to a decrease in tabolic rate associated with the 

no 1 overwinter ng process. This 

n t ure of t he aoclimat on process. Th non-linear respo a facee 

indicate that over the ran e of 23° C to 8° C for te t series 1 nd 

2.3° C to 6° C for test series 2, acclimation provides the coho with 

maximum or relati 1y high performance capability. Thus this 

poikilothe is "relatively" independent of temperature in t s range 
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with respect to its level of performance, and approaohes a state which 

might be called pseudohomeothermy. On the other hand, when the coho 

is acclimated to temperatures below 6° C to 8° c, its perfonnance at 

all test temperatur sis decreased. The possible significance of this 

6° C to 8° Crane of temper ature is a in sug ested fro field 

observations. S ;ward mi tion of coho olte int e eprin us 11.y 

begins when t peratures ri e aboVi about 6° C (Hio tt, pers. co • ), 

nd emergence from the bottom debris y ooc slightly below t his 

temperat • 

Interpretation of the acol tion surfac as suggested above 

remains somew t speculative . Nevertheless, the concepts outlined 

correspond with field observations. Detailed investigation of the 

metabolism and perto:nnance of overwintering coho might determine 

whether the pparent change in the acclimation process at low temperatures 

is related to the overwintering behavior. 

Alderdioe (MS) hna suggested that a number of important 

peysiological responses to a variable or group of variables may define 

physiolo ical optima for a species. For exa:mplet the final preferendum 

and the ultimate maximum cruisin s ed of the go fish coincide at a 

te t temperature of 28 to 29° C when acclimated to 25° C ( , 1947J 

Fry nd Hart, 1948b) . Furthermore, maximum metabolic scope (Fry and 

rt, 1948a), as meas ed on the temp rature diago l (maximum 26° C 

to 28° C) lies ve close to th maxi.mum f or cruising speed and final 

preferendum. Thus, temperatures fran 25 to 29° C might be con idered 

a physiological optimwn for Carassius a tus with respect to preference, 

swimming perfo nee and metabolic scope. 



117 

The data available f or the sookeye (Q. nerka) may also be 

considered, A complete acclimation temperature .. test temperature 

response surface for swimming speed is not available. Hwever, 

experimental points have been determined along the acclimation 

temperature-test temperature diagonal (Brett, 1964) and on an acutely 

determined transec t for an acclimation te per ature of 15° C (Brett, 1967) . 

These points indicate tba t maximum swimming speed ooo . s on the presumed 

surface at about 15° c. 1etabolic scope of the sookeye (Brett, 1964) 

is maximal at 15° c. fuen the fish were provided with excess rations, 

maximal growth oft s species also occurred at 1,° C (Brett et al., 

1969). The data of Brett (1952) suggest that t he final preferendum of 

.Q• nerka is al.i.ghtly belOli t his temperature. Thus, in terms of ewimning 
I 

capacity; metabolic scope, growth on excess rations and temperature, 

preference, 15° C may be a physiologically optimal temperature for the 

sookeye. On the other hand, maximum net food conversion efficiency for 

t his species ooours at appraicimately 8 to 10° c, and is still quite 

high at _ t emperatures as low as ,° C (Brett et &111 , 1969) . Maximum 

growth on reduced rations also occurs at suceeesively lower temperatures 

(Brett et al. , 1969) . 

Comparison of Brett•s data. with field observations i ndicates 

t hat the sockeye fully expl oits t his te perat -dependent phyeiolo ioal 

potential. Young sockeye feed a t the rface of Babine take, B. C. at 

dusk, in water temperatures near 15° c, and retreat to deep water, some 

10 degrees colder, d in tbe day (Nax-ver, 1967) . Thus,, capacity for 

activity of juvenile sookeye is greatest while t hey are feeding in t he 

surf ce waters. Di gestion occurs in oolder water, where reduced 

metabolic requirements allow more efficient utilization of food . 
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The present study has indicated that maximum performance of the 

coho occurs ta relatively warm temperature (20° C) . Performance of 

this species at temperatures near the upper tolerance boundary remains 

bi h. Considerable ability to perf o at temperatures as much as a 

de ee above the upper tolerance b Diary may be maintained for 8 to 

10 ho period of exposure . The e attribute ; combi d with the 

bility to modify perfo . nee thro h aoclimat on, sug est t h t th 

coho is well- equipped to occupy wa habi · ts. The lower perf o nee 

optimum of the sockeye {15° C) and the sockeye •s presumed ter 

ability to perfo at low temperatures appear to be jor differences 

between the two species regard.in temperature-dependent swimming 

ca city. Also, post-fatigue mortalities of coho in this study were 

generally limited to temperatures above the upper tolerance boundary. 

Post-fatigue mortalities of sockeye were commonly observed by Brett 

(1964; his Fig. 19) at te peratures slight]¥ below the upper tolerance 

boundary of this species. Thus, exposure to near-lethal hi h temperatures 

may be less harmful to the coho t n the sookeye . 

Certain tentative assumptions might now be a vanoed on the 

basis of the knowledge ined on the perfo nee of coho in this 

study, and by" com rison with the data discuesed re rding temperatu ... 

dependent responees in the · ckeye and the goldfish. aximum metabolic 

scope and owth w.axi on exce diets for coho i ght be exp oted to 

coincide ith the perfo nee 1 wn at 20° c. It is further suggested 

that preferred temperatures of coho ~..ay coinci de with the ridge defining 

maximum perfo nc for each acclimation temperature . However, with 

the exception of swimming speed, the ffeots of temperature on these 

other responses for coho ve yet to be more fully defined . Thus, 
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a better understandin of the ecolo ical implications of the effects 

of temperature on o. ldsutoh appears to await a .fuller development ot - -~--
knowledge on temperature-dependent responses, as well as a better 

understandin of the interrelati ons whioh may exist between thes 

responses . 
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1. eff ct of acclimation and aoute te erature experience on the 

perto nee of juv; nile coho salmon were d t rmined 

in t unnol-typ BW'inmring ap rat ue durin the period from S ptember of 

t e hatching o.r until M y of the foll · o :, •. 

2. Performance was evaluated by stematioal]y inoreasing water velocity 

until eaoh fish in a sample of 10 bad fatigued . 

~h Critical m ing speeds were calculated as estimates of maximum 

stainable swimning speeds. Their meas es were obtained aphioally 

from probit plots of median swimning performance, on the assumption 

that the lo rithm of' fatigue veloo ity followed a normal distribution. 

4. Regressi on SUl!'faoes were calculated relating cri tical swimming speeds 

t o accli1M.tion arxi acute (test) temperature experience. Regression 

surfaces were titted by reaponse surface a . lysis, using a non- linear 

second do ee polynomial as a model. 

5. The test .fish were expoeed to no 1 day-lengt h. Repetition of 

t he exp riroenta1 de i gn indicated that performance of t he ooho cl nged 

seasonally. The chan es obsel"'Ved d~rin the spri ng peri appeared to 

of£er · eurvival value to fish encountering rising temperntures . 

6. A 33 factorial design was used to inveat.igate t he effect of si ze 

on temperature-dependent swimming performance. A non- linear response 

surface model fitted to the data indicated that size had a definite 

effect on performance, although the quantitative relationship had been 

estimated with low precision. The results suggested that a more precise 
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measure of the r 1 tion between size nd cclimation and acute temperature 

ex r once wo ed. plication, imen 1 

e gn, and n i.ncreasod size rang for t 

7. Th accli t ion, test- temp . t 

is bl , t o l h acclimation, to perf o 

i s employed. 

ho 

tive ir:rle endent or 
tempe ture over a lar e t of it . t per ture tolerano zone . Optimal 

performance (approximately 5.8 lengths/ second) occurred near test and 

acclimation temperat s of 20° o. Swimming pertor noes f or 7. 7 • to 

9.3 om. coho are of the followin order : 

ccllmation 
temp. (° C) 

Critical swimming speed (L/ sec) t test temperatures 
5°0 ax. pert. temp . 20°c 

, 
10 
15 
20 

a. The response surf ces sug ted tb t t h best rfo nee 

g van temperatur may not be obtained from fish ao liroat to t t 

tempc.ra ture . This p 

i the interaction of accll tion temperat s and te t temper t es 

over the perf nee surface. 

9. A change in t he nature of t he acclimation prooeas a apparent at 

low temperatures. It was su gested that t he decrease in perfo nee 

noted at low temperatures may related to the overwintering process. 

observed for stream :wellin ooho. 
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10. Preoht•a a aptation type and Prosser•s acclimation pattens wore 

reviere by consi erin th oss sponse 

, ao a. e class f i cati on nc by t hos a· t hor hown 

to e dependent upon the nat of tho surf ca invoati ated nd th 

mp at e l e l or the tr ns cts al cted. 

11. Compirison of temperature-de ndent · imming perfo for coho 

and sockeye juveniles uggeats t t the coho may be b tter ab to 

perform in warm habitats. The coho possessed a higher temperat 

optimum than the sookeye, and a eater ability to perform near or 

slightly above the upper te perature tolerance boundary. 

12. A ridge of max 1 performance was observed for the coho response 

surface. On the bA.sis of da available for other p i , it i 

sug sted that preferred temp r t s for coho may be relate to t 

ing perfo nee rid • 

1.3 . The hypothesis is advanced that pbyeiolo ioa te perat e 

optimwn for the coho, with respect to performance, etabolio soope, 

. owth on excess r tions and temperature preference y occur t 

acclimation and test temper tures near 20°c. 
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Appendix I . . Data for teat series l 

Temperature (0 c) Velocity Mean size 
(om) 

AT TT L/second cm/second 

2 2 2. 71 19. hO 7,17 
2 2 3.10 26.55 a.57 
2 5 3. 75 28.10 1. u.3 
2 8 4.55 34.70 7. 62 
2 11 4.82 35.90 7. 45 
2 14 4.6o 35.40 7.68 
2 17 4,72 .35.75 7. 57 
2 20 4,64 .,,. 10 1.10 
5 2 .3 • .33 24. 70 7. 41 
5 5 3.53 26.19 7. 41 
5 5 .3 .67 32 •. 25 8, 80 
5 8 4.19 31.59 7.54 
5 ll 1i.;o 33.61 7. 51 
5 14 4.86 36. 40 7. 48 
5 17 ,.oo 37.62 7.52 
5 20 4. 86 36.49 7.50 
5 23 1. 73 10.67 7. 46 
8 2 2. 94 22.18 7.53 
8 s 3.69 2e.oo 1.59 
8 8 4, .32 : 32.,a 7.53 
8 8 4,17 33 . 70 8.08 
8 11 4.71 35. 40 7.52 
8 14 4.68 35.35 1.55 
8 17 5.29 39. 10 7.51 
8 20 s.os 38. 80 7. 64 
8 2.3 4.53 31'.58 1.63 

ll 2 2. 88 21.19 1.35 
11 5 3.45 25.95 7, 52 
u 8 lt , 19 31. 19 7,44 
ll 11 4.46 .3.3 • .35 7. h8 
11 11 4.69 37. 25 7. 9 · 
11 l4 5.15 .38, 75 7.5?. 
11 17 l.i . 87 36. 20 7. 41 
11 20 5,14 39 • .30 7.64 
11 23 5. 42 40.45 7.47 
14 2 2. 95 23.20 7. 86 
14 5 3.82 29. 25 7.67 
14 8 ~ .,,1 3.3.80 7. 79 
14 11 5.04 39, 08 1.12 
14 14 5.25 41, 80 7. 'T/ 
14 14 5.01 40.40 8.06 
14 17 5.58 42,55 7,62 
14 20 5,95 46, 80 7. 86 
14 2.3 5. 22 40.55 7.77 
17 2 2.67 21. 90 a. 21 



Temperature (0 0) 

AT TT 

17 , 
17 8 
17 11 
17 1h 
17 17 
17 20 
17 2) 
17 26 
.20 2' 
20, ; 
20 6 
.20 11 
20 14 
20 l7 
20 20 
20 23· 
20 '26 
.23 ; 
23 8 
2) l1 

.23 1h 
2) 17 
2) 20 
23 23 
23 26 
2) 27.S 

129 
Appendix I (Cont'd. ). 

Velocity 

L/secord om/secom 

3.36 28. 02 
4.20 36.3; 
4. ,7 39.90 
5.12' 42.75 
S.J01 46. 20 
, .h8 h1.10 
s.sa 49,90 
1.,,9 11.76 
o,87 7.,09 
2.89 23.00 
.3.4; 27. 80 
h.34 )h. 90 
; . 02 39.40 s.,s. hl.75 
6 • .34 47.00 , .64 45.20 
3.,63 ,o.u, 
1~2, 9. 20 , .,a 25.40 
4.17 31. 20 
4.S6 .,,.12 
s .• 29 39.60 ;.;s 41.,0 ,.b4 40.80 
4.42 ).3. 90 
0. 72 ; .40 

Mean size 
(om) 

8.3; 
8.6; 
a.1; 
a.36 
8. 71 
e.60 
6.59 
8.46 
8.12 
1.96 
a.06 
a.o, 
1.a4 
7.76 
7.42 
a. 02 
7.96 
7.47 
7.;1 
7.47 
1.10 
7.49 
7.44 
1. ,0 
7.67 
7.47 
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Apperdix II. ta for test series 2. 

T perature (0c ) Velocity ,ean size 
( ) 

AT Tl' L/secord cm/ ecom 

2 2 2. 22 20 . 00 9. 01 
2 5 3.,74 35. 20 9. 42 
2 8 4. 29 40.60 9. 46 
2 11 1.i .11 h5.25 9.50 
2 4.74 45. 20 9.53 
2 17 4,8; u5.90 9. 47 
2 20 4. 29 40, hO 9. 41 
5 2 1,.93 17. u0 9.02 
5 s 3.49 32. 40 9.29 
5 8 3.90 36.20 9. 28 
5 11 4.15 )9,15' 9.4) 
5 14 5 04 46. 80 9. 29 
5 17 ,.1; 48. 10 9.35 
5 20 5.40 50.30 9.32 
5 23 1,28 12.00 9.36 
8 2 3.23 28. ;o 8. 82 
8 5 3.01 26.60 8,. 83 
8 8 h.52 ho. o a.95 
8 11 4.4h 4).80 8.95 
8 14 5,45 48.40 a.as 
8 17 s.s, 49.30 8. 92 
8 20 ;,21 ~<',. 80 8 98 
8 23 5,01 4,.15 9.,02 

11 2 , .18 29. 50 9 29 
1l 5 3.27 30.40 9. 30 
11 8 4.SO 40.70 9.04 
u 11 4.54 41.20 9,07 
11 14 5.55 ; 1 • .30 9.24 
ll 17 , .42 S0.40 9.30 
11 20 6.02 56.10 9., ' 
11 .2) 5.SB 5).. 00 9. I 

1 2 3.00 28. 00 9.34 
1h 5 ) . 49 )1. 75 9,09 
1h 8 4.45 41. )0 9. 27 
14 ll 4.96 L5.80 9. 23 

14 s . 2a 48, 80 9. 25 
17 , . 29 49. 20 9. 29 

14 20 5.51 ; 2. 00 9.45 
14 23 5.25 1'8.40 9. 22 
17 2 2. 40 23. 60 9.84 
17 5 3.12 30.60 9. 82 
17 8 3.68 34,60 9.39 
17 u 4.55 4S.10 9. 92 
17 14 4. 22 40,10 9.SO 
17 17 5.09 48. 20 9. 47 
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Appendix II . (Cont'd.) . 

Te perature (0 o} Velocity Mean size 
{cm) 

AT TT !,lseoond am/secom 

17 20 s.u 49.80 9. 74 
17 23 ;.ss 54"00 9.73 
17 26 1.93 18.$0 9.51 ao 5 ) . 28 30.50 9. 31 
20 a 1. 16 29. 20 9. 23 
20 11 40 40,30 9.17 
20 l4 s.2a 48.2S 9. U.. 
20 17 S.49 49.40 9. 00 
20 20 S.69 ,i. 80 9.10 
20 2) 6.04 ,4. 20 a.9a 
20 26 3. 88 34.4; 9.13 
23 s 1.40 13.00 9.32 
23 8 :,. 29 31.08 9.44 
2) 11 4. 66 44. 20 9. 48 
2.3 14 4. 98 47.10 9. 46 
23 17 ; . 29 ;o.oo 9. 46 
2] 20 s.;2 ,2.40 9. ,0 
23 2) ; .32 50, ,0 9.4; 
23 26 :, .93 .36. 99 9. 41 
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Ap ndix III . · ta for test series J. 

Te perature (0 c) Velocity Mean size 
(cm) 

AT TT L/second cm/ secorn 

5 23 1.1:.a 10.10 7.01 , 23 1.L.6 13,.00 8~90 
5 23 1.38 14. 70 ,10. 62 
5 14 s.1a 36., 80 7,11 
5 14 5.,0 lt$. fl0 8.64 
5 lu 4.46 48,)0 10.83 
s 5 3. 7 27,00 6. 98 
5 s 4.ll .35-.JO 8, 61 
5 s 3.49 3; .~s 10,77 

14 23 5,56 39.90 1.11 
l4 23 s.,, 49. 90 9. 02 
l4 2) ; . 8 55.70 10~,75 
14 l4 5.33 39.Bo 7.47 
14 14 5.38 49.10 9.13 
14 14 39 48,70 111109 
l4 5 J.~a 28. 10 1. 24 
14 5 3. 21 28,75 a.97 
1h s 3. 70 41.00 11.08 
2) 2) 4.77· )h.JS 1. 20 
23 23 5.3S 48,70 "9. 10 
23 .23 s.12 57.40 11. 21 
23 14 4.48 )2. 6o 7. 30 
23 14 4.76 43. 30 9. 10 
2) 14 1 47.40 10. 9S 
23 5 2, i1.10 7. 47 
23 , .3 .. 23 29. 80 9. 22 
2.3 5 2.,s · 2s.2s 10.75 
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