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ABSTRACT 

The largescelr  developrnont of water re- 
sourcta on the Columbia River ayskm, with 
construction of numerous large dame on the 
maill river and tributary &-earns, pnws mnny 
qmcinl prohlcrnn for ngnrwirn ~ I I R I ~ I I R ~ I ~ I U  lor 
I)rovidit~g enle pnsangc fur  rnigrn111 nl~arlroni- 
ous fiah. One of these problems is   he design 
of fishwaya for adult rnigranb a t  h i ~ h  damn. 
Experience on the Columbia River han bean 
confined to fishways requiring a total vertical 
awant of lesa than 100 feet. McNsry I h t n ,  the 
hiphmt dam with fishways on the Columbia, 
requirea an aacent of 02 Icct. Pcltnn Dam on 
the Urnchutes River, a tributary of the Colum- 
bia, has fiahwnys requiring a total ascent of 
188 feet, although thin haipht is  attained 
prndually over a dlatance of almost 3 miles. 
bovaral damn now pro  osed, however, would 
rrquiro that finh nacen8much greater heights. 
The queetion arisea an to whether the yool- 
and-overfall fishways now conventional nn tho 
Columbia River would bo practical with tlamn 
WO, 400, or  500 fat t  high, o r  whether the mi- 
grating fieh would tire after a few hours and  

' Haeunrch finanrod by the U. S. A r m y  Corps of 
Enginccrn a# a part n1 u Irroud prouram of Fisharies- 
Enylnccrlng Rmoarch lor t l ~ e  purpnm of providing 
doniEn critarim for finh~punnagc facllltloa at Corpn 
projcrto on h a  Colurnl)ia Rivor. 

fail to complete paasagr: throuph euch fish- 
ways. 

Another corlmrn in thr  ~)n~aih i l i ty  thnt mi. 
fieh might t~ecrome f s t i p e d  hacauoe 

tho e frr ts  of n a c c r ~ d i ~ i ~  h h w a y a  at  marl)' gratil'f . 
damn ~r:rwnulnterl. 111 thr (:trlt~mhia Rivrr 
nrlult I I I ~ G I . L I I I ~ R  I I I R Y  ~ V I ,  I I I  I I R I Y Y I ~  n~ lnflny n n  
1 0  rnaj~)r  clnlne Imlow r t a c l ~ i t ~ p  tht.il.   pawning 
arcnn. Whether o r  no1 a tola1 asccnt of an 
marh  an I,OW feet ill ponl-and-ovcrlall finh. 
ways would f a t i ~ u c  fish to the degree [hat 
they might ha ~ ~ n a h l e  to reach spawning BrCaA 
or  to roprnduee successSully hen hcen a matter 
of apprthcnmive ~pcru la t io r~ .  

I n  an attempt tn prnvidc at  leapt partial 
answers to thrsc and other questions rehtetl 
to the hohnvior rind performnnce of r n i ~ r a t i n p  
f i ~ h  it1 I)o~dand-nvcrff l l \  h h w n y ~ .  n series of 
ttatn W R R  111nde ill specially r l e ~ i ~ t ~ r d  e x l ~ t - i -  
mentnl structures in which f iuhway~ of  &rent 
height could hc nirnulatnd. 

MATKHIALS ANI) METHODS 

The expcrinirnts wore cor idu~.~rd  in ih r  
F i~her iee .Engi~~eer i~ tp  R c n e ~ r c h  Lnhnratnry at 
Bo~ineville 1 h n  on the Colwnbin River using 
A pair of "nnrllese" fishwaja. Thtsc: rxpnri. 
rnetitnl h h w a y n  were p o o l - a n d - o w r f d  IYJICR 
c o n a ~ r u t ~ ~ r r l  An  hat ~ a r h  n ~ n d e  a r.ntnplrte cir- 
cuit (F igure  1 J ,  wlth the hiphest pool co11- 
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nected tn tlir Inwerrt ,001 by nwam of a lock. 
When ri test fieh had ascended to tho top oF 
one of them f i ~ h ~ ~ y l l  it wan r ~ p i d l y  lockad 
to tha lowent uul to begin ita aacant a p i n .  
Ry repentinr #le procedure, finhways of any 
dea i rd  heipht could be aimulntrrl. 'Two ~ n d -  
lenn fishwayrr were crrr~rrtructrrl in order to 
oturly tlr~f vfFr~1:t r ~ l  Fishwny slrq~u on thc per- 
Lormanco rind h i o c h ~ ~ ~ ~ i s t r y  01 the ascenclinp 
fish. Results of t h ~ t  ~ t u d y ,  with ralatad ob- 
oervatiorla on the effects of pool hydradim on 

atterns of asccnt, will be reported e l~ewhera .~  
!'him report ia eonf ind to the mpect of ex- 
tended aacenta of 1,000 or mora feet. 

Ona of the endless finhways had a slope of 
1 on 8 (Figure 21 with pools tl feet long, 3 
fcct wide, 6.8 feet dee and with ovarfalh of 1 
loot between poola. &e other finhuay, with a 
1-on-16 s l o p  ((Flpnre 3 ) .  wae similar except 
thnl tho pooh were 16 feet in lenp;th. T h e  
lock# in Irrrth liphwtl\~s wore 8 fmt lotlp. 3 feet 
wirlr. nr~rl 23 Ivrt dr r  r wlinri filled ant1 7 icnf 
deep when lraincd i$ ip ra  1 ) .  Wdrs  in both 
fishtvap were 6 feet high, 2,inches thick, with 
flat C T C R ~ R  and were withont orificca t h r o u ~ h  
-. 

2Colll~~r, Crrnld 13.. Cnrl H. ell in^. Joaepll R. 
Gnulay, otld (I11rk S. Tl~~~ru~rwn. I S I ~ P L . ~  or f l ~ l ~ w n y  
rln r nn 1110 porlormnt~ca and birrrl~rnlintty ( r f  aalmo- 
111J. (Menarcrip+ in prrpnratlon.) 

~ l l i r41  liuh might p8B. Water Jlow uver tht 
wcira was ~naintaincd by 0.8 foot of head 
measured 2.5 k t  upntream from tha weil 
crest. Turn pooh were larger in voluma than 
the other poola in the fishway (Figure 1) 
since pool length in the turn 001s waa mcaa- ! ured on the strni ht  sections o the inside wall. 
Durin thc initiA teat in 1058, a wooden grill 
u a a  pkced in each turn pool to ra t r ic t  fiali 
movement- to the upper 2 feet in ordar to ra. 
duca tho tendency of fiah to linger in these 
poola. 111 the m o n d  yaar the grills were 
covertld with ply~uood, and turbulenoa-croating 
hnfflem were installed to make the turn poola 
unsuitable as resting arena. In  order to modify I 
the hydraulic condition8 in the pools of the 

l-On"-gloy. fishway, weir creets were reduced 1 

in width rom 36 inchca to 26 inchee durin 
the second year, rcducinp pool turLulcnca an 
intrtrdur*inp lateral ~ d d i e s  ill the pools. 

S 
dilferpnces in pool hydraulic pattern, in f ish 
way s l o p ,  in weir craatn, and in turn pools I 
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are called to attcntiott to emphasie the vnrioty 
of conditions trndar whir:h tha extended aa- 
cents Were! ~nndo. Th~mughollt B A C ~  Ir~rlivirlual 
test, howevcrr, constant conditions weva tnain- 
tninn(1. 

Light wus ~upj~l i t :~I  ljy I,(H)O-WIILI rnur(:ury- 
vapor lamps eua ended 6 feat nl)o~,c the water 
twrlato and 6 $ a art along the fi8hw.y. 
Thrv lighha were on iy and night, producing 
nn average l i ~ h t  inteirsity of 800 foot candles 
n t  the water sudaca. 

PROCEDURE 

Aa in all of the experiments conducted at  
tho Finhcriea-Engineerir~g Research Labora- 
tory (Collina and Elling, 1960),  tho ex@- 
mental fish were not handled in any way prior 
to t~ating. Fiah wera pertnittad to swim into 
 he laboratory from the a c l j n i t ~ i r ~ ~  finliway and 
into a emall collection pool. Ther~, whet] an 
entrance pate (Fi uro 2) wan opened, fish 
awnin from the colfection pool into one of the 
~tldless fiahwayn to begin the aacent. Once a 
fish had enterad an axporlrnantal fiahway, the 
entrance gate was closed and the fishway wan 
nprratetl as a c l o d  syntem until the aornplo- 
tiotl uf the teat. Obscrvars followed the p r o p  

I-C-8 of each test fish at all Limes( Figurn 31, 
recording the time each weir wns crnsnnd, nnd 
ln thin way o1)tained a datailod record of the 
time a ent in each pool throu~hnut  tho r n t i r ~  
t r ~ .  & I I ~  4 1 l  lhc n ~ w u i t y  l ~ t r  nynchroniz- 
i r ~ ~  Iockittg with the mcrvr.mentn of the fish, all 
teets welr made with individual l i ~ h ,  Upon 
completion of a tast, water flow was shut off, 
the fish was netted, and blood and tissue aam- 
plea were tnkan for hiochelnical studies. Sex, 
weight, and length wera then determined. 

RkSULT9 

The first attampt to maaeura tho maximum 
ht i  ht that a salmon would asccncl in E pool- 
anfoverfall f i ~ h m y  waa made in I!K8 with n 
eockeyo ndmon (Ol~corhynchrw mrka). That 
fieh, n 21)-inch lnalo wrighing 3 pound* 4 
ounces, wnn nllowerl to nscentl the l -o t14-sIop 
endlesa fiahway for uver 5 days. Jt ascended 
day and night, climbing 6,6411 faet in 734.7 
minua3. an nverage of 1.2 rninutu pa, ppol: 
It completed 415 circuits in tlle end can frnh 
way, trnvelin~ s l i~ht ly  more than 10 rnilc~ 
hurizontally while aacendinp mnre than a mile 
vertically, and it wan still actively nscendin~ 
the fishrvay when the tent had to be discon- 
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FICIIRF! 4.-l'tlrf~~r11ioncr of a muckrye aa ln~nn  (0. 
nrrkn) a~ccnllinp I I I V  1-on-A-nlopr: enrllns. f l ~ h w n y  

J u l y  l , h .  1958. The finh wnu a ~ i l l  urtivcly 
: f ~ ~ ~ ~ ! l n ~  whcu [he trmt WHO ~crrnlnated. 

tinucd bm:ause of other cxprimental  com- 
rnitrncntn. 

An rxnniinntion nf the rate of ascent durinp 
 he tent (k'ipure 4) reveals that perforn~ancn 
actually incrensed the firrt 2 days and that it 
wan not until 11ie fifth day, after the fish had 
nwondnrl rnnre than 6 , m  feet. that the rate of 
nwrnt tlrtrlrlrrrl lrrlnw thnt ol  tho first day. 'l'hn 
incrsascrl mte OI nncent in the firat coupln of 
day# could probably be attributad to learning. 
M c I ~ o d  and Namanyi (19Uj  state that in 
their cxpcrimcr~tal fishwa a trout apparently 
Icarnd to climb fish ladbern. The p d u a l  
decline in tha rate of ascent in the last 2 days 
of the test might be ascribed either to a 
gradual loss of intermt in tho often-repeated 
cycle of events or to c h a n p  in the phymicd 
condition of the fiah. 

Blood-lachtc level, frequently uscd us an 
iudex of muscular fatipua (Black, 1958). how- 
ever, was only 32.88 millierama percent in the 
socka~e  salmon after ite lonp ascent of more 
~ h a n  6.000 leet. T h h  leva1 in  well bclow the 
125 rnillipratils p rcen t  that Parker and Black 
( 19591 found to be rnininlum for lethal effects 
in troll-caupht salmon. It is also lene than the 
mean lactate levcl 163.5 milligran~a percont ) " 
' Dctails of 1Inr11, ~srnpl ln~ tccl~niquos. nnd chami. 

elwawl~ers. See foolnola 2. 

FICIIIIK 5.-Suckayo nnlmon eftar an Ascent of 6,W 
loel in 111u 1-nnSmlopc ondlaam fhhwuy .  Nolo fungur 
on hoed end nbrsulons on tho udo. 

of all the aockeye salmon that were tested with 
an ascent of 104 faat in the 1-on-8-mlopa fish- 
way (luring 1958. 

Water temperature in the endless fiuhway 
i~~creaned from 64" F. at  the @tart o I  1110 teal 
to 67" I". on the final day. Whether or not 
this rise in temperature affected the rate of 
aaccrit in any WRY is not known. 

TABLE I.-Ascon1 iinrr nnd lnrtnfr lacrl n/ whnlr blood lnlillinrnms prrr t -nr)  /or chinook salmon 1 0 ,  [ n h s  
wytacha). Jockryp .wlmon 10. uwku I, nnd s ~ o ~ l h ~ n d  trout IS. p i r d n r r i )  nsrrndin~ 1,000 frrr in sxperi- 
manrol cndlcsr lirhwot a, 1959 

1 uns 1n 10 
us  98' 90 
U I ~  i r  'ia 
1rlv 16: 10 

tembsr 1 - 
Bvtrmbsr 11, 16 Cl~lnorrk 
Saptamhmr 17 Chlnnnk 
Smhrnhsr 81.09 Chlnook 

1 : 1 8  Afl  1.387 -I 
~ I R  88 024 -1 

1 I 8 04 1.081 -I 

FLh ralc~ed. No rnrnplss tnkmn. Exlnmnl Frnhlrm of nll (trh I ~ ~ c l l m ~ l n l  they wcm npprnnohlnu I v m n l  muturlly. 

Iluring ths proiongod aacent several changes / 
in the external appearance of the flah were 

apparent when the fish wan first admittod to 
i noted. No marks, abrariona, or fungus wera , 

the fimhway nor wera they a p  aront dudrig the 
firet 2 dnya nf iha ascent. however, on the 
lhird day twr~ amnll white mpotn were naen on 
the tou of the hend and another on the left side 
of the'fish near the adipose fin. On the fourth ' 

had in eize and a the pattern of the i i t i a l  day of the 1958 trat 
pr~)\vlh was hWinn i l l~  to nnar in (July 1, Figure 4.) wnm t1iat:ernilrlt: lor all fish. 
R ~ ~ ~ I ~ O I I  of 1.11~ dorm1 fin. I m i ~ n e  had a ~ ) p a r e  b R]oo&lactate lRvHla fish lhnl hall ns. 

the right side of the fieh by the fif th day c e n ~ e d  1 , ( ~  feet ('rable 1 )  were equal 
and the top of the wna /$lo or Im, than the mean blood-lactate ievals 

with fungus, the had o f  flah that had heeri teated with ascents of 
fm rd and the leaiona on the side of thc f i ~ h  I 
h a d  ; r u m  in ~ i z c  (Figurs 5). Such injvrien 
give evidence of p h y ~ i d  contact with the fiah 1 
way structure, omibl the result of the tend- 
ancv of indivi lua~ fiaB to croas weirs next to I 
a da11 (Collins, 1958). Irritation from these 1 
injuries oould have bean a oontributin~ factor 
in the dcclinn in the rata of ancent notad i n  
the firin1 day8 of the taat. 

To determine whather the ability and per. 
eistonca ahown b y ,  the firmt salmon given an 1 
opportunity for a aacent in an e n d ,  
less fishway were characteristic of a~lrnonids' 

the Columbia River, n aeries of extended 
aacent teats was made during the mi ration of 

1,000 feet in order to conoerve tima and allow 
1959. Them testm wera arbi~rari ly Ernitad hi 
tealing of a larger number of fiah. The ex./ 

perirnent~ wnrn made with sprinp- and fnll-run 
chinook salmon (Oncorh richu,r t?rltn~oy/.rclta I ,  
with aockeya salninn, a n l w i l h  ntmlhea(l trout 
~Salnto p~'rdr ier i l .  '171~ reeulto are shown in 
Tahle 1. All 14  iish were actively nacendin~ 
at the time the testa were discontinued. 'There 
i g  no reneon to believe that moat of thmc fiah 
could not have e rialrrl nr cvon rxr:ced~:rl the 

rforrnsnm of A a  ;iginal aockcyl: aelrnon. 
R e  ningle sockego tomted in 10SH required 
1,377 minutcs to ancotid tho f i r ~ t  1,00C) feat. 
Tho four nockey~ nnlmnr~ trmtrd in 1050 wrrn 
actually fnnter ('I'ablu 1 )  in hot11 lishways. 

Throu~hout  the l,OO()-pool nwent n general 
increaw in the hourly rate of aecent similar to 

. .. 

r r d  104 feet during 1959 (Tahle 2 ) .  
' h e  abrasions that wera so cons ,icuous on 

tho .in le sockeye anlmon thnt baa ascended 
6,W Lot wars not in evidence on the fish 
lhat made 1,000-pool ascents in 1959. 

DISCUSSION 

Conaidering the apparent aaaa with which 
the 15 fiah in thme axperiments made amcents 
of 1,000 feet, and tho absence of any evidance 
nl fatigue either in the performance of the 
fish or in the blood-lactate levels, it would ap- 
p a r  that the ascent of a properly designed 
pool-and-overfall fishway is only a moderate 
cxcrciacr for chinnok 9alrno11, nncknyr ~almon.  
al~d ateelhoar1 trout. 

The long ancents were math at two different 

fiahway dopes, under a variety nf pool hy- 
draulic: cnnditior~n, with rliffercnces in weir 
crests nt~rl turn p ~ o l  h i  n, and will] wnter 
teniperatrrrc t h ~ l  ranged k ) t n  58' lo 6tI0 F. 
Dcapita this, all proup8 were auccesaful and 
rat- of ancent for  I.000 feet seemed to Iw 
c h a r a c ~ e r i ~ ~ i c  for each s M ion, c(mIormJng to 
the pallern noted in atud);r; nf r a t a  of a s m t  
for 6 leet (Elling, 1960). Steelhand trout Were 
the f~ateat  ill ascent and chinook aalmon were 
alowrr h a n  sockeye salmon. 

Cnn~ern  hnn heen ex irrenrrl (Andrew and 
( ~ I I .  l q M )  that finh tbai f i i l  to complete n 
long fishway during d a y l i ~ h t  hours might mi- 
urate Imck downatrcam out of the fishway at 
night cnun in~  delay and possibly rtnultlng in 
the c~omplcle failure of  some fish lo ever rrnch 
1110  to^^ of t h ~  Eiuhway. This ty n uf hehnvior, 
however. was nsser obaerved &ring the trata 
made with endlwa fishways. Under the con- 
stant l i~h t ing  cottditions used in the ex 
ments, rates of nacent get~ernlly were uni PA ortn 
throu~hnut  thc 24-hour day. Whelher or not 

TAAI.R 2.-Menn blood-lactnts leuuL Imilli#rams er 
cenZl of ~nlrnonids nscending 101 oob in e n d k  
f k h w a y , ~  with dopes 01 1 on  8 n n B 1  on 16. 1 9 W  

Chlnrnk 33 31.0 34 30.8 
Slrkvyr 1H 4Q,4 18 31.2 
Strvlhrnd 05 20.8 38 20.4 



GERALD 8. COLLINS AND OTHERS 

a diurtial pattern of movcment would exist 
under natural light conditions im not known. 

Apprehanaionn that the hourly rate of fiah 
ascent might decrean In the upper and of a 
long Iinhway and rarult in dangaroum orowd- 
ing or delay appear to be without factual 
foundation. Sin~ilarly, the poaaibility o l  cu- 
mulativa fatigue erfmts resulting from nscend- 
ing fishways at  a series of low dams s e e m  to 
ha remote in view of tha data from tha 1,000- 
foot ascent tests. 

rimants with the andlasa fiahwaye 
a c Z ~ &  not m g r a t  any u p p r  limit for 
tha height of pool.and-overfall fishways. It 
would aeem yrohnble, however, that economic 
factora woulr ltrntt the use of thin tv a of finh- 
way to aornethin coneiderably lum t t an  1,000 
feet in height. f i ahway~  of this type nvcral 
hundred feet in height would not neem to be 
an axcnssive extrapolaliot~ of our prenent Ox- 

rience with fiehwaya npproximately 100 feet 
f&h, artievlnrly in view of the recrnt e x p r i -  
mentar data. Pool-nnd-overfa11 Iishwnye up 
to 1,000 feet in height may he e ually fnaaihle 
from 111c a~anc\point of MI Rchavior awl 
ability; hefnrc nccepting such nn cxtreme 
view, however, m v ~ r n l  f ac lo r~  should be con- 
sidered. Qne of these im tho effect of water 
temprnture on the ahility and willingnaae of 
fish to aacenrl hi 11 fishways. The ax rimentr 
at the ~iaheria-Enfinecring ~ncarrb*L.bora-  
tory ware made within a range of relatively 
moderate water tam rntures ( 5 8 ° 6 R 0  Fa) .  
The degree to whicrhlgher wnter tempera- 
tures or marked change8 in water tempmatures 
might affect thia aspect of fiah behavior 
ahould be known. 

A accond consideration ie the pnmnible a f h t  
of sexual maturity on the performance of fish 
in fishwaya. Paullk and r ) e I ~ c y  (1958) found 
that tha nwimrning ahility of aockaya salnlon 
clmn ed as the fish migrated upntream through 
the Eolumbia River and that there was a 
mbarurable &line in wimming ability as the 
fish neared the spawning ground. Swimming 
ahillty waa meaaured in tarma of swimming 
endurance in a horizontal flume at  fixed wa- 
ter velocitim. The degree to which thia rneaa- 
ura of swimmin ahility can be applied to the 
ability to amen! pool-and-overfall fishways i8 
difficult to nowas. The fish tested in the hnri- 
xontal flumo ware rornI)ellcd to owim at arhi- 
trarily aclected velmitiam and axhnuatlon oc- 
curred within R matter nf minutas, whcraas 
f i ~ h  teatrd in the ascent of nn endlenn fimhway 
aalected their own pace and were ~ h l e  to con- 
tinua for days without evidence or exhaumtion. 

Collins et al.' were unable to find any corra- l 
lation between raxual maturity and p r fo rm-  
anca in pool.and-overfall fiahwaya in fall 
chinook salmon using the weight of gonads 
ex r~ssad  percentago of body woight as an 
in 1E ex of maturity. Tha auccese of mature fall ! 
chinook malnlon in complatin~ 1,000-pool aa- 
centn would Appear to confirm this. More in- i 
formation on thia relatiorlahip i s  needed, how- I 
ever, in view of the fact that tha high dama 

ropowd on the Columbia Rivor system are 
r e  in u p  triautarim nmr  qmwnlng 
areal and that the exprimants with endlms 
fiehwaya were mads on the lowor Culumbia 
River at the early atagc of migration for upper 
river fidl. 

Expriance with fiah behavior at a wide 
variety of fiahwaya on the Columbia River 1 
eyste6 aupgeats that other factors auch as wa- 
ter turl~idity and odors may affect the willing- 
nesa of fish to onter and to aacend fishways. 
Them fertors probahly affect fiah movemenl 

enrrallv, whetllor in fishwap or  in the river. 
flntil their nature ia understood, however, the 

[hot they might have a Rreater cf- 
fishway should be cnnairlcrcd. 

CONCLUSIONS 

The aecant of a properly dc r i~ned  pool-and 
overfell fishwn is  only a moderate txerciso 
for chinook anK sockcyr rnlrnon and ateelhead 
trout: Snlmonide could ascend such fiahways 
cvcn if several hundred feet in height. Under 
cartain conditionm theaa fish will amend fiah 
waye continuouely day and ni ht, and for all 
practical pur mnea their rate o aacerit will no1 b f 
decrease in t e upper end of a long fiahway. 
Fatigue effects from tho fishways of a neriea 
of low dams auch an hone on tha Columbi~ 
River ap  ear to be very imlikely. Pool-and, 
overfall !nhwaya up to 1,000 faat in haigh~ 
may he praotical for them salmonlds, at  leaa~ 
from tho standpoint of fish hhavior  and 
ability; however, a greater knowladga of thc 
offmta of eoxual maturity, water tarnparatura 
and othar water qualitiea upon the ability ol 
salmonids to aacend high fiehwaya should bc 
nblained. 
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