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ABSTRACT

The ability and peesbatenee of solmonida inarcendbopg puol-and-overfoll fishways wiun poas-
ured In experimeantal “endlese” {ishway structures in which (ishwaya of any height could he
simulated. Six chinook ralmon (Oneorhynchuy tshawyischn), four sockeye mulmon (€, werka),
and four steelhead trout (Salmo gnirdneri) wers permitted o ascend 1000 fect In the experi-
mental {ishways. One sockeye splmon wan allowed o ascend an endless l!h-hwuy for over 5 days,
climbing 6,648 feat, a vertles] uscent of more than a mile, before the test won discontinned.
Rate of ascent of all fish tesied inerensed followlng an initinl period of experience In the figh.
way. The level of blood lactate in the exercised fish showed no evidence of Intigue. Praclical

significance of the data In relatton to fléhway design is discuseed.

INTRODUCTION

The large-scale development of water re-
sources on the Columbia River system, with
construction of numerous large dams on the
main river and tributary streams, poses many
special prohlema for agencies responsible for
providing safle paseage for migrant anadrom-
ous fish. One of these problems is the design
of fishwaya for adult migrants at high dama.
Experience on the Columbia River has been
confined to fishways requiring a total vertical
ascent of leas than 100 feet. McNary Dam, the
highest dam with fishways on the Columbia,
requires an ascent of 92 fect. Pelton Dam on
the Deschutes River, a tributary of the Colum-
bia, has fishways requiring a total ascent of
188 feet, although this height is attained

radually over a distance of almost 3 miles.
Sevaral dams now proposed, however, would
require that fish ascen(rmuch greater heights.
The question arises as to whether the pool-
and-overfall fishways now conventional on the
Columbia River would be practical with dama
300, 400, or 500 {eet high, or whether the mi-

~ grating fish would tire after a few hours and

! Research financed by the U. S, Army Corps of
Engineers aa a part of a brond program of Fisherien-
Engineering Research [or the purpose of providing
design criterin for fish-pussage facllitles ut Corpa
projects on the Columbia River.

fail to complete passage through such fish-
\‘\'ﬂyﬂ.

Another concern is the possibility that mi.
grating fish might become fatigued because
the eﬁecta of ascending fishways at many
dams accumulated. Tn the Columbia River
adult migrants may have 1o sscend as many an
10 major dame hefore reaching their apawning
areas, Whether or not a tolal -ascent of as
much as 1,({X) feet in pool-and-overfall fish-
ways would fatigue fish to the degree that
they might he unable to reach spawning arcas
or to reproduce successfully has heen a matter
of apprehensive speculation.

In an attempt to provide at least partial
answers to these and other questions related
to the hehavior and performance of migrating
figh in pool-and.overfall Tishways, a series of
tests was made in specially designed cxperi-
mental structures in which fishways of great
height could he simulated.

MATERTALS AND METHODS

The experiments were conducted in the
Fisheries-Engineering Research Laboratory at
Bonneville Dam on the Columbia River using
a pair of “endless” fishways. These expari.
mental [ishways were pool-and-overfall types
constructed so that each made a complete cir-
cuit (Figure 1), with the highest pool con-
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Fiourg 1.—Diagram of the l-on.B-slope endless
fishway showing plan and side views of Lwo phases
of Jock operation, Numbers 51 through 67 are pool
elavatlons in feat uhove mean sea leval.

nected to the lowest pool by means of a lock.
When & test {ish haé ascended to the top of
one of these fishways it was rapidly locked
to the lowest pool to begin ita ascent again.
By repeating tli‘lc procedure, fishways of any
desired height could be simulated. Two end-
less fishwayr were construcied in order to
study the cffect of fishway slope on the per-
formance and biochemistry of the ascending
fish. Results of that study, with related ob-
servations on the effects of pool hydraulics on

atterns of ascent, will bs teported elsewhere.?

his report is confined to the aspect of ex-
tended ascents of 1,000 or more feet.

One of the endless fishways had a slope of
1 on 8 (Figure 2) with pools 8 feet long, 3
feet wide, 6.8 feet deep and with overfalle of 1
foot between poals, 'IRIB other fishway, with a
1-0n-16 slope (Figure 3), wae similar except
that the paola were 16 feet in length, The
locka in hoth fishways were 8 {eet long, 3 feet
wide. and 23 feet deep when filled and 7 fect
deep when drained (Figure 1). Welrs in both
fishways were 6 feet high, 2 inches thick, with
{lat creste and were without otifices through

1 Colling, Gerald B., Carl H. Elling, Joseph R.
Gauley, and Clurk & Thompson. Effect of flahway
slope on the performance and biochemistry of salmo-
nide. (Manuecript in preparation.}
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Ficong 2. --The 1-on-B-slope endleas {ishway shown

during construction, Locking unit_for lowering and
recycling fish appears in center. Entry gare {shown ;
closed) s visible in foroground.

which fish might pass. Water flow over the[
weirs wae maintained by 0.8 foot of head;
measured 2.5 feet upstream from the weir
crest. Turn pools were larger in volume than :
the other pools in the fishway (Figure 1)
gince pool length in the turn pools was meas-
ured on the straight sections of the inside wall.
During the initial test in 1958, a woodon grill
was pfaced in each turn pool to restrict fish
mnovements to the upper 2 feet in order to re-
duce the tendency of fish to linger in these
pools. In the second year the grilla were
covered with plywood, and turbulence-creating
baffles were installed to make the turn pools
unsuilable as resting areas. In order to modify !
the hydraulic conditions in the pools of the.
1-on-8-glope fishway, weir crests were reduced !
in width from 36 inches to 26 inches during’
the second year, reducing pool turbulence anﬁr
introducing lateral eddies in the pools. The
differences in pool hydraulic pattern, in fieh-
way slopes, In weir crests, and in turn pools:
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Freure 3-—The 1wo endless [ishways fn operation.

are called to altention to emphasige the variety
of conditione wnder which the extended as-
cents were made. Throughout each (ndividual
test, however, constant conditions were main-
tained.

Light was supplied by 1LOOO-wan mercury-
vapor lamps suspended 6 feet above the water
surface and 6 fect apart along the fishway.
These lights were on day and night, producing
an average light intensity of 800 foot candles
at the water surface,

PROCEDURE

As in all of the experiments conducted at
the Fisheries-Engineering Research Labora-
tory (Collins and Eling, 1960), the experi-
mentnl_ fish were not handled in any way prior
to teating. Fish were permitted to swim into
the laboratory from the adjnining fishway and
into a emall collection pool. Then, when an
entrance gate (Figure 2) was opened, fish
swam from the collection pool into one of the
endless fishways to begin the ascent. Once a
fish had entered an experimental fishway, the
entrance gate wan closed and the fishway was
operated as a closed system until the comple-
tiow of the test. Observers followed the prog-

Obrervers on walkwnys record progress of fiah,

ress of each test fish at all limea( Figure 3)
recording the time each weir was crossed, and
in this way obtained a detailed record of the
time n&ent in each pool throughout the entire
test. Becaose of the necessity for synchroniz-
ing locking with the movements of the fish, all
tests were made with individual fish, Upon
completion of a test, water flow was shut off
the fish was netted, and blood and tisaue aam:
plea were taken for biochemical studies. Sex
weight, and length were then determined,

BESULTS

The first attompt to measure the maximum
hl::fht that a salmon would ascend in a pool-
and-overfall fishway was made in 1958 with a
afmkeye salmon (Oncorhynchus nerka). That
fish, a 20-inch male weighing 3 pounds 4
ounces, was allowed to ascend the L-on-8-slope
endleas fishway for over 5 daya. It ascended
day and night, climbing 6,648 feet in 7,047
minutes, an average of 1.2 minutes per pool.
It completed 415 circuits in the cnd?;s fish-
way, traveling slightly more than 10 miles
horizontaily while ascending more than a mile
vertically, and it was still actively ascending
the fishway when the test had to be discon.
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Ficure 4.—Purformance of o evckeye salmon (0.
nerka)  aacending the l-on-8-slope endless [iahway
during July 1.6, 1958. The fish wne atill actively
uacenﬂlnﬂ when Lhe test wan (erminated.

tinued because of other experimental com-
mitments,

An examination of the rate of ascent during
the test (Figure 4) reveals that performance
actually increased the first 2 days and that it
was not until the fifth day, after the fish had
ascended more than 6,000 feet, that the rate of
ascent dropped helow that of tho first day. The
increased rate of ascent in the first couple of
days could probably be attributed to learning.
Mcleod and Nemenyi (1940) state that in
their experimental fishways trout apparently
learned to climb fish ladders, The gradual
decline in the rate of ascent in the Jast 2 days
of the test might be ascribed either to a
gradual loss of interest in the often-repeated
cycle of events or to changes in the physical
condition of the fiah.

Blood-lactate level, frequently used as an
index of muscular fatigue (Black, 1958), how-
over, was only 32,88 milligrams percent in the
sockeye salmon after its long ascent of more
than 6,000 leet. This level 18 well below the
125 milligrams percent that Parker and Black
(1959) found to be minimum for lethal effects
in troll-caught salmon. It is also less than the
mean lnctate level (63.5 milligrams percent)?

* Details of dats, sampling techniques, and chemi-

hcw‘ir‘:“rcpnﬂed elsowhere. See footnote 2.
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Ficunk 5.—Sockeye salmon after an ascent of 6,648
feel in the l-on-8-slope endless fishway. Nole fungus b
on hend and abrasions on the side.

of all the sockeye salmon that were tested with ;
an ascent of 104 feet in the 1-on-8-slope fish-
way during 1958.

Water temperature in the endless fishway !
increased from 64° F. at the start ol Lhe teal i
to 67° F. on the final day. Whether or not |
this rise in temperature affectod the rate of )
ascent in any way is not known. i

During the prolonged ascent several changes |
in the external appearance of the fish werc‘
noted. No marks, abrasions, or fungus were
apparent when the fish was firet admitted to )
the fishway nor were they apparent during the
first 2 days of the ascent. However, on the
third day two small white spots were seen on
the top of the head and another on the left side
of the fish near the adipose fin. On the fourth
day these had grown in size and a fungus
growth was heginning to show near the in
sertion of the doraal fin. Lesions had appeare
on the right side of the fish by the fifth day

covered with fungus, the tail had become
frayed and the lesions on the side of the fish
had grown in size (Figure 5). Such injuries
give evidence of physical contact with the fish-
way structure, possibly the result of the tend-r
ency of individpunl fieh to cross weirs next to
a wall {Collins, 1958). Irritation from these
injuries could have been a contributing factor
in the decline in the rate of ascent noted in
the final days of the test.

To determine whether the ability and per-|
sistence shown by the first salmon given an/
opportunity for a prolonged ascent in an end- .
less fishway were characteristic of salmonids'
in the Columbia River, a series of extended
ascent tests was made during the migration of
1959, These tests were arhilrarily rimited to,
1,000 feet in order to conserve time and allow
testing of a larger number of fish. The ex-‘

X

and by the final day the top of the head was ){
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TasLe 1.—Ascent time and Inctate level of whale blood (milligrams percent) for chinook salmon (), (sha-
wytacha), sockeye salmon ((). necka), and staelhead trout (5. gairdneri) ascending 1000 feet in experi-

mental endless [ishwaya, 1959

Laotate
Weight  Gonad weight a Whter Aseent  whale hlood
Date Speoles Sex {paruricla) percentago of Tixhway trmpernbure time (milligrmma
hody wolght slopo [' F.) {minutea)  peraent)
une 18, 18 Chinaok F [T 5.63 in =5 1,685 26.7
une 29, 30 Chinook r 23 €.31 1:8 B0 1877 28.8
uly 14, 15 Sackeye F 3 3.08 1:14 i3] R 2(1).1
uly 15, 18 Sackeyo M a 204 1:8 ae 1,210 21.8
uly 24 oakey o r pi} .09 1:8 a8 1,041 28.9
uly 24, 25 ackeye A 3 1.46 1116 a8 1,319 7.8
August 3 Sieclhend ¥ 4 0.83 1:8 a4 j13°)3 13.3
August7 steclhend M Kl 0.59 1:18 a8 and .4
Auguat 17 Stealhone M 5 0.15 1:18 a8 548 10.7
Avgust 18 Steclhend F 7 .44 1:148 a8 87 B8
August 31-8ep-  Chinook F 21 7.3 116 A 1,726 30.3
tember 1
Saptember 14, 15 Chinook M 25 - 1:18 aa 1,387 -1
September 17 Chinaok M [} =1 1:8 a8 024 =
Septwmbor 21, 22 Chinook M 5 -1 1:8 a4 1,061 =1

1Fish released, No samples tnken. Extemnnl fentures of all

periments were made with epring- and fall-run
chinook salmon (Oncorhynchus tshawytscha),
with sockeye salinon, and with steelhead trout
15almo gairdneri). The results are shown in
Table 1. All 14 {ish were actively ascending
at the time the tests were discontinued. There
is no reason to believe that monat of these fish
could not have equaled or even exceeded the
Il)_erformancc of the original sockeye salmon.
he wingle sockeye teatrd in 1958 required
1,377 minutes to ascend the firat 1,000 feat,
The four sockeye salmon tested in 1959 were
actually faster (Table 1) in both fiehways.

Throughout the 1,000-pool ascent a general
increase in the hourly rate of ascent gimilar to
the pattern of the initial day of the 1958 test
(July 1, Figure 4) wan discernible (or all fish.
Blood-lactate levels of the fish that had as-
cended 1,000 feet (Table 1) were either equal
to or less than the mean blood-lactate levels
of fish that had been tested with ascents of
only 104 feet during 1959 (Table 2).

T)'he abrasions that were so conspicuous on
the eingle sockeye salmon that ha(l‘l ascended
6,648 feet were not in evidence on the fish
that made 1,000-pool ascents in 1959.

DISCUSSION

Considering the apparent eass with which
the 15 fish in these experiments made ascents
of 1,000 feet, and the absence of any evidence
of fatigue either in the performance of the
fish or in the blood-lactate levels, it would ap-
pear that the ascent of a properly designed
pool-and-overfall fishway is only a moderate
exercisa for chinook salmon, sockeye salmon,
and steelhead trout,

The long ascents were made at two different

fish Indfcnted they were ppproaching sexunl muturlty.

fishway slopes, under a variety of pool hy-
draulic conditions, with differences in weir
creats and turn pool design, and with water
temperaturc that ranged irom 58° Lo 6H° F.
Despite this, all groups were succeesful and
rates of ascent for 1,000 feet seemed to he
characterislic for each species, conlorming to
the pattern noted in atucrics of rates of ascent
for 6 leet (Elling, 1960). Steelhead trout were
the fastest in ascent and chinook salmon were
slower than sockeye salmon.

Concern has bheen expressed (Andrew and
Geen, 1960} that fish that fail to complete a
long lishway during daylight hours might mi-
grate back downstream out of the fishway at
night causing delay and possibly resulting in
the complete failure of mome fish Lo ever reach
the top of the fishway. Thia type of behavior,
however, was never obeerved (ruring the tests
made with endless fishways. Under the con-
stant lighting conditions used in the experi-
ments, rates of ascent generally were unir(')crm
throughout the 24-hour day. Whether or not

TARLE 2—Mean blood-lactate levels (milligramsfen
cent) of salmonids ascending 104 pools in endless
fishways with slopes of 1 on 8 and I on 16, 1959

1-on-8 1-on-168
alope lops
Specien -
Blood . Blood
n Iactnte n lactute
Chinook 33 31.0 a4 204
Sockeye 18 42,4 18 31.8
Steelhend 35 20.8 Rl 20.4

' Progress Report No, 38 for the month of Novemher
1890, Research on fishway problemn conduoted  at the
Fisheries-Englieering . Researeh Lnlmru!urg at - Bonneville
hun wnder contruct No. 17A-35-026-25142 with the U, 5,
Fiah and Wildlife Serviee, U, 5, Army Corps of Engineers,
Naorth Paglfic Divislon, Portland, Oregon.
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a diurnal pattern of movement would exist
under natural light conditions is not known.

Apprehensions that the hourly rate of fish
ascent might decrease in the upper end of a
long fishway and result in dangerous crowd-
ing or delay appear to be without factual
foundation. Similarly, the possibility of cu-
mulative fatigue effects resulting from ascend-
ing fishways at a series of low dams seems Lo
be remote in view of the data from the 1,000-
foot ascent teats.

The experiments with the endless fishways
actually did not suggest any upper limit for
the height of pool-and-overfall fishways. It
would seem probable, however, that economic
factors would limit the use of this type of fish-
way to something considerably less than 1,000
feet in height. E ishways of this type soveral
hundred feet in height would not seem to be
an excessive extrapolalion of our present ox-
Eericnce with fishways approximately 100 feet

igh, particularly in view of the recent experi-
mcntaf data. Pool-and-overfall fishwaye up
to 1,000 feet in height may be equally feasible
from Lhe slandpoint of fish 1ehaviur and
ability; hefore accepting such an cxtreme
view, however, several factors should be con-
sidered, One of these is the cHect of water
temperature on the ability and willingness of
fish to ascend high fishways. The experiments
at the Fiuherlee-gnp’nccring Research Labora-
tory were made within a range of relatively
moaderate water temperatures (58°-68° F.).
The degree to which higher water termpera-
tures or marked changes in water temperatures
might affect this aspect of fish behavior
should be known.

A second consideration is the possible effect
of sexual maturity on the performance of fish
in fishways. Paulik and DeLacy (1958) found
that the swimming ability of sockeys salmon
changed as the fish migrated upstream through
the Columbia River and that there was &
measurable decline in swimming ability as the
fish neared the spawning ground. Swimming
ahility was measured in terms of swimming
endurance in a horizontal flume at fixed wa-
ter velocities, The degree to which this meas-
ure of swimming ability can be applied to the
ability to ascend pool-and-overfall fishwaye is
difficult to assess, The fish tested in the hori-
zonta] flume were compelled to swim at arbi-
trarily selected velocities and exhaustion oc-
curred within a matter of minutes, wherear
fish tested in the aecent of an endless fishway
selected their own pace and were able to con-
tinue for days without evidence ol exhaustion,

Collins et al.* were unable to find any corre-
lation between sexual maturity and perform-
ance in pool-and-overfall fishways in fall
chinook salmon using the weight of gonads
exgrensed as percentage of body weight as an

jindex of maturity. The success of mature fall :

chinock salmon in completing 1,000-pool as-
cents would appear to confirm this. More in-
formation on this relationship is needed, how-
ever, in view of the fact that the high dams
l.)ropose.d on the Columbia River system are
argely in upper tributaries near spawning

areas and that the experiments with endless |

fishways were made on the lower Columbia
River at the early stage of migration for upper
river fish.

Experience with fish behavior at a wide
variety of fishways on the Columbia River
aystem suggests that other factors such as wa-
ter turbidity and odors may affect the willing-

ness of fish to enter and to ascend fishways.
These factors probably affect fish movement
enerally, whether in fishways or in the river. {'
f]ntil their nature is understood, however, the
porsihility that they might have a greater ef-:
fect in a {ong fishway should be considered.

CONCLUSIONS

The ascent of & properly designed pool-and- |
overfall fishway is only a moderate exerciui
for chinook an({ sockeye salmon and steelhead |
trout. Salmonide could ascend such fishways'
even if several hundred feet in height. Under!
certain conditions these fish will ascend fish.
ways continuously day and night, and for all|
practical purposes their rate ofgaucent will not
decrease in the upper end of a long fishway.
Fatigue effects from the fishways of a series
of low dame such as those on the Columbia
River appear to be very unlikely. Pool-and.
overfall Finhwayu up to 1,000 feet in height
may bhe practical for these salmonids, at least
from the standpoint of fish behavior and
ahility; however, a greater knowledge of the
effects of sexual maturity, water temperature,
and other water qualities npon the ahility of
salmonide to escend high fishways should be
obtained. '
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