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EXECUTI VE SUMVARY

This report sunmmarizes results of research activities
conducted in 1996 and 1997, and in years prior. The majority of
the chapters have been submtted to professional journals for
peer-review publication. The findings in these chapters
represent the efforts of both this project and the coll aboration
between this project and other researchers working on fal
chi nook sal non. These chapters conmunicate significant findings
that will aid in the managenent and recovery of fall chinook
salnon in the Colunbia River basin. |In addition to being
publ i shed here, we feel that peer-review publication will add to
the credibility of our research results, and make them nore
wi dely avail able to the comunity.

Aerial and underwater redd-search techni ques were used to
moni tor fall chinook sal non spawning in the mai nstem Snake Ri ver
in 1996. Redd searches were conducted in the mainstem Snake River
bet ween the head of Lower Granite Dam and Hells Canyon Dam The
nunber of redds counted in 1996 was the second hi ghest since
annual searches began in 1986. A total of 113 redds were
observed—1 during aerial searches, and 42 during underwater
searches. Redds were docunented in three areas where spawni ng
had not been previously docunented. The use of both aerial and
underwat er search techni ques have greatly increased the accuracy
of redd counts in recent years.

Fal | chi nook spawni ng bel ow the four dans on the | ower Snake
Ri ver was docunented in a collaborative between this project and
Battell e Pacific Northwest Laboratory. Underwater redd searches
were made in areas suitable for spawning, as determned by a G S,
bel ow Lower Granite, Little Goose, Lower Mnunental, and Ice
Har bor dans from 1993-1996. Relatively few redds were found
bel ow Lower Granite and Littl e Goose dans, one redd was | ocated
bel ow I ce Harbor, and no redds were found bel ow Lower Monunent al
Dam Redds were generally found in 4-8 mof water, over cobble
substrate, and were |ocated adjacent to the outfall flow from
juvenile fish bypass systens. Tailrace spawni ng accounted for
about 12% of the mainstemredds in 1993 and 1994, but their
relative contribution to the Snake Ri ver popul ation was less in
subsequent years and when we included tributary spawning. This
manuscri pt was submtted to the Transactions of the Anmerican
Fi sheries Society to be published as a paper and is currently in
press.

Chapter three represents a collaborative effort between this
project and the I daho Power Conpany in devel opi ng equi pnent for
use in underwater redd searches. Two underwater video canera
carriers were designed by nodifying hydraulic soundi ng wei ghts
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and suspensi on equi pment normally used for stream gauging. Both
carriers were suspended fromthe bow of a boat, and used in water
up to 13 mdeep with velocities up to 3 nis. Each systemhas its
own advant ages and di sadvant ages, but both were used to
successfully find deepwater redds in a large flowng river. This
manuscri pt was submtted to the North American Journal of

Fi sheri es Managenent to be published as a Managenent Brief, and
is currently in press.

Substrate quality necessary for successful fall chinook
sal non i ncubation and energence was eval uated using field sanples
and | aboratory experinents. Substrates from sel ected spawni ng
areas in Hells Canyon of the Snake River contained 1.2 to 8.5%
fines <0.85 mm Laboratory energence experinents indicated that
fine sedinments in Snake River spawni ng areas are not
del eteriously affecting energence success of fall chinook sal non.
This is the thesis work of a University of Idaho nmaster’s
candi date that was supported by this project.

Factors affecting the detection rates of PIT-tagged juvenile
fall chinook salnon at Lower Granite Dam on the Snake River were
eval uated for the years 1992 to 1995. Rearing subyearling fal
chi nook salnon were PIT tagged and subsequently detected at Lower
Granite Damto provide an index of survival. Detection rate was
positively related to nmean sunmer flow, and negatively related to
maxi mum sumrer water tenperature. Results in this chapter
support summer flow augnentation as a beneficial interimrecovery
measure for enhanced survival of subyearling chinook salnmon in
the Snake River. This information was recently published in a
paper in the North American Journal of Fisheries Managenent.

Knowi ng the racial origin of PlIT-tagged juvenile chinook
salnon in the Snake River is critical to managi ng ESA-1isted fal
chi nook sal non. Cenetic techniques were used to separate fal
and spring race fish. M xed-race sanples of juvenile chinook
sal non were anal yzed to genetically identify racial origin of
individuals. Allozyne allele frequency differences between Snake
Ri ver spring race and fall race chinook sal non were so | arge that
our estimtes of racial conposition of annual sanples were very
accurate. Paired genotypes for sMEP-1* and PCK-2* were
particularly effective as discrimnators. Results indicate that
the natural Snake River fall chinook popul ation has not had its
genetic integrity conprom sed by Colunbia R ver strays, and that
Snake River fish are nore closely aligned wwth Lyons Ferry
Hat chery stock. This was a collaborative effort with the
Washi ngton Departnent of Fish and WIldlife, and a paper

containing this informati on has been submtted to Transactions of
the American Fisheries Society.



The rearing characteristics and seaward m grati on of
juvenile fall chinook salnon in the Snake Ri ver was eval uat ed
using PIT tags. PIT-tagged juvenile fall chinook sal non were
released in rearing areas of Hells Canyon and detected at Lower
Granite Damfrom 1992 to 1997. An average of 77% of tagged fish
were detected at Lower Granite Damin the six years of study.
Time fromtagging to detection was related to fork I ength at
tagging and Julian day of release. Fish that were > 75 nm were
nore likely to be detected than fish < 75 mm A nodel devel oped
to forecast run timng at Lower G anite Dam predicted the nedi an
date of passage to be, on average, within 9.5 days of the
observed nedi an date of passage. This has been submtted as a
paper to the North Anmerican Journal of Fisheries Managenent, and
is currently in review

The behavi or of actively mgrating juvenile fall chinook
salnmon in Little Goose Reservoir was described using radio
telenetry. Radio-tagged juvenile fall chinook sal non were
rel eased in the Lower G anite Damtailrace and detected in Little
Goose Reservoir using fixed-site receivers. Fish usually had the
fastest mgration rates in the upper reservoir where water
vel ocities were highest. Upon reaching the Little Goose forebay,
m gration rates were the sl owest observed, and sone fish travel ed
back upstream for various anounts of time, or were delayed in the
forebay up to a week or nore. This has been submtted as a paper
to the North Anerican Journal of Fisheries Managenent, and is
currently in review

We eval uated t he physi ol ogi cal devel opnent, mgratory
behavi or, and adult contribution of fall chinook sal non mgrating
past McNary Dam  Subyearling fall chinook sal non were freeze
branded and coded-wire tagged at McNary Damto determ ne travel
time to John Day Dam and subsequent adult contribution. Miltiple
regression anal yses showed that travel tinme was related to fl ow
and fish size. Physiological devel opnment progressed with fish
size, and early mgrants nmay have a survival advantage over |ater
mgrants. Early m grants have contributed nore adults than | ater
mgrants in two of the four years of study. This was submtted
as a paper to the North American Journal of Fisheries Managenent,
and is currently in review
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CHAPTER ONE

Fal | Chi nook Sal non Spawni ng Ground Surveys
in the Snake Ri ver Upstream of Lower Granite Dam 1996

by

A P. Garcia, W P. Connor, R D. Witt, R S. Bowen,
T. A Anderson, and P. E. Bigel ow
US. Fish and Wldlife Service
| daho Fi shery Resource O fice
Ahsahka, |daho 83520, USA



| nt roducti on

Redd searches were conducted in 1996 as part of an ongoi ng
effort to determ ne the nunber, timng, and | ocation of fal
chi nook sal non Oncorhynchus tshawytscha spawni ng each year in the
Snake River between the head of Lower Ganite Reservoir and Hells
Canyon Dam Redd counts in this reach were first reported
infrequently from 1959 to 1978 (lrving and Bjornn 1981, Wtty
1988). Then in 1986, annual redd searches were started by an
i nteragency team and reported by the Washi ngton Departnent of
Fi sheries (WDFW Seidel and Bugert 1987, Seidel et al. 1988,
Bugert et al. 1989-1991, and Mendel et al. 1992). In 1991, the
U S. Fish and Wildlife Service (USFW5) joined in conducting redd
searches to hel p devel op search techni ques, and report search
results (Connor et al. 1993; Garcia et al. 1994a, 1994b, 1996,
1997) .

The objective of this report is to describe the nunber,
timng, and location of fall chinook sal non spawning in the Snake
River from 1991 to 1996. W present detailed information from
searches conducted in 1996, and sunmarize data from 1991 to 1995.
W include redd counts from searches conducted in the Snake R ver
and tributaries from 1986 to 1990 for conparative anal ysis.
Results fromredd searches conducted cooperatively with the |daho
Power Conpany (I PC) are al so report ed.

Study Area

The study area consisted of the 162-kmfree-fl ow ng reach of
t he Snake Ri ver between Asotin, Washington, and Hells Canyon Dam
(Figure 1). W describe specific locations within this area
using river kiloneters (Rkm, and | andmarks derived fromU.S.
Arny Corps of Engineers navigation charts (COE 1990) and U. S
Ceol ogi cal Survey topographical maps. Based on differences in
river flow and turbidity, the study area was divided into three
river reaches (lower, mddle, upper) delineated by the entry
poi nts of the G ande Ronde and Sal non Rivers (Figure 1). From
1991 to 1994, river flowremained relatively stable in all river

reaches (Figure 2). In 1995, river flow in the upper reach
remai ned stabl e through nost of the work period, but varied
considerably in the lower and m ddl e reaches. In 1996, flows

were relatively stable over all river reaches until 20 Novenber.
Turbidity was | ow (.2 Nephelonetric Turbidity Units(NTU)), and
roughly equal, in all river reaches when flows were | ow and
stable. At higher, unstable, flows, turbidity was usually

hi ghest in the | ower reach, and | owest in the upper reach.



Lower Granite Dam
& Reservoir

Cl ear wat er
Ri ver

Lower Reach
(Rkm 236-272)

G ande Ronde

Ri ver <«Rkm 272
M ddl e Reach
( Rkm 272- 303) A Rkm 303
Sal non
Ri ver
Upper Reach
( Rkm 303- 398
| maha
Ri ver
N
\
W- Sk e
| <« Rkm 398

Hel | s Canyon Dam
& Reservoir
FIGURE 1.-Map of the Snake River drainage between Lower G anite

and Hells Canyon dans. The boundaries of river reaches are
delineated by arrows, and river kiloneters (Rkm.
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Met hods

Aerial searches of the Snake River were conducted seven to
eight tines a year from 1991 to 1996 at weekly (6-8-d) intervals
beginning in md to late Cctober. Due to high turbidity (>4
NTU), or poor flight conditions, portions of the study area were
not searched on 3 of 8 flights in 1991, 2 of 8 flights in 1992, 4
of 7 flights in 1995, and 2 of 7 flights in 1996.

Each aerial search was conducted by two experienced
observers who viewed the river bottomfroma helicopter flown at
an altitude of < 200 m One observer tracked the progress of
each flight using an aerial photo of the river, and when redds
wer e observed, recorded the date, nunber of redds, and marked the
position of the redds on the photo. The second observer recorded
t he nunber of new redds, the nunber of old redds that were first
viewed on a previous flight but still visible, and the nunber and
| ocations of areas that needed to be validated because they were
ei ther oddly shaped or could not be seen clearly. The second
observer al so nmade a sketch of each site for use on subsequent
searches to track redd devel opnent.

Val i dating aerial observations involved exam ning potenti al
redds froma boat, or using an underwater video canera. An area
of disturbed bottom substrates was determned to be a redd if
three of the follow ng four conditions were net: a) adult fal
chi nook sal non were present, b) there was a defined pit and
tailspill, c) bottom substrates were conposed of 2.5-15-cm
dom nant particle size, and d) the area was greater than about
hal f the size of an average fall chinook salnon redd (0.5 x 17 nf
(Chapman et al. 1986) = 8.5 nf). Redds were validated by at
| east one of the two persons that observed the potential redd
fromthe air.

Under wat er searches were conducted from 1991-1996 in areas
too deep to allow detection fromthe air. In 1991 and 1992,
under wat er observati ons were made by the USFWS usi ng net hods
devel oped by Swan (1989) that involved direct observation of the
river bottom by scuba divers (Connor et al. 1993; Garcia et al.
1994a). From 1993-1996, the USFWS5 and | PC conducted underwat er
searches using a video system consisting of a DC powered 8-nmm
vi deo recorder, waterproof canera, 110 I|ens, 20-m canera cabl e,
and at | east one nonitor. The submersible camera was either
encl osed in an al um num sheath nmounted on a 34-kg | ead wei ght, or
attached to an al um num franme nounted between two 13-kg | ead
wei ghts, and could be adjusted 45 to 90. down from hori zonta
(G oves and Garcia, In press). The canera was suspended from a
boat using a wire rope passed through a roller on the bow, and



attached to a sounding reel with a depth indicator nmounted in the
boat cabi n.

Sear ches usi ng underwater video were conducted by passing
the canera over the river bottomin a zigzag pattern, with each
pass endi ng about 10 mupriver of the previous pass. From 1993
to 1995, we used natural features along the shore to judge the
di stance between passes. In 1996, we determ ned this distance by
pl acing a rope constructed of different-colored 10-m sections
al ong the shoreline. The distance between the canera and river
bottom and the angle of the canera, was adjusted to maxim ze the
anmount of viewable area wthout losing our ability to observe
details of the bottom substrates. |If a redd was observed, the
di stance between passes in the search pattern was reduced by half
(5 M, and the entire area was searched at | east one nore tine.

(bservations of redds were recorded on video tape, and when
| arge groups of redds were found, redd coordi nates were recorded
using an el ectroni c surveying equi pnment. Coordinates were used
to plot the position of redds observed on each search so that
redd positions could be reviewed along with the video to
determ ne the total nunmber of redds at each spawni ng | ocation
In areas where redds overl apped, and could not be identified
individually, the perineter of the redd group was surveyed, and
the overall area divided by 17 nf to estimate the total nunber of
redds in the group based on the average size of fall chinook
sal non redds observed in the Colunbia River (Chapman et al
1986) .

Underwat er searches were limted to areas > 3-mdeep with a
dom nant bottom substrate particle size (Bovee 1982) ranging from
2.5 to 15-cmdianeter (Raleigh et al. 1986). In 1991 and 1992, a
few pilot searches were conducted to devel op search techni ques
(Table 1). Then, from 1993 to 1996, the USFWS and | PC attenpted
to annual ly search 89 deepwater areas (21 in the |ower reach, 20
in the mddle reach, and 48 in the upper reach) known to fit the
criteria. The nunber of areas searched each year varied, however
(Table 2), due to periods of high turbidity (>4 NTU), and
equi pnent failures.

We assessed the accuracy of redd counts by examning fish to
redd rati os (Dauble and Watson 1997). This involved using the
nunber of adult fall chinook salnmon counted in the Lower Ganite
Dam fish | adder (COE 1987-1996), and relating passage of fish at
the damto the redds counted upriver. A fish/redd ratio



TABLE 1.-Nunber of different areas in the Snake Ri ver searched
usi ng underwater video in 1996. Areas are grouped by
i nvestigator and year (Connor et al. 1993; Garcia et al. 1994,
1996, 1997; G oves and Chandl er 1996).

Areas searched by year

| nvesti gat or 1991 1992 1993 1994 1995 1996

US Fish and WIidlife Service 1 3 5 38 21 32

| daho Power Conpany 0 0 45 38 21 15

1 3 50 76 42 47




TABLE 2. -The nunber of areas searched for fall chinook sal non
redds using underwater caneras in the Snake River, 1993 to 1996.

Number of
Reach known Nunmber of areas searched by year

pat ches of

2.5-15 cm

bott om
substrates
1993 1994 1995 1996

Lower 21 17 18 0 13
M ddl e 20 14 17 3 7
Upper 48 19 41 39 27
Total s 89 50 76 42 47




of 2:1 was expected, assum ng each adult female fall chinook

sal non constructs one redd, and the female/male ratio was 1: 1.

Al t hough useful for our purposes, this 2:1 ratio is only an
approxi mation since female fall chinook sal non may dig nore than
one redd (Scott and Crossnman 1973), and the sex ratio of Snake
River fall chinook sal nmon can vary from year-to-year (Mendel
WDFW personal conmuni cation). To cal cul ate meani ngful fish/redd
ratios upriver of Lower Ganite Dam we had to account for redds
observed in Snake River tributaries (Table 3). |In addition, we
had to account for the portion of fish that travel downriver of
the dam after being counted in the fish |ladder. W assunmed this
portion to be 30% annual ly, although it has been reported to be
as high as 37.5% (Mendel and M| ks 1997).

Resul ts

The nunber of redds counted in 1996 was the second hi ghest
si nce annual searches began in 1986 (Table 4). A total of 113
redds were observed, 71 during aerial searches (Table 5), and 42
during underwater searches (Table 6). Redds were observed in
t hree areas where spawni ng had not been previously docunented
(Tables 6 and 7), conpared to an average of 4 (range, 2-8) areas
from1991 to 1996. The nunber of redds counted during underwater
searches in 1996 conprised 37% of the overall redd count,
conpared to 21-53% contributed from 1993 to 1996

The fish/redd ratios from 1993 to 1996 averaged 3.4:1
(range, 3.0-3.9:1). This average is |larger than the expected
value (2:1), but is a considerable inprovenent over the average
fish/redd ratio (6.3:1; range, 4.9-7.6) for the preceding five
years (1987.1992). At least two factors contributed to the
i nproved accuracy reflected in reduced fish/redd ratios. First,
t he use of underwater searches, which accounted for an average of
22% (range, 1231% of all redds counted upriver of Lower Ganite
Dam from 1993 to 1996, and second, increased search effort in
Snake River tributaries (Table 2).

Spawn timng varied each year based on redd counts from
aerial searches (Figure 3). The spawning period occurred within
a 4 to 8 week period each year. The date of intitial spawning
differed by as nmuch as 2 weeks, and the date of the end of
spawni ng di ffered by as nuch as 4 weeks. Peak spawni ng ranged
within a 4-week period. |In general, spawning started by |ate
Cct ober, peaked fromearly to md Novenber, and ended by md
Decenber .



TABLE 3. -The nunber of fall chinook sal non redds counted, and
aerial searches perforned, in the G ande Ronde, C earwater,
| maha, and Sal non rivers (B.D. Arnsberg, Nez Perce Tri be,
personal comruni cation; USFWS5, unpublished data).

Year Redd counts Nunmber of Searches
1987 7 4
1988 23 5
1989 11 5
1990 8 4
1991 8 14
1992 35 20
1993 92 32
1994 53 32
1995 44 17
1996 93 25
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TABLE 4. - Nunber of fall chinook sal non redds counted in the Snake River by search nethod
and year, 1986-1996. Data sources and nethods for collecting data from 1986-1990 can be
found inGarcia et al. (1996). No underwater searches were conducted froml1986-1990.

Sear ch Year
Met hod 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996
Aeri al 7 66 64 58 37 46 47 60 53 41 71
Under wat er 5 0 67 14 30 42
Total s 7 66 64 58 37 51 47 127 67 71 113
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TABLE 5.-New fall chinook salnon redds counted in 1996 during aerial searches of the
Snake R ver. Counts are presented by river kilonmeter (Rkn), |andmark, and date. Conplete
searches covered from Asotin, Washington (Rkm 235), to Hells Canyon Dam (Rkm 398). An
enpty cell indicate areas not searched on the correspondi ng day.

New redds counted by date

Rkm Landnark 21-Cct 28-Cct 04- Nov 11- Nov 19- Nov 25- Nov 02- Dec totals
244.4 Ten Mle Canyon 0 0 3 1 0 - 0 4
245.2 Big Bench Point 0 0 1 2 0 - 0 3
266.9 Match Line 0 0 2 1 0 - 0 3
272.9 Up. G Ronde Range No. 1 0 0 0 1 0 - 0 1
277.6 Deer Head Rapids 0 0 0 3 0 - 0 3
289.0 Cougar Bar Range No. 4 0 5 0 3 0 - 0 8
307.0 Eureka Bar 0 0 0 1 0 0 0 1
311.2 Divide Creek Site 0 2 0 0 0 0 0 2
312.1 Big Canyon Range 0 1 1 0 0 0 0 2
319.9 Robinson @l ch 0 3 2 1 0 0 0 6
330.5 Copper Creek-to-Getta Creek 0 2 0 0 0 0 0 2
334.4 Lookout Creek Range 0 2 1 0 0 0 0 3
334.7 Forest Boundary 0 2 6 1 0 0 0 9
343.2 Lower Pleasant Dam Site 0 1 0 0 0 0 0 1
343.5 Rapid No. 127 0 0 1 0 0 0 0 1
351.9 Kirby Range No. 2 0 4 0 3 0 0 0 7
352.4 Mddle Kirby Rapids No. 137 0 1 0 1 0 0 0 2
352.9 Kirby Range No. 5 2 0 0 0 0 0 0 2
379.2 Hat Creek 0 2 5 0 - 0 0 7
387.0 Ganite Creek-to-Rocky Bar 0 0 1 0 - 0 0 1
387.3 Rocky Bar Site 0 1 0 0 - 0 0 1
391.8 Chimmey Bar 0 0 0 2 - 0 0 2

2 26 23 20 0 0 0 71
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TABLE 6. - Nunber of fall chinook sal non redds counted in the
Snake River during underwater searches. Data are presented by
river kilometer (Rkm, l|andmark, and year, 1991-1996 (Garcia et
al. 1997). A dash (-) indicates no search was conducted at the
corresponding river mle.

Year
Rkm Landmar k 1991 1992 1993 1994 1995 1996

261. 3 Captain Johns Creek 5 0 0 0 - 2
266.5 Billy Creek - - 28 0 - 0
267.4 Fi sher Range - - 11 0 - 0
267.7 Lower Lewi s Rapids - - 21 0 - 0
289.0 Cougar Bar? - - 2 8 25 33
311.8 Big Canyon Creek - - 1 0 0 0
312.3 Zig Zag Creek - - - 5 0 0
318.9 Canmp 71 site - - - - - 2
320.8 Trail Gulch - - 1 0 0 5
341.4 Davis Creek - - - 0 2 0
352.0 Kirby Range No. 2 - - - - 3 0
358.5 Suicide Point - - 3 0 0 0
381.3 Lower Dry Qulch - - - 1 0 0

Totals 5 0 67 14 30 42

& At Rkm 289.0, ten redds were estimated to fit within an
area of overlapping redds in 1995, and 14 in 1996.

13
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1987 1988 1989 1990 1991 1992 1993 1994 1995 1996

1986

Rkm

0
0
0
0
0
0
0
0
2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
2
0
0
0
0
0

238. 6

239. 4
239.9

243. 8

244 4
245.2

16

23

15

13

252.5

252. 9
253. 3
257.0

11

259.0
261.3

11

15

262. 3

262. 7

264.5
265.0

265. 8

266.0

266. 3

14

266. 9

267. 4
267.9

271. 4
272.9
277.6

279.8
284.0
286.9

287.9

289.0

305.7

305.9

307.0

308. 4
311.2

311.7

311.8

312.1

312.3
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(Table 7. Conti nued)

1989

1991 1992 1993 1994 1995 1996

1990

Rkm 1986 1987 1988
315. 4

315.7
319.9

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
2
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0

328. 4
330.3

330.5

332.1

334. 4
334.5
334.7

337. 4
340.9

343. 2

343.5

343.8

345.1

345.5

347. 7

349.6

350. 4
351.1

351.9

352. 4
352.9
358.3
358.5

358. 6
359.1

359.9
378.3
379.2
379.7

380.9

381.3

383.9

387.0

387.3

391.5

391.8

393.6

395.3

396. 6

71

41

53

60

47

46

37

58

64

66
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Nunber of
N
(03]

0 0

1991
N=41

14- Cct 21- Cct

28- Cct 04- Nov 11- Nov 18- Nov 26- Nov 02- Dec 09- Dec

0 0

1992
N=47

0

16- Cct 23- Cct

30- Cct 05- Nov 13- Nov 23- Nov 04- Dec 12- Dec

1993
N=60

25- Cct

01- Nov 08- Nov 15- Nov 22- Nov 29- Nov 06- Dec 13- Dec

1994
N=53

0

24- Cct

01- Nov 07- Nov 13- Nov 21- Nov 29- Nov 05- Dec 12- Dec

23- Cct

1995
N=41

0
30- Cct 06- Nov 12- Nov 20- Nov 27- Nov 05- Dec

21-Cct

1996
N=71

0 0 0
28- Cct 04- Nov 11- Nov 19- Nov 25- Nov 02- Dec
Dat e

FI GURE 3. -Nunber of fall chinook sal non redds counted by
search date in the Snake River during aerial searches, 1991-

1996.

Bars are

al i gned by weeks of the year. Zeros

i ndi cate searches were conducted but no redds were observed.
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Since 1986, redds have been observed at 81 di screte spawni ng
areas during aerial searches from Rkm 238.6 to Rkm 396. 6 (Table
6). From 1993 to 1996, redd distribution (redds/km varied

bet ween river reaches (Figure 4), but overall, averaged 0.82
redds/kmin the lower and m ddl e reaches, and 0.37 redds/kmin
t he upper reach. The highest concentration of redds observed
annual Iy (1993-1996) within a continuous 2-kmreach ranged from
22-62% of the correspondi ng total annual redd count.

Di scussi on

Aerial redd counts show consistently | ow nunbers in the
Snake River over the past ten years. Aerial redd counts ranged
from41l to 71 in the four years of our study (1993-1996), and
from37 to 66 in the preceding six consecutive years (1987.1992).
Redd counts recorded prior to 1986 are of |limted use for
conparison with |ater counts because the searches were not well
docunented, or too few searches were conducted to provi de useful
i nformati on on popul ation size (e.g., a single search in 1986).

We observed variability in the timng and | ocation of fal
chi nook sal non spawning in the Snake R ver. A high degree of
variability is common for observations of a snmall popul ati on made
over a relatively short period (Ot 1993). The variability we
observed, and the continued use of new spawning sites, supports
previously reported evidence that spawning habitat availability
is not limting the population at this tinme (Connor et al. 1994).

The purpose of our work was to determ ne the nunber, timng,
and | ocation fall chinook sal nron spawned in the Snake River using
redd counts. W were able to acconplish this by nodifying
establ i shed aerial search nmethods, and devel opi ng an underwat er
search techni que in cooperation with the | daho Power Conpany.
Annual redd searches using conbi ned aerial and underwater search
techni ques are the best approach for indexing the popul ati on of
fall chinook salnmon in the Snake River at this time. Redd
searches should continue until a better, nore efficient, approach
i s devel oped, tested, and proven.
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Redds/ km
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1992
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1995
N=71
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2. 1996
N=113
1.
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Lower M ddl e Upper
Reach

FIGURE 4.-Distribution (redds/km of fall chinook sal non redds
observed in the Snake Ri ver during aerial and underwater
searches, by reach and year, 1991-1996.
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| nt roducti on

Hi storically, fall chinook sal nron spawned in the mainstem
Snake River fromits confluence with the Colunbia River to its
headwat ers near Shoshone Falls, |daho, a distance of
approximately 1,000 km (G | bert and Evermann 1892); Fulton 1968;
Figure 1). Since 1975, follow ng construction of the Hells
Canyon Dam and the four | ower Snake River hydroel ectric dans,
mai nst em spawni ng was apparently restricted to the Hells Canyon
Reach (river km 236-397; Horner and Bjornn 1979). All other
riverine habitat, except for a short distance downstream of
mai nstem hydroel ectric projects, was bl ocked or inundated.

Snake River fall chinook sal non popul ati ons were recently
i sted under the Endangered Species Act (NWVFS 1992), resulting in
focused studies on their habitat requirenents in the Hells Canyon
Reach (Connor et al. 1993). This listing also required the U S
Arny Corps of Engineers (Corps) to evaluate potential inpacts of
mai nst em dam operati ons on Snake Ri ver salnon. There was
anecdotal evidence that fall chinook sal non spawned in the
tailrace area downstream of two | ower Snake River dans. For
exanpl e, Bennett et al. (1983, 1993) captured subyearling chinook
salnon in Little Goose reservoir before collection of downstream
mgrants in the juvenile collection facility at Lower Ganite
Dam Sal non enbryos, believed to be fall chinook sal non, were
di scovered downstream of Lower Monunental Dam during dredging
operations in February 1992 (Kenney 1992). Hi gh fallback rates
and hol ding patterns of adults during the spawni ng season (Mendel
et al. 1992, 1994), also provided evidence that fall chinook
sal non spawned downstream of some | ower Snake Ri ver hydroel ectric
facilities.

The objective of this study was to search for and
characterize fall chinook sal non, Oncorhynchus tshawytscha,
spawning sites in areas i medi ately downstream of the four |ower
Snake River dans (Lower Granite, Little Goose, Lower Monunental,
and lce Harbor; Figure 1). This information was needed to
m nimze inpacts of in-channel construction activities on fal
chi nook sal non and has inportant inplications related to future
operation of |ower Snake River hydroelectric projects, including
assessnment of reservoir drawdown.

Met hods
Because the tailraces were large, we limted our searches to

| ocati ons where physical habitat conditions were simlar to areas
fall chinook sal non spawn. The areas we searched were identified
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usi ng a CGeographic Information System (G S-1ntergraph) that
cont ai ned baseline data on river channel bathynetry (30-cm
contours), near-bed velocity, and dom nant substrate coll ected by
a Corps contractor in 1993. Ranges for velocity ( 0.6-1.8

m sec), depth (7.6 m bel ow base water-surface el evation), and
substrate (0.2-30 cmdianeter), found at fall chinook spawni ng
sites, were sunmarized from neasurenents taken in the Snake River
(Connor et al. 1993; Goves 1993), the mainstem Col unbia R ver
(Chapman 1943; Burner 1951; Chanbers 1955; Chaprman et al. 1983;
Swan et al. 1988; Gorgi 1992), and fromother large river
systens (Thonpson 1972; Smth 1973; Ham |ton and Buel |l 1976;
Bovee 1978; Neilson and Banford 1983; Bell 1986). The value for
sl ope (<20% was based on a >80% frequency distribution of Snake
River (WP. Connor, U S. Fish and Wldlife Service, personal
communi cation) and Hanford Reach redds (Swan et al. 1988). Maps
wer e produced show ng areas where these physical habitat ranges
over | apped (search areas) for a distance of 2 km downstream of
each project. The substrate characteristics of each search area
wer e val i dated using underwater video. Areas where substrate
conposition was outside the size range comon to fall chinook

sal non spawni ng were not searched. The search area downstream of
| ce Harbor Dam was estimated to be 121,810 nf in 1993, revised to
158,520 nf in 1994, based on additional substrate data. The
search areas downstream of Lower Monunental, Little Goose, and
Lower Granite dans were 18,380 nf, 15,450 nf, and 44, 260 nf
respectively.

Redd searches were conducted using an underwater video
system nounted on a double carrier (G oves and Garcia, in press)
and depl oyed froma boat. The canera was ai ned 90° down from
hori zontal and passed 0.6 -1.3 mover the river bottomat regul ar
intervals (e.g., 7.5-30 m), providing a view path of 1.5 -4.2 nf.
Search patterns were established by first setting a reference
cross section that bisected each search area (e.g., CPl-see
exanpl e survey area; Figure 2) using a laser transit (Leitz/
Sokki sha Set 2 Electronic Total Station) or a G obal Positioning
System (GPS; Trinble Pro XL). A series of paired wooden st akes
were set up parallel to the reference cross section and served as
navigation aid. Md-river marker buoys were al so positioned to
del i neate search area boundaries. The distance between the
transect intervals was | east for areas thought to have hi ghest
potential for spawning (based on substrate characteristics), and
for proposed construction sites. Boat position was recorded
during each search using a GPS, providing accuracy of + 2 m
followng differential correction. B
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Spawni ng surveys were conducted from m d- Novenber through
January or follow ng the peak redd construction period for fal
chi nook sal mon (Connor et al. 1993; Dauble and Watson 1997).

Most surveys were conducted between 1000 and 1500 hours to take
advant age of optimal anbient [ight conditions. W added an
infrared |ight source in 1996 to provide non-intrusive
illumnation and to extend the survey period during w nter hours.
Ef fective searches could only be conducted when water turbidity
was < 4 Nephelonetric Turbidity Units (NTU), providing a
visibility of approximately 30 cm Redds were mainly identified
by changes in background contrast, bed el evation, or substrate
conposition. After a redd was |ocated, nultiple GPS readi ngs
were taken to record its location. Wighted markers (4 cm
dianeter x 60 cmlong rebar) with nunbered fl aggi ng were dropped
fromthe boat to mark individual redds. These markers hel ped

rel ocate redds during subsequent surveys. All stored inages were
reviewed in the | aboratory to confirmredd sightings.

Water velocities at individual redd |ocations were neasured
using a Marsh McBirney Fl ow Mate nodel 2000 portable flow neter
The sensor was attached to the canera sled platformand obtai ned
a near-bed vel ocity neasurenent about 35-40 cm above the
substrate. Water depths were neasured using a digital echo
sounder. The depth and velocity neasurenents represented a
“point-in-tinme” measurenent and changed according to operating
conditions (e.g., discharge, spill) at the dam For exanpl e,
tailwater elevation differed by as nuch as + 1 mduring the
Spawni ng peri od.

Resul ts

We searched 7 to 11% of each search area in 1993, 2 to 10%
in 1994, 3 to 11%in 1996, and 9% (two projects) in 1997. No
surveys were conducted in 1995 because of project spilling and
high turbidity. The general characteristics of each search area
varied. For exanple, the area downstream of |ce Harbor Dam where
redds m ght be found enconpassed nost of the channel cross
section, including the navigation channel and area downstream of
t he power house. However, we concluded from our video surveys
that the area downstream of the powerhouse was the only | ocation
havi ng substrate and flow conditions suitable for spawning. For
exanpl e, the navigation channel had | ow potential for spawning
because past dredging activities had renoved nmuch of the
al luvium Dom nant substrate in the search area downstream of
Lower Monunental Dam was highly variable, ranging fromgravel to

boul der. It was evident that substrate and depth characteristics
in this survey area had al so been altered by past dredging
activities. In contrast, nmuch of the defined search area
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downstream of both Little Goose and Lower Granite dans had
superficial substrate and flow characteristics that appeared
sui tabl e for spawning.

During the four years of surveys, we found evi dence that
fall chi nook sal nron spawned downstream of three of the four |ower
Snake River projects (Table 1). Lower G anite Dam had the
hi ghest redd totals, but Little Goose had the hi ghest frequency
of use. At both projects, redds were |ocated on the powerhouse
side of the damtailrace and near a high-vol une discharge from
the juvenile bypass outfall. Al redds found at Little Goose Dam
occurred within the splash zone of the bypass outfall, while
t hose downstream of Lower Granite Dam occurred i mredi ately
downstream of the bypass outfall. The single redd found at Ice
Har bor Damin 1996 was near a support piling of the newy
constructed juvenile bypass outfall. No redds or evidence of
di sturbed gravel were found within any the designated search
areas surveyed downstream of Lower Monunental Dam

We estimated the total spawning area (including inter-redd
di stance) downstream of Lower Granite Damin 1993 and 1994 was
2,560 nt (Figure 3). The spawning area downstreamof Little
Goose Dam was nore | ocalized and enconpassed only about 580 nf
for all survey years (Figure 4). The actual anount of habitat
used for spawning was only 5.8 and 3. 1% of the area identified by
G S at Lower Granite and Little Goose dans, respectively.

The depth of water over redds downstream of Lower G anite
Dam ranged from4.0 to 6.0 m (nmean depth 6.7 m, and near-bed
velocities ranged fromO0.4 to 0.7 msec. Depth of redds
downstreamof Little Goose Damwas simlar, ranging from4.5 to
8.1 m (mean depth 6.6 m and near-bed velocities ranged fromO.3
to 0.4 m sec.

Di scussi on

Qur observations confirned that small nunbers of fal
chi nook sal non spawn in the nmai nstem Snake Ri ver downstream of
the Hells Canyon Reach. Thus, sonme spawni ng has now been
docunent ed downstream of each of the four | ower Snake River
hydroel ectric dans. The occurrence of redds in tailrace areas
expl ains sone of the apparent interdamloss of adult fall chinook
salnon, a loss previously attributed to between-project nortality
(reviewed in Dauble and Mueller 1993). Redds found downstream of
| oner Snake River dans did not represent a significant proportion

29



TABLE 1.- Annual redd totals for |ower Snake River
hydroel ectric projects based on underwater video surveys
conducted in 1993, 1994, 1996, and 1997. No surveys were
conducted at |Ice Harbor and Lower Monunental dans in 1997.

Survey year | ce Habor Lower Little Lower
Monumnent al Goose Ganite
1993 0 0 4 14
1994 0 0 4 5
1996 1 0 4 0
1997 - - 1 0
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of production relative to other areas in the Snake Ri ver system
during our survey years. Although tailrace spawni ng accounted
for about 12% of the mainstem Snake River redds in 1993 and 1994,
spawning was nore limted in 1996 and 1997. The relative

i nportance of these tailwater spawning sites to Snake R ver fal
chi nook sal non popul ations is |l ess when tributary use is

consi dered (G oves and Chandl er 1996).

Fidelity toward spawni ng areas appeared high during our
survey years, but tenporal use patterns were irregular. Thus, it
was difficult to determ ne whether fall chinook sal non returning
to these areas existed as “satellite” populations or if the
tailraces served as convenient |ocations for sone upstream
m grant adults to spawn. Nonethel ess, irregular use of defined
Spawning sites in the tailwater areas is consistent with use
patterns in other parts of the Snake River. For exanple, G oves
and Chandl er (1996) reported that frequency of use for fal
chi nook spawning sites in the Hells Canyon Reach ranged from9 to
77% for the 50 sites they nonitored from 1986 to 1995.

Al t hough suitabl e spawni ng habitat (based on physical
characteristics) appeared present throughout nmuch of the Little
Goose and Lower Granite tailraces, redds were found only in the
area imredi ately adjacent to outfall flows. This suggests that
the flow patterns, overhead turbul ence, nearby structures, and/or
t hat pheronones or other odors fromthe juvenile fish facility,
may attract mgrating adult salnon. Redd |ocations also may have
been influenced by powerhouse operations. Locations in the Md-
Col unbi a R ver where spawni ng sites occur downstream of the
power house i nclude Wanapum (Rogers et al 1988; Horner and Bjornn
1979), Rock Island (Horner and Bjornn 1979), and Wells dans
(Gorgi 1992). (Operational variables, such as the relative
anount of discharge through the powerhouse, influences both
substrate size and nobility, key spawni ng habitat vari abl es.

The primary purpose of our G S-based habitat eval uati on was
to effectively direct initial search efforts. Because the range
of physical habitat val ues used for nodel input was w de, we did
not try to quantify avail able spawning habitat. However, Parsley
and Beckman (1994) applied G S technol ogy, in conjunction with
t he Physi cal Habitat Sinulation System (PHABSIM Bovee 1982) to
quantify rearing habitat for juvenile white sturgeon. Thus, this
tool can be refined to provide predictions of potential or
avail abl e habitat. W also found that A S was useful for |inking
across two or nore spatial data sets. For exanple, we used A S
to devel op cross-section profiles for individual redds that
showed their location relative to channel norphol ogy and vel ocity
vect ors.
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To our know edge, underwater video technol ogy was not used
for locating sal non redds before 1992. However, this technol ogy
is now routinely used in the Snake and Colunbia rivers to
characterize spawning habitat and to search for redds (Garcia et
al 1994; G oves and Chandler, in press). W used underwater
video to locate fall chinook sal non redds at depths ranging to 9
m This value conpares to a redd depth limtation of 3-4 mfor
aerial surveys conducted under simlar conditions of visibility
(Daubl e and Watson 1997). Searches with the video canera have
advant ages over other underwater techni ques conmonly used to
verify sal noni d spawni ng | ocations, such as SCUBA, in terns of
i ncreased coverage, safety, and docunentation

Qur studi es show that operation of existing hydroelectric
facilities in the | ower Snake River has created physical habitat
conditions suitable for spawning by fall chinook sal non. These
condi tions appear to exist for only short distances downstream of
nmost projects. It was previously docunented (Parsley and Beckman
1994) that damtailrace areas provide vestigial, though highly
regul ated, riverine habitat for other inportant Colunbia R ver
fish species such as white sturgeon. Thus, any proposed
operations for hydroelectric facilities, such as reservoir
drawdown, spilling, and altered outfall flows, need to be
carefully evaluated to ensure that potential inpacts to inportant
fish species are mnimzed. Additionally, future recovery
pl anning for listed fall chinook sal non (NVFS 1995) should
consider the relative inportance of this riverine habitat to
remai ni ng mai nstem and tributary popul ati ons.
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| nt roducti on

Renot el y operated underwater video canmeras (UVC s) can be
used to nmake observations in areas that are otherw se inpracti cal
to reach (Hel fman 1983). The types of carriers used by fishery
bi ol ogi sts to place and nove UWC s through the water have varied
w th study objectives and work environnments. Existing literature
concerning WC s was limted to use in lentic systens, over
rel ati vely honogeneous substrates. To observe | ake trout
Sal vel i nus namaycush spawni ng grounds in water 2-9 m deep, Nester
and Poe (1987) housed an UWWC in a stainless steel case and
suspended it froma boat on polyvinyl chloride (pvc) pipe up to 8
m | ong. Bergstedt and Anderson (1990) attached an UVC to a sled
made of pvc pipe and towed it behind a boat in water 3-8 m deep
to observe bricks they had distributed over a sandy | ake bottom
Edsall et al. (1993) used an UVC housed in a renotely operated
vehicle to observe burbot Lota lota residing over a variety of
bottom substrates at depths to 42 m

The need to | ocate chinook sal non Oncor hynchus tshawtscha
spawni ng grounds and redds, and to characterize substrate types
for habitat mapping and nodeling in a large river, created a
chal | enge for deploynent of an UVC that could not be net using
existing carriers designed for lentic conditions. For exanple,
we required a carrier that could be suspended from a boat,
operated in water 3-13 mdeep with velocities up to 3 m's w thout
bei ng subjected to excessive drag, maneuvered over potentially
damagi ng substrate types, and adjustable to allow the canera to

rotate from0° to 90° (down from horizontal). W devel oped and
tested two lotic UVC carriers and a depl oynment system by

nodi fyi ng hydraul i ¢ soundi ng wei ghts and equi prent normal |y used
for stream gagi ng.

Met hods

We built two types of UVC carriers, one using a single 34 kg
hydraul i ¢ soundi ng wei ght (single carrier), and the other using
two 11 kg soundi ng wei ghts (double carrier). Both carriers were
designed to acconmpdate a Sony WPCl140 wat er pr oof housi ng

containing a series H/Mcanera with a 110° lens. The canera and
housi ng were connected to a DC powered 8 mm vi deo recording
system by 20 m of canmera cable. Real-tinme observations were nmade
possi bl e by connecting the video recording systemto an

i ndependent bl ack and white nonitor having a 23 cm di agonal
screen. The carriers were tested and used separately by
different crews and at different river locations. Each UVC
carrier was suspended froma boat by a 3 mmdi aneter netal cable
t hat passed through a roller on the bow, and attached to a U. S.
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CGeol ogi cal Survey (USGS)-type sounding reel with a calibrated
depth indicator. The carriers were attached to the suspension
cabl e using a prefabricated stainless steel hanger bar and a USGS
type B connector.

The single carrier consisted of an alum num casing (4.8 nm
t hi ckness) attached near the nose of the soundi ng wei ght using
two uni versal brass heads (nodified fromelectrical too
extensions) (Figure 1). One brass head was attached to the
bott om of the alum num case, and the other was enbedded into the
nose of the hydraulic weight. Each brass head was equi pped with
interlocking teeth that allow the protective case to be

positioned at various angles between 0° and 90° down, relative to
horizontal. The alum num casing was |eft fully open at the
front, and an opening was cut into the back plate in order to

al I ow vi deo coaxi al cable connections. The plastic waterproof
canera housing was placed into the alum num protective case from
the front, and was held in place by a face plate that was
attached using four 9.7 nmm machi ne screws.

For the double carrier, two soundi ng wei ghts were wel ded
together wth an al um num framework (6.4 nmthickness), and two
of the hydraulic fins were replaced with a single connecting
plate (Figure 2). The stainless steel hanger bars were drilled
to fit a 9.7 mmdi aneter course-thread stainless steel rod
covered with two al um num tubes (12.7 mmdianeter, 3.2 mm wal |
t hi ckness). The two al um num covering tubes provided support and
centered the small hanger bar. An additional alum numfrane was
used with the double carrier to provide extra protection for the

canera when it was set at 45° and 90° down from hori zont al

Modi fications to both carriers provided for the use of two
caneras in conbination, one oriented forward at 45° down from

hori zontal and another set at 90° down from horizontal. On the
single carrier the second canera was attached to either side of

t he wei ght using a duplicate of the nose nount and the protective
al um num case (Figure 1, front view). A bracket was used to add
the second canera to the double carrier (Figure 2, side view.

We used this arrangenent to hel p detect subtle differences in
contrast and relief of substrates when searching for redds, and
for referencing video segnents to calibrated i mages during
substrat e anal yses.
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FIGURE 1.-Side and front views of the single carrier, show ng
the al um num case (A), renovable face plate (B), universal brass
nmounti ng heads (C), and hanger bar (D). The side view shows a

single canera set facing forward at about 45° down from

hori zontal. The front view shows two caneras angl ed down by 45°
and 90° from hori zont al
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Double-weight carrier

FIGURE 2.-Top, front, and side views of the double carrier
show ng hanger bar (D), connecting plate (E), cross bar (F),
protective carriage (G, and nounting plate (H. The top and

front views show a single canera set at 90° down from hori zont al
The side view shows two caneras angl ed down from horizontal by

45° and 90°.
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Results and D scussi on

We successfully used the two WC carriers to renotely
observe and neasure substrates and search for chi nook sal non
redds over a wide range of depth and velocities in a large river
(Groves 1993, Garcia et al. 1994, Goves and Chandl er 1996).

Each carrier design had unique features, and both were used to
depths of 13 m and where velocities approached 3 m's. The
single carrier provided | ess camera protection, tended to wobble
at higher velocities (> 1 ms), but offered |l ess drag. The
doubl e carrier provided a greater degree of canera protection and
stability in all flow ranges (to about 3 nis), but created drag
that pulled the carrier under the boat when operated in water > 3
m deep with velocities > 1 nis.

Both carriers were danaged by collision with | arge boul ders
at | east once while working in areas having erratic turbul ence
due to high water velocity and jutting bottom substrates. Danage
to the single carrier was limted to the alum num case, and was
due to repeated inpact with [ arge boulders. W recommend using a
stai nless steel case for increased protection of the canera. The
hanger cross bar on the double carrier was bent once after the
carrier | odged between two boul ders and excessive force was
needed to extract it. In all instances, the waterproof canera
housi ng remai ned intact, and we believe that risk of damage could
be mnimzed with increased operator experience.

Qur designs could be used as presented, or nodified to fit
ot her canera types and water conditions. For exanple, during
underwat er video observations of habitat use, a Marsh- McBirney
(Model 2000) velocity neter was attached to neasure velocity at
speci fic heights above redds. Also, our current nmethod of noving
the UVC up and down through the water colum relies on a manual |y
operated winch; it is possible that an electric w nch system
could be used to reduce nuscle strain. Additionally, water drag
on the video cable can be a nuisance, resulting in excessive
cabl e bowi ng downstream under the boat. This problem can be an
obvi ous disaster in a propeller operated craft. W overcane this
obstacle by running the video cable through a type of friction
braki ng bar commonly used for technical nountaineering and
rappelling. Finally, strong lighting around the nonitor face can
result in glare that degrades the video picture during real-tine
observations. W overcane this problem by placing an extended
protective hood around the nonitor. The hood was nmade of |ight
pl ywood, painted flat black inside and extended out fromthe face
of the nonitor by approximately 30 cm
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Each carrier system proved successful in allowng us to
depl oy and maneuver an underwater canera in a |large river having
nmoderately high water velocities. These designs have al so been
adopt ed by other agencies attenpting simlar studies downstream
of hydroelectric projects in the | ower Snake and Col unbia Rivers
(Daubl e et al. 1994).
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| nt roducti on

Concern over the | ow abundance of Snake River fall chinook
sal nron Oncor hynchus tshawytscha cul mnated in 1991 when the
Nat i onal Marine Fisheries Service was petitioned to list this
stock under the 1973 Endangered Species Act (ESA, NMFS 1992).
Recovery efforts for fall chinook salnon are limted by the |ack
of understanding of life history requirenents.

Successful natural reproduction of Snake River fall chinook
salnon could be [imted by the quality of spawning gravel. Fal
chi nook sal non spawn in the free-flow ng reach of the Snake River
between river kiloneters (RKMs) 235 and 398 (Garcia et al. 1994).
Cursory surveys have shown that 12 natural spawning |ocations
have been inportant from 1987 through 1994. Sone physi cal
features of these 12 spawni ng | ocations have been described using
| nstream Fl ow | ncrenental Met hodol ogy (Connor et al. 1993) and
limted substrate anal ysis.

A conplex m xture of sedinment sizes in conbination with
certain hydraulic conditions are required to provide an ideal
spawni ng envi ronnent for chinook sal non (Reiser and Bjornn 1979)
al t hough the m xture of sedinent sizes for optinum sal non
survival is not clear (Platts et al. 1979). Chapnman et al.
(1986) reported that the substrate used by spawning fall chinook
salnon at Vernita Bar in the Colunbia R ver contained a high
proportion (32-35% of cobble and large gravel (> 75 nm with a
smal l er proportion of fines (< 0.85 nm 4.3-5.8%.

Hi gh concentrations of fine sedinents can create
detrinmental effects during salnonid egg and fry devel opnent
(Meehan and Swanston 1977). Excessive anobunts of fine sedi nment
in the spawni ng substrate can decrease perneability and water
velocity to incubating enbryos (Lotspeich and Everest 1981).
Decreased flow through the substrate reduces oxygen availability
to enbryos and sl ows renoval of netabolic wastes that may be
toxic to enbryos (lwanoto et al. 1978). Also, entrapnent of fry
occurs when fine sedinents are | odged in substrate interstices
t hat prevent emergence (Phillips 1975). The purpose of this
project was to describe the conposition of gravel in the Snake
Ri ver between Rknms 245.1 and 398, and to assess effects of the
substrate conposition on the incubation success of fall chinook
sal non. The objectives were to (1) characterize the spawni ng
substrate at 12 previously identified fall chinook sal non
spawni ng | ocations and (2) estinmate incubation success of fal
chi nook sal non enbryos in artificial redds using substrate
representative of the 12 study | ocations.
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Study Area

The free-flowi ng reach of the Snake River extends fromHells
Canyon Dam (RKM 398) to the upstreamend of Lower G anite
Reservoir (RKM 235) near Asotin, Washington. Twelve spawni ng
sites within the free-flowi ng reach, previously identified from
redd counts (Connor et al. 1993), were sanpled to assess
substrate conposition (Figure 1). Riffles, glides, |ateral
gravel bars, and runs all within deep and shallow | ocati ons were
associated wth the spawning | ocations. Four of the 12
| ocations, RKMs 245.1, 257.1, 259, and 261.3, were sanpled to
assess substrate conposition during 1994 and the remaining eight
| ocations, RKMs 249, 254.7, 267, 277.6, 312.7, 343.7, 349.6, and
352.9 were sanpl ed during 1995.

Met hods
Substrate Conposition

Substrate at eight of 12 known spawni ng sites was sanpl ed by
freeze-core or done suction sanpling whereas four sites were
sanpl ed by video analysis due to high flow conditions. Ten
random substrate sanples were collected at each of eight of the
12 previously identified spawning sites. Site maps, created from
underwat er videos, wth [ ocations of suitable-sized spawni ng
substrate, were obtained for each study site (Connor et al.

1994). A nunbered grid was placed over the site maps and 10
random nunbers were sel ected that corresponded to potenti al
sanpling locations. Substrate sanpling |ocations were identified
by SCUBA divers fromlead |lines marked at 10-minterval s extended
perpendi cular to the current. SCUBA divers descended to the
appropriate sanpling |l ocations and used a nodi fied done suction
sanpler (Gale and Thonpson 1975) to collect substrate in water >
1.2 mdeep. The donme suction sanpler consisted of a transparent
acrylic hem sphere (done; neasured 30.2 cmin dianeter x 25.4 cm
in height) with two 15 cm di aneter hol es cut on adjacent sides of
acrylic done. The diver’s armwas inserted through one hol e,
covered with overl appi ng neoprene to prevent fine sedinents from
escapi ng, and | arge substrate frominside the sanpler was pl aced
by the diver into a collection bag attached to the other hole.

An additional 1.9 cmhole into the done facilitated nounting a
bil ge punp (powered by an attached 12-volt battery) to vacuum
fine sedinments into a separate collection bag. The donme was
mounted to the top of a serrated stainless steel band (neasured
30.5 mmx 30.5 cmhigh) that permtted easier penetration into
coarse substrates.
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A nodified, tri-tube, freeze-core sanpler (Everest et al.
1980), fueled by liquid CO, was used to sanple substrate in
water < 1.2 mdeep. W used a di anond-shaped, gal vani zed
deflector (0.5 x 0.9 x 1.4 mhigh) to divert water flow and
enhance freezing of the substrate. Extracted cores were placed
on a subsanpler, heated, sorted into three strata (stratum1 = O-
10.16 cm stratum 2 = 10.16-20.3 cm stratum 3 = 20.3-30.5 cm
Everest et al. 1980), and placed into | abel ed coll ection bags.

Substrate sanples were transported to the University of
| daho, dried, and shaken through U S. standard sieves with nesh
sizes of 0.25, 0.85, 2.0, 3.35, 4.75, 6.4, 9.5, 12.5, 20, 50, and
75 mm Dry weight fromeach sieve was used to cal cul ate the nean
particle size distribution of each sanpl e.

Gravel quality indices used to predict sal nonid i ncubation
success are generally classified as one of two types: (1) the
proportion of a substrate sanple snaller than a given size
(percent fines) or, (2) a neasure of central tendency of the
entire particle distribution (Young et al. 1991). W chose fines
< 0.85 and < 6.4 mmwth central tendency neasures of geonetric
mean particle size (dg) and Fredle index (f;) for conparison
with results fromsimlar experinments (McNeil and Ahnell 1964;
Bj ornn 1969; MCuddin 1977; Shirazi and Seim 1979; Tappel and
Bj ornn 1983; Young et al. 1991; Arnsberg et al. 1992).
Ceonetric nean particle size was cal cul ated as:

dg:dl\dezWZX dnvm,

where d = nean particle dianeter captured by a sieve, and w =
decimal fraction by weight of particles retained by a given
sieve. The Fredl e index was cal cul ated as:

fi = dg~ So;

where dy; = geonetric nean, S, = ,/dg,, d, the sorting coefficient,

dss and dig = weight of particles at which 84% or 16% (one
standard devi ation) of the sanple is finer (Kondolf 1988).

The percentages of substrate < 0.85 mmand < 6.4 mmfor each
sanpl e were normalized by arcsine transformati on for conpari son
by analysis of variance (Ot 1984). W exanm ned nean particle
size distribution at each location by plotting the data on a
| ogarithm c scale. Substrate sanples fromfluvial systens have
particle size distributions close to | ognormal (Shirazi and Seim
1979; Tappel and Bjornn 1983). Fredle index nunbers were | og
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transfornmed (fy = /fi+0375) for normality (Ot 1984). A general

i near nodel (GLM of analysis of variance (SAS 1989) was used
to statistically conpare (P < 0.05) vertical stratification
w thin and anong each freeze-core sanple.

We used the National Institutes of Health digital imge
processi ng procedure (Keneny et al. 1993) for anal ysis of
surface substrate videos collected by the U S. Fish and Wldlife
Service at four sites (RKMs 249, 254.7, 267, and 277.6) because
the water was too deep (> 3 m and fast for either freeze-core
or done suction sanpling. Sanpling sites were selected fromthe
video tapes using the criteria of dom nant and subdom nant
substrate < 15.24 cmand > 1.00 cmfrom which 25 random
snapshots, per site, were taken with a Maci ntosh 7200/ 100
conput er using the Photoshop image software.

Substrate particles shown in the snapshots were nmanual ly
outlined with the free-hand utility tool of the software. The
conput er measured the area, major axis (the |ongest portion of
the particle), and m nor axis (shortest portion of the particle)
of each particle. Areas containing fine particles (< 6.4 nm
were conbined into an outlined i mage, and the area of these
i mges were calculated for the total amount of fines in the
phot ograph. Particles were then placed into sieve sizes of <
6.4, 6.4, 9.5, 12.5, 20, 50, and 75 nm based on the formul a:

[):1,v§'41+(c,bf]'b; where D is the sieve opening, b is the

major axis, and c is the mnor axis of the particle being
measured (Church et al. 1987). Percentages of each sieve size
were determ ned by the sieve area divided into the total area
measured in the image. Particle size distribution was conputed
at each site and graphically presented.

Emer gence Success

Ei ght spawni ng substrate conpositions that enconpassed the
range of substrates in known spawni ng areas of the Snake River,
were chosen to sinulate effects on fall chinook sal non enbryos.
Forty-eight troughs (121.9 cmlength x 30.5 cmwi de x 30.5 cm
deep) were filled 25 cm high with eight gravel-sand m xtures
(Figure 2). Six replicates of each gravel and sand m xture were
wei ghed and conbi ned by hand to obtain the eight target
conpositions (Table 1) and were randomy placed into separate
t roughs.
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TABLE 1. -Substrate conposition (% used to assess enbryo
i ncubation success of fall chinook salnmon in the | aboratory
during 1995 and 1996.

< 6.4 mm > 6.4 <25 mMm > 25 mm
Pllanned Measur ed Pllanned Measur ed Pllanned Measur ed
Conposi tion 1995 1996 1995 1996 1995 1996
1 0 2 2 75 72 80 25 26 18
2 8 11 9 70 72 77 22 17 14
3 12 26 13 81 68 83 7 6 4
4 16 23 19 75 73 75 9 4 6
5 20 29 23 65 66 67 15 5 10
6 26 28 27 70 69 70 4 3 3
7 30 32 32 54 60 57 16 8 11
8 35 36 36 65 62 64 0 2 0
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Eyed fall chinook enbryos from Bonneville Fish Hatchery,
Bonnevill e, Oregon, were used for the trough experinent in 1995.
Three hol es placed near the inflow, mddle, and outflow of each
trough were dug 25 cmdeep into the gravel, sinmulating egg
pockets. Two Whitl ock/Vibert (WV) boxes, each filled with 50
enbryos and trough substrate, were placed in two of the holes and
50 enbryos were placed in the bottomof the third hole. Al
enbryos were gently covered with trough substrate.

In 1996, fall chinook ganetes (eggs fromthree femal es and
mlt fromfive nales) obtained fromLyons Ferry Hatchery,
Washi ngton, were brought to the University of |daho | aboratory
where they were fertilized and water hardened. One hundred fifty
enbryos were placed in troughs simlar to the 1995 procedures
al t hough only one WV box, filled with 50 enbryos and substrate,
was used for each trough assessing incubation success, prior to
energence. During both years, 100 enbryos each were placed in
three Heath Tray incubators to nonitor handling nortality
(controls) of the enbryos.

Chilled, unchlorinated, recycled tap water flowed laterally
t hrough the troughs. Flows through the troughs were regul ated by
bal | val ves and determ ned by gradi ent differences between the
i nfl ow and outfl ow sources. A 2% gradi ent was mai ntai ned where
possi bl e. Dissol ved oxygen was neasured with a YSI nodel 57
meter (Yellow Springs Instrunments, Yellow Springs, Chio) in
perforated PVC pipe (20 cmlong x 1.8 cmdianeter) placed in the
m ddl e of each egg pocket nearest the outflow (9.78 ng/L = 100%
saturation). Water tenperatures were recorded hourly with a RTM
2000 neter (Ryan Tenpnentor, Ryan Instrunents, Rednond,
Washi ngt on).

As fry enmerged, they were renoved fromthe troughs with
suction devices or small nets, placed in sanple bags, and
preserved in 10%formalin. After being preserved for nore than
21 days, fry were blotted dry, weighed to the nearest 0.1 ng, and
measured for total length (0.5 nm Ronmbough 1985). Survival was
cal cul ated as the percentage of fry that energed, transforned by
arcsine (Ot 1984) and conpared anong substrate conpositions
usi ng polynom al regression analysis (SAS 1989).

Substrate sanples fromthe inflow, mddle, and outfl ow of
the trough were taken with a 15.24 cm McNeil sanpler (MNeil and
Ahnel | 1964) at the conclusion of the fry emergence. Substrate
sanpl es were dried, shaken through U S. standard sieves (0. 25,
0.5, 0.85, 2.0, 3.35, 4.75, 6.4, 9.5, 12.5, 20, 50, and 75 M),
and wei ghed. Percent fines (< 0.85 and < 6.4 mm), geonetric nmean
particle size, and Fredle index were calculated simlarly to the
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substrate sanples collected in the Snake River. Least squares
means (SAS 1989; P < 0.05) were used to determne if differences
in substrate conposition occurred between troughs. Differences
in the nean indices of substrate conposition and the
correspondi ng percent energence were conpared by t-test (P <
0.05). Sanples containing less than 5 %fines < 0.85 mMm were
consi dered | arge dianeter substrate (LDS), whereas, sanples
containing nore than 10%fines < 0.85 nm were consi dered snal

di anet er substrate (SDS)

Resul ts
Substrate Conposition

Differences in particle size distribution of substrates
sanpled in water > 1.2 m deep were observed (Figure 3).
Substrate from RKMs 245.1, 261.3, and 343.7 contai ned
significantly higher percentages of small (< 2.0 nm particles (P
< 0.049) than those sanpled at other |ocations whereas RKMs 259,
312.7, 349.6, and 352.9 contai ned hi gher percentages of |arger (>
6.4 mm) particles. Substrate sanpled with the done suction
sanpler at RKM 257.1 was generally > 15.24 cm and consi dered too
| arge for spawning, and, thus was omtted fromfurther analysis.
Mean percent fine substrate particles < 0.85 nmwas hi ghest at
RKM 245.1 (8.5% and decreased upstreamto a | ow at RKM 352. 9
(1.16% Table 2). Mean percent fine particles < 6.4 nmwere al so
hi ghest at RKM 245.1 (19.82% and generally decreased upstreamto
alowat RKM312.7 (7.51% . The geonetric nean particle size and
mean Fredl e i ndex val ues were highest at RKM 312.7 (dy, = 39. 86
and f; = 18.32) and lowest at RKM 245.1 (dqy = 17.68 and f; =
5.89).

Substrate sanpled by the freeze-core sanpler at RKM 245.1
contai ned the | owest percent fines in stratum1 (10.71% and
fines gradually increased with depth (Table 3). Percent fines
between strata 1 and 2, and strata 1 and 3 were significantly
different (P < 0.009), whereas those between strata 2 and 3 were
not significantly different (P > 0.914). No significant
difference in percent fines (< 0.85 mm) was found at Rkm 261. 3
anong strata. Ceonetric nean particle size and nean Fredl e index
decreased with depth at RKM 245.1 but remai ned simlar anong
dept hs at RKM 261. 3.

Data coll ected by i mage processi ng showed a hi gher abundance
of particles < 6.4 mmat RKMs 254.7 and 277.6 than at RKMs 249
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TABLE 2.-Mean quality indices of substrate sanpled in > 1.2 m
of water during 1994 and 1995 between river kilonmeters 245.1 and
352.9 in the Snake River.

Percent fi nes
Geonetric nean Fredle

Locati on n <0.85 mx 6.4 mMmm dianeter (mM) i ndex
245.1 10 8.50 19. 82 17. 68 5. 89
(4.9)* (10. 2) (6.4) (3.5)

259 9 5.03 9. 67 26.94 11. 28
(3.9) (6.8) (9.7) (6.6)
261.3 10 7.84 15. 31 18. 62 6. 57
(2.2) (2.8) (3.4 (1.8)

312.7 10 2.27 7.51 39. 86 18. 32
(1.6) (4.0) (9.1) (7.9
343.7 10 3. 06 16. 94 28. 45 8.15
(0.77) (3.9 (5.7) (4.1)

349. 6 10 2.23 11. 02 29. 87 10. 84
(1.1) (3.6) (6.2) (3.9)
352.9 10 1.16 13. 58 19. 97 6. 85
(0.81) (6.5) (6.2) (1.6)

1 = standard devi ation
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TABLE 3.-Mean quality indices of substrate sanpled in < 1.2 mof water during 1994 at

river kilometers 245.1 and 261.3 in the Snake Ri ver

stratum 2 = 10.16-20.3 cm stratum 3 = 20.3-30.5 cm).

(gravel

depth; stratum1 = 0-10.16 cm

Percent fines Geometric mean Fredle

< 0.85 mm diameter (mm) index

strata strata strata
Location n (1) (2) 3) (1) (2) (3) (1) (2) (3)
245.1 4 10.71 16.00 17.10 15.02 10.90 8.28 4.13 1.58 1.18
261.3 3 10.74 9.75 7.13 12.57 13.68 17.20 4.01 3.19 3.94

Common line represents no significant difference.
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and 267. Random |l ocations at RKMs 249 and 267 contained a | arger
proportion of surface substrates > 30 nm (Figure 4).

Emer gence Success

No significant difference (P > 0.74) in WYV box incubation
success was observed at hatching in 1996 (early pulls; 35 days
after planting) anong the eight gravel conpositions. Overall
mean survival (adjusted relative to hatchability of 81.4% was
65. 3% and the nean survivals ranged fromb56.2 to 78. 7%

Four substrate conpositions fromthe trough experinment in
1995 were evaluated for incubation and enmergence success (Table
4). Substrate conpositions 3 and 4 (category C) and 5, 6, 7, and
8 (category D) were conbi ned because no statistical differences
(P > 0.122) in gravel conpositions were found. Eight
conpositions were evaluated fromthe trough experinent associated
Wi th incubation success in 1996; all conpositions contained
statistically different (P < 0.0001; Table 4) quantities of
particles < 6.4 nm

We found an inverse rel ationship between percent fines
(< 0.8 mMmand < 6.4 mm and survival to energence of the four
gravel -sand m xtures in 1995 (90 days = Decenber 1994 to February
1995) and in 1996 (144 days = Novenber 1995 to March 1996) with
the eight gravel-sand m xtures. The adjusted nean percent
survival to enmergence in the test trough with 2% fines < 6.4 mm
was 78.5%in 1995, and 61.5%in troughs with 1.8%fines < 6.4 nmm
in 1996 (Figure 5). The best fitting nodel to describe the
rel ati onshi p between survival (y) to energence of fall chinook
sal non based on the 1995 data were the geonetric nean particle
size (x), where: y = -0.685 + 0.204x - 0.006x*> (r? = 0.63).
Enmergence in substrates with geonetric nmean < 5 nmwas zero,
increased rapidly to 10 mm and remained simlar at |arger mean
sizes (Figure 6). In 1996, the best nodel that described
energence survival was using percent fines < 0.85 nmm (x), where:
y = 61.97 - 3.029x (r? = 0.49). Fry survival is linear and
decreases rapidly as percent fines (< 0.85 nm) increase.

Year conparisons of percent fines (<0.85 and <6.4 mm,
geonetric nean particle size, and Fredl e i ndex showed no
significant difference between years (P = 0.7525, LDS and P =
0. 2157, SDS). Variances associated with nmean indices between
1995 (2.24 LDS and 3.88 SDS) and 1996 (2.30 LDS and 3.85 SDS)
were alike indicating simlar substrate characteristics between
years. However, nean energence success between the years were
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TABLE 4. - Mean egg survival to energence, |length, weight, and nunber of fall chinook sal non from
substrate conpositions in experinental troughs during 1995 (eyed eggs) and 1996 (green eggs).

Fines Fines Geometric Fredle Percent Length Weight

Composition n <0.85mm <6.4mm mean index  survival (mm) (mq)

1995 eyed eggs

A 6 0.1 2 17.8 9.9 78.5 32.8 391
(4.4  (5.6) (80.7)

B 6 2.2 11 13.5 7.0 76.5 31.6 377
(5.7) (5.9) (140)

C 12 6.1- 6.5 23-26 8.4-8.6 3.9-40 55.0 32.1 375
(13.9) (5.8) (80.6)

D 24 8.5-11.2 28 -35 6.5-7.7 20-3.0 415 31.2 359

(20.8) (5.9) (82.5)
1996 green eggs

1 6 0.0 1.8 16.6 9.5 61.5 34.5 416
(18.8) (4.7 (92.7)
2 6 2.0 8.6 13.4 7.5 54.3 34.4 394
(12.8) (5.0 (95.7)
3 6 3.6 13.0 10.9 6.1 46.7 35.0 392
(12.8)  (3.8) (86.9)
4 6 7.4 18.6 9.3 4.5 46.4 36.2 425
(12.6)  (4.0) (95.0)
5 6 10.2 23.2 8.5 2.9 40.8 36.0 413
(17.9)  (4.5) (90.0)
6 6 10.2 27.5 7.4 2.6 31.3 36.4 417
(205) (2.7) (82.0)
7 6 15.0 32.5 6.6 1.4 8.6 35.0 432
(11.9)  (5.5) (113)
8 6 13.7 36.3 5.8 1.5 19.0 36.1 400
@I85 3.2 (93.3)

L = standard deviation
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significantly different (P = 0.0005 LDS, and P = 0.0141 SDS) as
hi gher percent of eyed eggs energed (75% LDS, 46% SDS) than did
green eggs (54% LDS, 23% SDS). Variances associated with nean
percent energence were simlar anong the eyed eggs in 1995 (429)
versus green eggs in 1996 (408) using SDS, whereas variances for
mean percent energence of green eggs (238) was four tinmes that of
eyed eggs (54) using LDS

Mean | ength and wei ght of energing fall chinook salnmon fry
were not affected by the anount of sedinent in the substrate. No
significant differences in nean weight (P > 0.42) and length (P >
0.65) were found anong the substrate conpositions in either year
(Table 4). D ssolved oxygen concentrations in all test troughs
in both years were > 9 ng/L (92% saturation) throughout the study
and did not decrease with increased amounts of fine sedinents.
Average water tenperature in the troughs in 1995 was 11.2 °C and
ranged from7.9 to 16.6 °C and in 1996 averaged 9.5 °C and ranged
fromb5.9 to 15.7 °C. Apparent velocities in 1996 ranged from
0.95 cm's in troughs with 0%fines < 0.85 mMmto 0.06 cms in
troughs with 13. 7% fines < 0.85 nm (Table 5). Estimtes of
apparent velocities in 1995 were not representative because of a
mechani cal error

Di scussi on

Conparison of the substrate conposition fromthe area
sanpled in the Snake River with that of several comonly used
i ndi ces of spawni ng gravel quality indicated that the substrate
did not contain sufficiently high fines to adversely affect
energence success. Sanpling location RKM 245.1 had the hi ghest
percent fines < 0.85 M (8.5% and < 6.4 mm (19.8% but our
results fromthe trough experinents suggested that no significant
decrease in enmergence success would occur. Substrate sanples from
ot her | ocations suggested that energence success of fall chinook
sal non should not be inhibited by the substrate conposition.

Overall spawning substrate quality in the free-flow ng reach
of the Snake R ver has changed little fromthe early 1990s. The
percent fines < 0.85 mmat RKMs 245.1 and 261. 3 sanpl ed by the
freeze-core sampler (15.2%and 9.2% respectively) were simlar
to those found at these locations (15.6% and 7.2% by Arnsberg et
al. (1992). Qur strata profile showed an increase in finer
particles with depth at RKM 245.1 and uniformquality at RKM
261. 3 whereas Arnsberg et al. (1992) found uniformquality of al
three strata from RKMs 245.1 and 261.3. Streanflow data in the
Snake River taken fromthe USGS gage station near Anatone,
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TABLE 5.-Mean apparent velocities in 1996 from experimental troughs filled with
different substrate compositions.

Fines Fines Apparent
Composition <0.85 mm <6.4 mm Velocity (cm/s)
1 0.0 1.8 0.95
2 2.0 8.6 0.66
3 3.6 13.0 0.47
4 7.4 18.6 0.45
5 10.2 23.2 0.20
6 10.2 27.5 0.12
7 15.0 32.5 0.09
8 13.7 36.3 0.06
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Washi ngton, (U. S. Geol ogi cal Survey, 1992-94) showed relatively
low flows in 1992 (annual mean = 511.2 n¥/sec), increasing in
1993 (annual nmean = 956.1 ni/sec), and decreasing in 1994 (mean
flow = 596.4 ni/sec). Both studies, Arnsberg et al. and ours,
were sanpled during | ow water years (1992 and 1994) where snall er
sedi ment probably settled and accunul ated in these spawni ng areas
consequently showing simlar characteristics between years.
Upstream dans act as sedinment traps allowing limted fine

sedi nent deposition downstream (Gol dman and Horne 1983). Qur
study supports this by reason of no major tributaries to the
Snake River between Hells Canyon Dam and the I maha River.
Conparing our study |ocations sanpled above the Immaha River to

t hose sanpl ed downstream the G ande Ronde River (Table 2); showed
fines < 0.85 mmat RKMs 312.7, 343.7, 349.6, and 352.9;
significantly less (P < 0.026) than downstream | ocations at RKMs
245.1, 259, and 261.3. An increase in fine sedinent (< 0.85 nm
bel ow t he Grande Ronde River probably originates fromrunoff of
three major tributaries; the Imaha, Sal non, and G ande Ronde
rivers.

Chapman (1988) states that the salnonid redd in a stream
begi ns as a pocket fromwhich the femal e has renoved fines and
smal | gravels. Several researchers (Burner 1951; MNeil and
Ahnel | 1964; Chapnman 1988; CGarrett 1995) have noted that
conditions in the egg pocket and the surrounding redd have |ess
fine particles than the neighboring gravel. Many studies (Bjornn
1969; Koski 1975; MCuddin 1977; Tappel and Bjornn 1983),

i ncl udi ng ours, have shown an inverse rel ationship between the
anmount of fine sedinents and sal nonid survival to enmergence. W
estimated fall chinook survival to enmergence sinulating substrate
found in the Snake River prior to spawning. Qur estimtes of fry
survival are probably | ower than would naturally occur because
sal noni ds nodify substrate conposition during redd construction
that was not simulated in the trough experinents. Grrett (1995)
reported significant intrusion of fines during the incubation
peri od of kokanee Oncorhynchus nerka in the North Fork of the
Payette Ri ver, |daho. However, |ow anbient sedinent levels in
the Snake River probably would Iimt fine sedinent intrusion
during the incubation period of fall chinook sal non.

The NI H i mage processing procedure proved to be a fast and
i nexpensive tool in analyzing surface substrate. However, due to
hi gh water we were unable to conpare NIH i mage with other
sanpling nmethods. This conparison needs pursuing in order to
val i date whether a correl ation exists between the substrate
surface and substrate particles bel ow the surface.
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Differences in enmergence success between years were rel ated
to egg developnment. In 1995, eyed enbryos were used, conpared to
fertilizing the eggs immedi ately prior to placenment in 1996.

Al t hough estimates of energence success were corrected for
fertility effects based on survivals in the hatching trays, we
believe the differences between years were probably the result of
handl i ng green eggs versus using eyed eggs. |In 1996, zero fines
< 0.85 mmwere found in six troughs, and adjusted energence
success was 61.5% We believe that nore representative estimates
of enmergence success at the various substrate conpositions during
1996 shoul d probably be increased by approximately 20%to 30%to
accommodate for green egg handling differences. Al though

i ncubation success was |lower in 1996, several factors could have
contributed to | ower energence success. One possible factor
could be formalin, used to check Saprol egnia growhs, that was
applied in treating both the troughs and the control trays. A
possi bl e synergistic reaction between the substrate and fornmalin,
not accounted for in the control trays, could have been toxic to
t he enbryos.

Anot her possible elenent that may have contributed to the
| arge variances in the LDS was the gravel m xing and distribution
in the troughs. Dry gravel conpositions were wei ghed and
conbi ned together in honbgeneous m xtures (Table 1) before
pl anting the chi nook eggs. However, fine sedinent (< 6.4 nm
apparently shifts and settles when flowing water is added to the
dry mxture. The shifting and settling possibly created areas
where the percentage of fines concentrated nore in sonme areas
than in other areas of the trough. Gavel excavation after fry
energence in troughs containing 20%fines < 6.4 mmreveal ed areas
of | oosely packed gravel interspersed in nore densely packed
gravel -sand m xtures. If fry in the LDS substrate fortuitously
| ocated the | oosely packed gravel then percent energence probably
woul d have been higher than if shifting and settling did not
occur.

Bj ornn and Reiser (1991) and Chapnan (1988) indicate that
fine sediments < 0.83 to 0.85 mm may not seriously inpair enbryo
survival unless they conprise nore than 6% to 10% of the
substrate conposition. W saw about a 20% decrease in energence
success as particles < 0.85 mmincreased from2%to 6% Bjornn
(1969) and McCuddin (1977), in trough studies simlar to ours,
found that no deleterious effects occurred on enbryo survival
until fines < 6.4 nmconprised 20%to 25% of the substrate
conposition. In both years of our study, as the percent fines
(< 6.4 mm increased beyond 10% energence success declined.
Tappel and Bjornn (1983) reported enbryo survival was about 90%
when the Fredle index was > 5, whereas their enbryo surviva
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decreased when the Fredle index was < 5. Qur 1995 results concur
with their estimte of survival

Qur results were simlar to those reported from ot her
| aboratory and field experinents in that as percent fines
increase in the sedinment fry survival decreases. Qur substrate
sanpl es show t hat spawni ng gravel in the Snake River has
relatively | ow anobunts of fine sedi nent above the | maha R ver
and significantly higher amounts of fines below the G and Ronde
River. |If these sanples are representative of the overal
substrate conposition and fall chinook sal non can sel ect
substrates wth | ower conposition fines, we suspect that Snake
Ri ver fall chinook salnon will select spawning sites further
upstream of the Grand Ronde River. Qur hypothesis is supported
by the U S. Fish and Wldlife Service aerial redd surveys from RK
235 to Hell Canyon Dam (Garcia 1993). Their data collected
bet ween 1993- 1996 showed redd nunbers increasing upstream of the
Sal nron Ri ver conpared to pre-1993 redd nunbers (A P. Garci a,
per sonal conmuni cati on).
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| nt roducti on

Spring, summer, and fall chinook sal non Oncor hynchus
t shawyt scha are indi genous to the Snake Ri ver basin and were
listed as threatened under the Endangered Species Act (ESA) (USFW5
1988) in 1992 (NMFS 1992). Spring and summer chi nook sal non
juveniles mgrate seaward from headwater tributaries of the Snake
River primarily as yearlings in spring (Chapman and Bj ornn 1969;
Achord et al. 1996). Fall chinook sal non em grate as
subyearlings primarily in sumrer (Thonpson 1974). Al though sone
spring and summer chinook sal non fry are washed downstream from
headwater tributaries into the Snake River, the majority of
subyear|ing chinook sal non which rear in the Snake Ri ver and
m grate seaward in summer are fall chinook sal non.

High nortality and delays in seaward m gration of juvenile
chi nook sal non caused by dans in the Snake and Col unbia rivers
(Park 1969; Raynond 1979, 1988) contributed to ESA listing of
Snake Ri ver chinook sal non. Summer flow augnentation was
initiated in 1991 to enhance survival and mtigate for mgration
del ays. The National Marine Fisheries Service enbraced the
concept of summer flow augnentation in the proposed recovery plan
(NMFS 1995) and recomrended an average flow of 1,416 to 1,558
m/s at Lower Granite Dam (Figure 1) from 21 June to 31 August.
Because the recomended flows are higher than natural runoff,
sumer flow augnentati on becane a necessity. W conducted our
study to provide an index of survival for subyearling chinook
salnon to Lower Granite Dam and to relate this index to effects
of summer flow augnentation on Lower Granite Reservoir flow and
wat er tenperature.

Study Area

Rel eases of water from U S. Bureau of Reclamation reservoir
projects and Brownl ee Reservoir in the Snake Ri ver basin, and
Dwor shak Reservoir in the Clearwater River basin (Figure 1),
provi ded sumrer flow augnentation to Lower Granite Reservoir from
1992 to 1995. Water released fromthe U S. Bureau of Reclamation
projects was ultimtely passed through Brownl ee Reservoir and the
Hel | s Canyon Conplex (Figure 1). Hells Canyon Conpl ex regul ates
Snake River reservoir flows into the Snake Ri ver, but not water
tenperature. Hells Canyon Conplex is referred to hereafter as
bei ng the source of flow augnentation from Snake River
reservoirs. Dworshak Dam has multil evel selector gates for
tenperature regul ation of water rel eased from Dworshak Reservoir
into the Clearwater River.
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Figure 1.-Study area from 1992 to 19385 including
locations of the seining area, rivers, reservoirs, and
dams .
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Seaward m grating subyearling chinook sal non pass through
Lower Granite Reservoir (Figure 1). Lower Ganite Reservoir is
approximately 51 kmlong and has a surface area of 3,602 ha, a
mean depth of 17 m and a maxi num depth of 42.1 m (Chi pps et al.
1997). Lower Granite Reservoir was naintai ned at m ni num
operating pool elevation of 240.5 m above nean sea | evel during
t he subyearling chinook sal non em gration from 1992 to 1995.

Lower Granite Dam |ocated at river kiloneter (RK) 173 on
the Snake River (Figure 1), has six turbine intakes and ei ght
spillways. Less than 1% (nmean = 0.8 + 0.08% of the water
passi ng Lower G anite Dam was routed over the spillways between
21 June and 31 August from 1992 to 1995. During this tinme period
nearly all fish were routed to the powerhouse where a portion of
fish were collected by subnersible traveling screens. Detailed
figures and descriptions of subnersible traveling screens and
juvenile fish bypass facilities at selected Colunbia R ver basin
dans are given by CGessel et al. (1991). Between 1992 and 1994,
all six turbine units at Lower G anite Dam were equi pped with
standard length (6 m) screens. In 1995, experinental extended
length (12 m) screens were installed in one turbine intake which
coul d have increased fish guidance efficiency (i.e., %of fish
col |l ected by subnersible traveling screens) and the recovery rate
of marked fish. Collected fish were routed through the fish
bypass system where they were el ectronically scanned for Passive
| nt egrated Transponders (PIT) tags (Prentice et al. 1990a).

Met hods

We beach sei ned subyearling chinook sal non al ong the Snake
Ri ver between RK 268 and RK 224 (Figure 1). Seining started in
April and was done weekly until water tenperature neared 20°C or
catch neared zero. The seine had a weighted nultistranded
mudl i ne, 0.48 cm nmesh, and was 30.5 mx 1.8 mwith a 3.9 n? bag.
Each end of the seine was fitted with a weighted brail attached
to 15.2 mlead ropes. The seine was set parallel to shore froma
boat and haul ed straight into shore.

Capt ured subyearling chinook sal nmon were placed in a 94.6 L

aerated live-well treated with 100 g of NaCl and 12.5 nL of

Pol yaqua™ Fish were anesthetized in 18.9 L of oxygenated water
containing a 10 ng/L to 26 ng/L tricane solution, 0.5 gm of
NaHCO;, and 2.5 nL of Polyaqua™ W PIT tagged (Prentice et al.

1990b) all subyearling chinook salmon > 60 nmmfork I ength. W
rel eased PIT-tagged subyearling chinook salnon after a 15 mn
recovery in 18.9 L of oxygenated water treated with 20 g of NaC
and 2.5 nL of Pol yaqua™
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We nonitored water tenperature in Lower G anite Reservoir at
RK 178. Water tenperature profiles in Lower Granite Reservoir
indicate that data collected at RK 178 largely provides
representative water tenperatures for at |least the | ower two
thirds of the reservoir (Bennett et al. 1997). Cooler water from
the Cearwater River mxes with the warner Snake River water in
the upper 10 to 15 kmof the reservoir. Three thernographs were
positioned vertically on a rope approximately 5 m 20 mand 30 m
bel ow the water surface at RK 178. W also placed a thernograph
downstream of Hells Canyon Dam (Figure 1) to neasure water
tenperature exiting Hells Canyon Conplex. Al thernographs
recorded water tenperature hourly. Daily average water
tenperature and fl ow data for Dworshak Dam and daily average
flow data for Lower Ganite Dam were provided by the U S. Arny
Corps of Engineers. Daily average flow data for the Hells Canyon
Conpl ex, gaged at Hells Canyon Dam were supplied by the U S
CGeol ogi cal Survey.

Annual detection rates were cal cul ated by dividing the
nunmber of PIT-tagged subyearling chinook sal non detected at Lower
Granite Dam by the total nunber of subyearling chinook salnon PIT
tagged. Annual nean flows for Lower Granite Reservoir were
cal cul ated using Lower Granite Dam flow data collected daily
bet ween 21 June and 31 August (i.e., nmean summer flow). W used
hourly water tenperature data, recorded by the thernograph 20 m
bel ow t he surface of Lower Granite Reservoir, to calculate daily
mean water tenperatures for the days 21 June to 31 August. W
sel ected the 20-m depth because subyearling chi nook sal non nust
sound to at least 20 mto pass Lower Ganite Damand fish could
descend to this depth to avoid warm surface water. The maxi mum
daily nmean water tenperature for each year (i.e., maxinmm sunmer
wat er tenperature) was then selected as an i ndex of sunmer water
tenperature in Lower Granite Reservoir.

A Pearson correl ation coefficient (SYSTAT 1994) was
calculated to test the strength of association between nean
summer flow and maxi mum sumer water tenperature. The effects of
mean sunmmer flow and maxi mum sunmer water tenperature were tested
separately on log(e) transforned detection rates using ordinary
| east-squares linear regression (SYSTAT 1994). W calculated 95%
si mul t aneous confidence intervals (SYSTAT 1994) for the
regr essi ons.
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Resul ts

Mean sumrer flows in Lower Granite Reservoir between 21 June
and 31 August in 1992 and 1994 (i.e., dry years) were | ow and
maxi mum sumrer water tenperatures were high (Table 1). In
contrast, 1993 and 1995 (i.e., average water years) were
characterized by average summer flows and relatively cool naximm
summer water tenperatures. Detection rates in dry years were
| oner than those in average water years (Table 1).

Mean sumrer flows and maxi num summer water tenperatures were
highly correlated (r = -0.999). A multiple regression approach
usi ng both variables was therefore inappropriate. Separate
regressions using nmean summer flow and maxi mum sunmer water
tenperature as independent variables, and detection rate as the
dependent variable, revealed significant relations. Man sumrer
flow was positively related to detection rate (Figure 2; n = 4,
intercept = 0.80591; slope = 0.00166; r?= 0.993; P = 0.003).
Maxi mum sunmmer water tenperature was negatively related to
detection rate (Figure 2; n = 4; intercept = 11.90610; slope =
-0.42520; r?= 0.984; P = 0.008).

Summer flows and sumrer water tenperatures in Lower Ganite
Reservoir are largely regulated by releases fromHells Canyon
Compl ex and Dworshak Reservoir. Wen water releases fromHells
Canyon Conpl ex and Dworshak Reservoir coincided from 1992 to
1995, they nmade up 45.2%to 96. 1% of the total water vol une
t hrough Lower Granite Reservoir. Summer flow augnentation from
Hel | s Canyon Conpl ex and Dworshak Reservoir markedly increased
Lower Granite Reservoir flowin dry years (Figure 3), and
danpened the rate of descent in the hydrograph in average water
years (Figure 4).

Tenperature of water rel eased from Dworshak Reservoir from
1992 to 1995 ranged from9.0°C to 11.2°C, while water rel eased
from Hel | s Canyon Conpl ex ranged from 18.4°C to 20.8°C. The
conbi nati on of cool water from Dworshak Reservoir, and relatively
war nmer water from Hells Canyon Conpl ex, decreased Lower G anite
Reservoir water tenperature markedly in dry years (Figure 3).
| solating effects of flow augnentation on water tenperature in
average water years is difficult because of cooling effects of
natural flows. However, flow augnentation in average water years
appears to have noderated water tenperatures in Lower Ganite
Reservoir (Figure 4).
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TABLE 1. —Mean sunmer flow (n?/s) and maxi num sunmmer wat er
tenperature(°C) in Lower Granite Reservoir between 21 June and 31
August, 1992 to 1995, and detection statistics at Lower Ganite
Dam for subyearling chinook salnon PIT tagged in the Snake River
between river kiloneters 224 and 268.

Mean Maxi mum sunmer Nunmber Det ecti on
Year summer fl ow wat er E— rate
(il s) t enperat ure t agged det ect ed (%
(°O)
1992 539 23.9 725 37 51
1993 1, 304 21.1 1, 228 234 19.1
1994 744 23.3 2,212 186 8.4
1995 1, 580 19.9 738 224 30.4
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Figure 2.-The relations between mean summer flow (top)

and maximum summer water temperature in Lower Granite
Regervoir and detection rate of PIT-tagged Snake River
subyearling chinook salmon from 1992 to 199%5. Ninety-five
percent simultaneous confidence intervals are also given
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Canyon Complex are indicated.
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Di scussi on

Detection rates of PIT-tagged subyearling chinook sal non
provide indices of survival from 1992 to 1995 because nost tagged
fish that were not detected mgrating seaward as subyearlings
di ed upstream of Lower Granite Dam or travel ed under the
subnersi bl e traveling screens and by rotating turbine bl ades.
Juveni | e sal noni ds passi ng by turbine blades of Col unbia River
danms have been shown to die at rates of 11+2% Schoenenman et al
1961). The PIT-tagged subyearling chinook sal non that survived
the turbi ne passage faced progressively warnmer downstream Snake
Ri ver reservoirs, passage delays, and nortalities at 1 to 7
addi ti onal dans.

Al t hough Snake River mean sunmmer flows and maxi num sumrer
wat er tenperatures from 1992 to 1995 were highly correl ated, we
suspect that these variables act together to influence
subyear|ing chinook sal non survival. Snake River flow nay affect
survival of seaward m grating subyearling chinook salnon in a
nunmber of ways. Delays in passage may occur in dry years
conpared to average water years. Such del ays have been
theoretically tied to disorientation of em grants, increased
exposure tine to predators, reversal of snoltification, and
di sease (Park 1969; Raynond 1979; Berggren and Filardo 1993).

Fl ow al so affects survival by influencing water tenperature.
Water tenperature in Lower Granite Reservoir has been shown to
remai n cooler for |onger periods under higher flows than under

| oner flows (Anglea 1997). This phenonenon can be regul ated by
sumer flow augnentati on enphasi zi ng cool water rel eases from
Dwor shak Reservoir.

Prior to ESA |isting of Snake Ri ver chinook sal non, and
before sumer flow augnentation was inplenmented as a recovery
measure, low flows wth correspondingly higher water tenperatures
were probably lethal to subyearling chinook salnon in dry years.
From 1992 to 1995, we PIT-tagged subyearling chi nook sal non which
reared and acclinmated in water averaging 13.8°C prior to
reservoir entry. Brett (1952) acclimted juvenile spring chinook
sal non to 15°C water then transferred themto water ranging from
24°C to 28°C. Mortality in acclimted fish began at 24.1°C
Fifty percent of all juvenile chinook salnon reared in 25.0°C
water died in 17 hours. In 1992, a dry year with little fl ow
augnent ati on, nean daily water tenperature 5 m bel ow the surface
of Lower Granite Reservoir was above the upper incipient |ethal
(24.3 to 25.2°C) for 5 consecutive days in late June prior to
fl ow augnentation in July. This period of |ethal water
tenperatures may have caused high nortality of PIT-tagged
subyear|ing chinook salnon in Lower G anite Reservoir and
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contributed to the |l ow detection rate in 1992. |In another dry
year 1994, nore cool water was rel eased from Dworshak Reservoir
than in 1992. Lower G anite Reservoir water tenperatures

remai ned bel ow the upper incipient |ethal throughout the sumer
in 1994 and the detection rate was 1.7 tinmes higher than in 1992.

Wat er tenperature may al so influence survival of juvenile
chi nook sal non by affecting predation (Vigg and Burley 1991).
Consunption of juvenile sal non by northern pikem nnow
Pt ychochei |l us oregonensi s, small nouth bass M cropterus dol om eu,
wal | eye Stizostedion vitreum and channel catfish Ictal urus
punctatus in John Day Reservoir was highest in July, concurrent
W th maxi mum sunmer water tenperature (Vigg et al. 1991).
Subyear|ing chinook sal non were prevalent in the diets of the
above four prey species in August when predator and prey
distributions in John Day reservoir overl apped (Poe et al.
1991). Anglea (1997) reported dramatically higher consunption
rates of juvenile anadronous fishes by small nmouth bass in Lower
Granite Reservoir between 1994 (dry year) and 1995 (average water
year). Angleas consunption estimtes for 1994 were high and
conparable to those of Curet (1994), who exam ned subyearling
predati on by small nouth bass in 1992, another dry year in Lower
Granite Reservoir.

Managenent | nplications

Qur findings suggest that summer flow augnentation can
benefit Snake River subyearling chinook salnon |isted under ESA
Wat er rel eased from Snake River reservoirs suppl enents Lower
Granite Reservoir flow when seaward m grating subyearling chinook
sal non are passing through Lower Ganite Reservoir. \Water
rel eased from Dworshak Reservoir can suppl enent Lower Ganite
Reservoir flow and decrease water tenperature throughout the
wat er colum at depths available to pelagically emgrating
subyearling chinook salnon (D. H Bennett, University of |daho,
unpubl i shed data). W conclude sumer flow augnentati on,
especially cool water releases from Dworshak Reservoir, can
i ncrease subyearling chinook sal non survival by limting
thermally induced nortality in dry years and reduci ng predation
under all flow conditions.

Resear ch Needs

We acknow edge this paper was founded on four point
estimates of detection rate, nean sumrer flow, and maxi num sunmer
wat er tenperature. W suggest that researchers use replicate
rel eases of PIT-tagged subyearling chi nook sal non and a mar k-
recapture approach (Burnhamet al. 1987) to provide precise
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estimates of fish guidance efficiency and survival for conparison
between and within years. W would have preferred this option,
but it was unavail abl e between 1992 and 1994 because of techni cal
and |l ogistical limtations.

Replicate rel eases of PIT-tagged subyearling chinook sal non
wi thin each year woul d provide survival estimtes for severa
groups of fish each exposed to different sumrer flows and sunmer
wat er tenperatures in Lower G anite Reservoir. |I|If the mark-
recapture study showed higher survival for fish released earlier
in the sunmer, when flows are higher and water cooler, the
argunent for flow augnentati on would be strengthened. If not,
then factors other than sunmer flow and sumrer water tenperature
may be influencing subyearling chinook sal non survival.

Fi sh gui dance efficiency may vary with changes in water flow
and water tenperature (Gessel et al. 1991). The logarithmc
transformati on of detection rate fit well in regression anal yses
because extended traveling screens probably increased fish
gui dance efficiency in 1995. However, we could not neasure fish
gui dance efficiency to test for flow and tenperature effects
bet ween years. A finding of increased fish guidance efficiency
with higher flows and cool er tenperatures would further support
summer flow augnentation. A conplete assessnent of factors
affecting fish guidance efficiency including the effects of
snoltification (Gorgi et al. 1988) would strengthen future
estimates of survival. Estimates of subyearling chinook sal non
nortality for the period of near shore rearing were unavail abl e
and shoul d be obtained. A conprehensive study of the mechanics
and timng of releasing water from Snake River reservoirs and
Dwor shak Reservoir woul d be especially informative since the
tenperature of water rel eased from Dworshak Reservoir can be
vari ed i ndependent of flow.
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| nt roducti on

The Snake Ri ver drainage basin is inhabited by groups of
chi nook sal non Oncor hynchus tshawytscha that historically have
been delineated by the season adults enter freshwater and begin
their spawning mgration. These groups, known as spring-,
summer- and fall-run, have declined precipitously in the last 30
years. Al were given threatened status (NMFS 1992) under the
Endangered Species Act (ESA; USFWS5 1988). Data anal ysis during
the ESA status revi ew showed that Snake Ri ver chi nook sal non
formed two distinct biological |ineages. Spring- and sunmer-run
chi nook were simlar in many life history traits and in allozyne
gene frequencies (Matthews and Wapl es 1991) and toget her were
designated a single evolutionarily significant unit (ESU, Waples
1991). Fall-run chinook were strikingly divergent fromthe
spring/sumer-runs in genetic and other biological traits and
were considered a separate ESU (Waples et al. 1991).
Reproductive isolation appears virtually conpl ete between Snake
Ri ver spring/summer-run and fall-run chinook sal non and supports
treating the two groups as separate biological races (Mayr 1970).
Hereafter, we refer to Snake River spring/sunmer-run chinook
sal non as spring race, and fall-run as fall race.

Qur research focused primarily on fall race chinook sal non
t hat spawned naturally in the Snake River. Historically, wld
fall chinook sal nron spawned throughout the Snake Ri ver fromthe
Col unbi a Ri ver confluence to Shoshone Falls, Idaho (Fulton 1968),
with a major spawni ng aggregation in the mai nstem near Marsing,
| daho (Haas 1965; Irving and Bjornn 1981; Figure 1). Passage to
this area was bl ocked by the conpletion of the Hells Canyon
Compl ex of dams (1955-1967). Four danms allow ng fish passage
were built downstream of Hells Canyon between river km 173 and
t he Col unbia River confluence by 1975. Avail abl e spawni ng
habitat for fall chinook sal non was reduced to about 170 km of
t he mai nstem bet ween Hell s Canyon Conpl ex and Lower G anite Dam
to certain areas in Snake River tributaries, and to tail-races of
the lower four dans (Irving and Bjornn 1981; Figure 1).

When Snake River fall race chinook sal non were petitioned

for ESA listing, fishery managers had little information on how
habi tat changes had affected early life history or survival of
wild fish. Data on attributes such as residence tinme and out -
m gration behavior were scant and were needed to gui de recovery
efforts. However, studying fall race juveniles in the field was
conplicated by the co-mngling of spring race juveniles in sone
areas and tinmes. Research on life history of naturally spawned
fall race juveniles required us to develop a nethod for
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determ ning the race of individuals captured during the study.

We wanted to construct a nodel that would predict racial origin
of fish based on size at age, which could be used throughout the
juvenile's freshwater life (Connor et al. in preparation). W

pl anned to use the genetic differentiation between Snake Ri ver
fall and spring race chinook sal non as our major tool for
identifying m xed-race juvenile sanples, and for estimating race
of individuals in these sanples. Paraneters fromthe genetically
identified chinook sal non woul d be used to devel op the nodel for
classifying race of all juveniles fromfield data.

CGenetic data for Snake River spring and fall race chinook
sal non occurred as allele frequencies for allozynme (enzyne-
encodi ng) gene loci, and had been collected for a variety of
reasons, such as popul ation delineation, hatchery eval uation, and
m xed-stock fishery analysis (Bugert et al. 1991; Waples et al.
1993; Marshall 1996). W exam ned these data and found that
large allele frequency differences at many |oci existed between
the spring and fall races, and that two | oci, sMEP-1* and PGK-2*,
stood out as particularly powerful for race discrimmnation. W
expected nmulti-Ilocus genotypes of juveniles sanpled in-river to
be highly informative. After assenbling appropriate genetic
basel i ne data, we planned to use maxi mum | i kelihood estimation
(M.E) nmethods (M Ilar 1987; Pella and M| ner 1987) to analyze
spring and fall race conposition of total juvenile sanples. W
bel i eved that individuals could then be sorted by genotypes into
prospective racial groups, and subjected to further ME anal ysis
to identify which juveniles (as a group) had the highest
probability of being fromeither race. For each year of the
project, we expected to identify a single group of fish that were
progeny of naturally spawning fall race chinook salnon in the
Snake River.

Fi shery managers had great interest in using the estimted
fall race juveniles for a genetic characterization of the
natural ly spawni ng Snake Ri ver popul ation, which had not been
available at the tinme of ESA listing. The only representation of
the Snake R ver fall race gene pool was the popul ati on propagated
at Lyons Ferry Hatchery by the Washi ngton Departnent of Fish and
Wldlife (WOFW Figure 1). Frominception in 1977, hatchery
br oodst ock had been managed to preserve the genetic integrity of
the Snake River fall race (Bugert et al. 1995). 1In the late
1980' s, large nunbers of fall-run chinook salnon fromthe
Umtilla Hatchery (Figure 1) began to appear at Lyons Ferry
Hat chery, pronpting various renedi al actions to prevent
i nterbreeding of Colunbia-origin and Snake Ri ver chinook sal non
(Bugert et al. 1995). There was al so evidence that Col unbi a-
origin hatchery fish had been mgrating to natural spawni ng areas
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of the Snake R ver (Bl ankenship and Mendel 1994; LaVoy and Mendel
1996). Managers were concerned about potential negative genetic
effects of these non-local hatchery strays on the wild

popul ation. Additionally, if the Lyons Ferry Hatchery popul ation
was to be used in supplenenting natural Snake River production,

it was inportant to know genetic relationships between
contenporary wild, or natural spawners, and the Snake Ri ver gene
pool as conserved in the hatchery.

In years where we succeeded in sanpling and accurately
identifying adequate nunbers of naturally spawned Snake River
fall race juveniles, we planned to use the sanples as
representatives of the annual adult spawner population. A
variety of conparative statistical analyses using sanple allele
frequencies would be carried out to investigate rel ati onshi ps
anong sanpl e years and address issues of genetic relationships
with | ocal and non-local hatchery popul ations. Due to past
| ogi stical problens in sanpling adult spawners, we expected our
estimated fall race juvenile sanples to provide the first genetic
characterizations of the natural Snake R ver popul ation. These
data woul d be val uabl e for choosing appropriate nmanagenent
actions ained at recovering these threatened chi nook sal non.

Met hods
Juveni |l e Sanpling

From 1991 to 1995, we sanpled juvenile chinook salnon in the
Snake River by beach seining as described in Connor et al. (in
preparation). In our first year, we also received juveniles
sanpled with a md-streamincline plane trap (river km 225), and
collected juveniles that died in the Lower G anite Dam fi sh
bypass systemto ensure a | arge enough sanple size for testing
our genetic nethods. W tagged juvenile chinook sal non that were
seined or trapped with Passive Integrated Transponders (PIT tags)
(Prentice et al. 1990). After PIT tagging, juveniles were
rel eased back into the river. W collected and sacrificed
representative proportions of emgrating Pl T-tagged juvenile
chi nook sal non at Lower Granite Dam for genetic analysis. O her
Pl T-tagged juveniles were sanpled for biological data and
rel eased.
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Laboratory Procedures

Fi el d-sanpl ed juveniles were kept on dry ice or inliquid
nitrogen prior to storage in ultra-cold (-75° C) freezers. W
di ssected four tissues, heart, |iver, body nuscle, and whol e
eyes, fromeach juvenile for electrophoretic allozynme anal ysis.
We prepared tissue extracts and | oaded gels as described in
Shakl ee and Varnavskaya (1994). Oher procedures for horizontal
starch gel electrophoresis and hi stochem cal staining were
simlar to those described in Aebersold et al. (1987). W used
four gel buffer systenms to resolve nost of the known vari abl e
all ozyme systens in chinook sal non (Appendix 1). Qur enzyne
stai ning reci pes were adaptations of those in Harris and
Hopki nson (1976), except that we resol ved fornal dehyde
dehydrogenase (FDHG and superoxi de disnmutase (SOD) with recipes
of Barman (1969) and Fevol den (1989), respectively.

We used several procedures to ensure accuracy of the
interpretation and data entry of allelic genotypes. Many | oci
were analyzed in two or nore tissues and with two different gel
buffers to confirmallelic variation. Al isozynmes resolved on
each gel slice were independently doubl ed-scored. Cenotypic data
were entered directly into conputer files, and a conputer program
checked for discrepancies in genotypes fromall sources of
mul ti ple scoring. When discrepancies could not be resol ved
i mredi ately, sanples were re-anal yzed on ot her gels.

Cccasionally, allele nobility standards from ot her sanples had to
be used to verify rare alleles.

Conpi | ati on of baseline data

To do the genetic race identification of sanpled juveniles,
we assessed and conpiled allozyne allele frequency data from
chi nook sal non popul ations that were potential contributors to
natural production in the Snake River. Genetic data avail able
for Snake River fall race chinook sal non consisted primarily of
mul ti pl e annual sanples fromadult spawners at Lyons Ferry
Hat chery (Bugert et al. 1991; WDFW unpublished data). Due to the
occurrence of fall-run, upper Colunbia River-origin, chinook
sal non in Snake Ri ver spawni ng areas, we required baseline
genetic data from appropriate Col unbi a popul ati ons (Bugert et al.
1991; Uter et al. 1995). Al though no upper Colunbia Rver fall-
run chi nook sal non popul ations are included at present in the
Snake River fall race ESU, they share simlarities in allozyne
allele frequencies with the Snake River popul ation, especially in
contrast to the spring race (Waples et al. 1991). Hereafter, we
usual ly refer to Colunbia and Snake rivers fall-run chinook
salnon as a single fall race to sinplify descriptions of our work
to genetically separate spring/sumrer- and fall-run juveniles in

96



t he Snake River. W nmake no concl usions about inter-

rel ati onshi ps of Col unbia and Snake rivers popul ations. For
spring race chinook sal non popul ations in Snake River tributaries
(Sal mon, I maha, G ande Ronde and C earwater rivers) we found
extensive, multiple-year genetic baseline data avail able (Waples
et al. 1993; Marshall 1996). |In total, we chose to use allele
frequency data from 18 popul ati on sanples as a baseline for our
spring and fall race MLE m xture anal yses (Table 1).

Conparing spring versus fall race allele frequencies, we saw
that the loci sMEP-1* and PGK-2* had the relatively |argest
differences. Average allele frequencies for these two | oci from
the spring and fall race baseline data are presented in Table 2.
The genetic divergence at these |oci would not only be
particularly useful for calculating m xed-race sanpl e
conposition, but also for estimating the race of individuals.

G ven the race-specific pairing of sMEP-1* and PCK-2* allele
frequenci es, certain genotypes at both |loci would be nmuch nore
common in individuals fromone group than another. Al possible
genotypic pairs and their frequencies as neasured in the baseline
sanples are shown in Table 3. 1In general, 86% of Snake River
spring race chinook sal non were identified by two genotype pairs
or classes: sSMEP-1*bb/ PGK-2*bb and sMEP-1*bb/ PCK-2*ab. Only 3%
of upper Col unbi a- and Snake River-origin fall race chinook

sal non were found in these two classes. The proportions of fal
race fish in all nine sMEP-1*/PGK-2* genotype cl asses were nore
wi dely distributed than those of the spring race. However, 87%
of fall race chinook sal non occurred within five genotype cl asses
conpared to only 2% of spring race fish. An individual's sMEP-
1*/ PGK- 2* genotype served us as a foundation for sorting field-
sanpl ed juveniles by race.

Al l el e frequency variation at several other allozyne |oci
al so showed great potential for estimating race conposition
Wi thin sanples and for distinguishing race of individuals. For
exanple, relatively high frequencies of slIDHP-1*c, nVDH 2*b, and
TPl -4*b all eles occurred in spring race chinook sal non
popul ati ons whereas they were nearly absent or at very | ow
frequencies in fall race populations. The two races possessed
relatively large allele frequency differences at the |oci sAH,
mAH- 4* | sI DHP-2*, MPI*, PEP-LT*, and sSCD- 1*. The baseline data
showed that sone rare or very low frequency alleles (e.g., SAAT-
3*c, GPl-A*b, sIDHP-1*I, sl|IDHP-2*g, slDHP-2*k, LDH B2*b, and
nSOD*b) were exclusive to one race or the other. For all mxture
anal yses and genotypic sorting, we chose to use allele
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Table 1. -Description of baseline samples of fall and spring race
chinook salmon that provided population allele freguency data for
genetic analyses. See Figqure 1 for gecographic locations.
River Race  Population N Source
Snake, Spring Crooked Fork Creek 102 Harshall-lggﬁ
Clear- Red River 111 "
water Lolo Creek 99 "
Dworshak Hatchery 302 i
Snake, Spring Herd Creek 103 Marshall 19%e6
Salmon W.F. Yankee Fork Créek 105 "
Pahsimeroi River 118 ”
Lemhi Riwver 178 "
N.F. Salmon River 136 .
Bear Valley Creek 175 "
Sawtooth Hatchery 290 "
Camas Creek 106 "
Snake Fall Lyons Ferry Hatchery
1990-1991 tagged adults 200 Bugert et al. 1991;
WDFW unpublished
Lyons Ferry Hatchery
1992-1993 tagged adults® 192 WDFW unpublished
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Table 1. -continued

River TRace Population N Source
Upper Fall Hanford Reach 99 TUtter et al. 1995
Columbia Friest Rapids Hatchery 200 "
Little White Salmon
Hatchery | 200 Bugert et al. 1991
Bonneville Hatcﬁery 200 "

* 1992 and 1993 Lyons Ferry Hatchery sample data were used

together instead of combined with 1990 and 1991 samples because

of unusual broodstock management that excluded all 1989 brood

year adults from hatchery spawning (Bugert et al. 1995).
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Table 2. -Mean allele frequencies and ranges for sMEP-1* and
PCK=-2* for populations of Snake and upper Columbia river fall
race chinoock salmon and Snake River spring race chinocok salmon.

Data were from baseline samples described in Table 1.

Mean freguency (range)

Locus
allele fall race spring race
sMED-1#
*a 0.759 (0.716=0.782) 0.068 (0.005-0.136)
*b 0.241 (0.216-0.284) 0.932 (0.864-0.995)
PGE=2%
*3 0.578 (0.547-0.608) 0.129 (0.051-0.240)
s 0.422 (0.392-0.453) 0.871 (0.760-0.949)
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Table 3. -Freguencies of paired genotypes for sMEP-1* and PGK-2+#*
among all individuals sampled from populations of Snake and upper
Columbia river fall race chinook salmon and Snake River spring
race chinook salmon. Data were from baseline samples described

in Tabkle 1.

Frequency of paired genotypes

sMEP-1#* /PGE-2%

genotypes fall race spring race
*aa/faa 0.191 0.000
*aa/ab 0.285 0.002
*aa/bb 0.106 0.003
*ab/aa 8 B8 0.002
*a 0.173 0.017
*ab/bb 0.071 0.094
*bb/aa 0.024 0.023
*bb/ab | 0.022 0.191
*bb/bb 0.010 0.670
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frequencies of 40 allozynme loci (including 3 isoloci; Appendix
2), which were available in all baseline sanples, and which
appeared nost informative.

To gauge the strengths of our baseline data for
di stinguishing spring or fall racial origin, we ran two types of
tests. First, we sinulated race conposition anal yses by
generating test sanples fromall baseline data, foll owed by ME
m xture analysis. Conplete details on our sinmulation nmethods can
be found in Shaklee (1991). W used sanple sizes and basel i ne
proportions in the sinulations that could be expected from
juvenile field sanpling. Simulation results (Table 4) showed a
very high I evel of accuracy in estimating proportions of the two
races in a mxture. For our second test we had sanpl es of
i ndi vi dual s of known racial origin function as m xed sanpl es of
unknown origin, and conducted MLE m xture anal yses with our
basel ine data set. W used sanples (N=100) of Lyons Ferry
Hat chery fall race juveniles fromthree different brood years
(1990, 1991 and 1992), and Bear Valley Creek and Dwor shak
Nat i onal Fish Hatchery spring race juveniles fromtw and one
brood year(s), respectively. Al three known fall race sanples
were estimated to be 100% fall race origin, and both spring race
sanpl es were estimated to be 100% spring race origin. Based on
results of these trials, we assuned the baseline data set we
constructed would performwell in estimating racial origins of
Snake River juvenile chinook sal non.

Race anal ysis of field-sanpled juveniles

For the entire juvenile sanple of each year, we perfornmed an
MLE m xture analysis to estimate total relative proportions of
spring and fall races. W conpiled genotypes for juveniles from
the 40 loci that were included in the baseline allele frequency
data set. W used the M.E conputer programof Ml ner et al.
(1983) as nodified by MIlar (1987) to estinmate contributions
fromeach of the 18 baseline popul ation sanples. Estimted
contributions were then summed and vari ances recal cul ated to
produce final estimates of total spring race and fall race
conposition of the juvenile sanple. Qur ME nethods were
identical to those described in Shaklee et al. (1990) for
anal yzi ng stock conposition in Pacific salnon fisheries.

M xture analysis results fromeach total sanple were used to
gui de sorting of individuals into putative spring race or fal
race groups. For exanple, if an annual sanple of 100 fish was
estimated to be conposed of 10% spring race and 90%fall race
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Table 4. -Results from MLE simulation analyses to test the
accuracy of baseline data for estimating composition of mixed

samples of Snake River fall and spring race chincok salmon.

Fall race ' Spring race
proportions proportions
Simulation N true . estimated (SD) true estimated (5D)
1l 150 0.500 0.495 (0.05) 0.500 0.505 (0.0%)
2 150 0.900 0.903 (0.02) 0.100 0.097 (0.02)
3 100 0.8950 0.947 (0.03) 0.050 0.053 (0.03)
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juveniles, we expected to find about 10 individuals (at |east a
nunmber within the 95% confidence Iimts) whose genotypes were
typical of the spring race. W sorted juveniles by genotypes as
described below into two racial group subsanples. Each subsanple
was subjected to the sane type of m xture anal ysis used on the
original sanple. Results for spring and fall race conposition of
each subsanple directed further sorting needs and exchange of

i ndi vi dual s between subsanples. This procedure continued
iteratively until we had assenbl ed two subsanpl es of juveniles
that were estinmated to be 100% of one race or the other.

Qur initial sorting of total annual sanples was based
entirely on sMEP-1*/ PGK-2* genotypes of the juveniles. Al fish
with an sMEP-1*/ PCGK-2* genotype of *bb/bb, *bb/ab, *bb/aa, or
*ab/ bb were grouped into a subsanple of putative spring race
chinook salnon. Fish with the five other sMEP-1*/PCK-2*
genotypes (Table 3) were grouped as a fall race subsanple. As
expected, this primary sorting rarely produced a m xture anal ysis
result of 100% of either race for the two subsanpl es, but
i ndi cated the extent of further genotypic sorting needed.
Subsequently, we focused on juveniles w th sMEP-1*/ PGK- 2*
genotypes found at simlar levels in both races (Table 3). For
these juveniles, genotypes at other loci, particularly mAH 4*,
sAH*, GPlIr*, m DHP-2*, sl|DHP-1*, sl|lDHP-2*, nDH 2*, MPI*, PEP-
LT*, nBOD*, sSOD-1*, and TPlI-4*, were used to group themin one
subsanple or the other. W further used nulti-Ilocus genotypes to
sort juveniles with sMEP-1*/ PGK-2* genotypes that were shared at
only a mnor |evel between races (e.g., sSMEP-1*ab/PCK-2*ab; Table
3). For guidance, we assuned that the nunber of fish from shared
SMEP- 1*/ PCK- 2* genotype cl asses that should be sorted into either
subsanpl e depended on total sanple m xture results. For exanple,
t he sMEP-1*ab/ PGK- 2*bb genotype occurred at very simlar
frequencies in spring and fall race populations. |If a total
sanple was estimated to i nclude 50% spring and 50% fall race
juveniles, then we could expect to sort equal nunbers of fish
with the sMEP-1*ab/ PGK-2*bb genotype into both racial subsanples.

We did no further nmulti-locus genotypic sorting once m xture
anal ysis estimated that the putative spring race subsanpl e was
100% spring-origin, and the putative fall race subsanple was 100%
fall-origin. At this point, the M.LE anal ysis has cal cul ated t hat
frequenci es of the 40-1ocus genotypes conputed for each subsanple
have the highest probability of resulting fromjuveniles of one
race. It has not estimated the racial origin of each juvenile in
a subsanple. W could have made two kinds of errors in genotypic
sorting of individuals that would not be evident in final m xture
anal ysis results. W may have m sclassified fish possessing
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genotypes rare for their race. A small percentage of genotypes
wer e anbi guous for racial origin, and we may have m s-sorted
these. In either case, the presence of juveniles with these
genotypes woul d not have a | arge enough effect on subsanple
probabilities to alter an estimate of 100% single origin. For
our purposes, we believed these errors were mnor, and assuned
that individuals in final subsanples were of the race estimated.

CGenetic anal ysis of Snake River fall race juveniles

Each year's subsanpl e of Snake River juveniles estinated to
be 100% fall race chinook sal non was assuned to provide a genetic
characterization of the previous year's natural spawner
popul ation. W tested all annual fall race sanples for
conformty of genotypic proportions to those expected under
Har dy- Wei nberg (HW equilibrium Hardy-Winberg tests were
expected to identify problens due to sorting by certain genotypic
arrays. We did pair-wi se tests of honogeneity of allele
frequenci es of annual sanples with a log-likelihood ratio test
and G statistic (Gtests; Sokal and Rohlf 1981). Annual allele
frequencies were used to investigate genetic rel ationshi ps anong
juveni |l e brood years, and anong juveniles and fall race
popul ations at Lyons Ferry Hatchery (Snake River-origin) and from
upper Colunbia | ocations. For these conparative anal yses, we
conput ed genetic distances (Cavalli-Sforza and Edwards (1967)
chord di stance) between all sanples with the BI OSYS-1 conputer
program (Swof ford and Sel ander 1989). To visualize
rel ati onshi ps, genetic distances were enployed in cluster
anal yses using an unwei ghted pair-group nethod (Sneath and Sokal
1973), and in multidinensional scaling anal yses (Lessa 1990)
usi ng BI OSYS-1 and the NTSYS-pc program (Rohlf 1994),
respectively. W also used Gtests to identify significant
differences in allele frequencies anong fall race sanples.

For regional conparative anal yses, we used baseline allele
frequency data from Snake Ri ver and upper Colunbia fall race
popul ati ons that had been conpiled for m xture anal yses (Tabl e
1). As our study progressed, other pertinent genetic data becane
avai l abl e from sanpl es of the Lyons Ferry Hatchery popul ati on.

We used allele frequency data from 1990 and 1992 brood year (BY)
Lyons Ferry Hatchery juveniles, which were progeny of coded-wire
tagged (CW; known-origin) adults, and from 1994 CWM adul t
spawners (WDFW unpubl i shed data). W al so used genetic data from
unt agged adults sanpled at Lyons Ferry Hatchery in 1990, which
were estimated to contain a significant proportion of strays from
Col unbi a Ri ver hatcheries and were not used as broodstock (Bugert
et al. 1991). The proportions of various Col unbia hatchery-
origin fall-run chinook sal non passi ng above Lower Ganite Damin
1990 (potential natural spawners) were estimated to be simlar to
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proportions of strays seen at Lyons Ferry Hatchery (LaVoy and
Mendel 1996). Thus, we thought the untagged 1990 Lyons Ferry
Hat chery sanple m ght act as a proxy for a genetic profile of
1990 Snake River natural spawners. Finally, we pool ed genetic
data for sone sanples to further explore relationships. Because
t hese steps depended on outcones of preceding anal yses, we
describe themin the results section.

Results
Estimating race

We sanpl ed enough juveniles for genetic analysis in four
years (1991, 1993, 1994, and 1995) of the Snake Ri ver chinook
salnon life history study. For each annual sanple, total sanple
size, estimated spring and fall race conposition, and nunber of
genotypically-sorted juveniles estimated to be 100% of either
race, are presented in Table 5. Estinmated proportions of spring
and fall race juveniles in total sanples varied w dely anong
years. The nunber of individuals sorted by multi-Iocus genotypes
into subsanples and estimated to be of either race was usually
very close to the race proportions estimated in total sanples.
The relatively largest difference occurred in 1994, but nunbers
fell within the 95% confi dence interval of estinated proportions
(e.g., 28 fish (19.6% were genotypically identified as spring
race whereas 14.2% (3.2% SD) were predicted by the total sanple
m xture analysis). Although fall race subsanple size was | argest
(143) in 1991, fall race juveniles made up the |argest proportion
of sanpled fish in 1994 and 1995 (85.8% and 94. 6% respectively).

In 1991, nost of the fish we collected using a beach seine
were estimated to be fall race juveniles, whereas nost collected
md-streamwith an incline plane trap were estimated to be spring

race. |In 1993, we stopped using the incline plane trap for
initial capture of juveniles, but spring race chinook sal non
still dom nated the conposition of our genetic sanple collected

at Lower Granite Dam  Throughout our study virtually al

yearling juveniles, aged by scale pattern analysis (Koo 1967),
were genetically estimated to be spring race. This was expected
given the spring race's freshwater |life history pattern (Chapnman
and Bjornn 1969; Achord et al. 1996). However, we al so estimated
numer ous subyearlings to be spring race-origin. Subsanples
estimated as 100% fall race were conposed entirely of subyearling
juveni |l es.
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Table 5. -Race estimation results for Snake River juvenile

chincok salmon sampled at Lower Granite Dam in 1991, 1993, 199%4,

and 1995: estimated racial composition of total annual samples,

and final number of fish in annual subsamples estimated to be

100% of either race.

FRace campésiticn

of total sample

percent (SD)

Humber of individuals
estimated to be

100% (0 SD) of each race

Total fall spring fall spring
Year H
1991 286 49.9 (3,1) 50.1 (3.1} 143 143
1993 154 37.5 (4.0) 62.5 (4.0) 59 95
1994 143 85.8 (3.2) 14.2 (3.2) 115 28
1995 119 g94.6 (2.2) 5.4 (2.2) 111 B8
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W were always able to sort nulti-Ilocus genotypes into
put ati ve race subsanpl es and achi eve 100% si ngl e race conposition
estimates for each pair. To obtain final subsanples, we usually
only had to performtwo or three iterations of nulti-Iocus
sorting and m xture anal yses, follow ng our primary sorting on
SMEP- 1*/ PCK- 2* genotypes. W never found genotypes that were
i npossi ble fromeither race, given our baseline data set. Only
rarely did we find fish with alleles not included in baseline
allele frequencies. However, these alleles had been screened for
and observed in at |east one popul ation of the region. These
fish still could be sorted by their genotypes at all other | oci
and successfully included in subsanples estimted to be 100% of
one race.

Cenetic characterization of fall race juveniles

The four annual subsanples of estimated fall race juvenile
chi nook sal nron were assuned to be progeny of natural spawners in
the Snake River. They represented the 1990, 1992, 1993, and 1994
brood years, having parents who spawned in the year prior to
sanpling. Hereafter, we refer to the estimated fall race
subsanples as fall race sanples for sinplicity. W enployed
these four sanples in all anal yses of genetic characteristics and
rel ati onshi ps anong popul ati ons. W acknow edge that sone
limtations may be posed by the small sanple size (N=59) of the
1993 sanpl e.

Al lele frequencies at 40 loci for the four fall race
juvenil e sanples are presented in Appendix 2. GCenerally, we
found variant alleles at frequencies expected, given variability
| evel s seen in baseline data for Lyons Ferry Hatchery and upper
Col unbi a popul ations. W did observe a nunber of uncommon, or
typically low frequency, alleles in every Snake River fall race
juvenile sanple. The m DHP-2*b allele, rare in baseline data and
absent in other Washi ngton chi nook sal nron (Marshall et al. 1995),
was present at approximtely 2-3%in all years except 1993. W
found the sIDHP-2*g allele in all years except 1995 (occurring at
3%in 1994), and sIDHP-1*l in the 1993 sanple. One fish in the
1994 sanple had an LDH B2*d allele, which is very rare throughout
t he range of chinook salnmon. W found one occurrence in 1991 of
the sSOD-1*e allele, another allele rare in baseline popul ations
and absent el sewhere. The nobst unusual variant was the nVDH 2*d
allele, seen in 1991 and 1994 sanples. This allele was not
present in Lyons Ferry Hatchery or upper Col unbia popul ation
sanpl e dat a.

108



In each sanple year, the total nunber of HWtests, and the
nunber show ng significant deviations from HW proportions, were
as follows: 1991-17, 1; 1993-13, 1; 1994-15, 0; 1995-15,

1. The nunber of deviations per annual sanple was close to that
expected fromrandom sanpling error (5% of tests/sanple would be
significant). Also, in tw years, the locus with HWdevi ations
was MAAT-2* and in both cases there was a deficiency of

het erozygotes. This was nost |ikely due to weak expression of

t he heterozygous phenotype 100/90 (*ac) in juvenile tissues.
Questi onabl e phenotypes from gel scoring becane genotypes with no
data in final score files.

Har dy- Wi nberg test results were a neasure of confidence
t hat our sanples were random collections of fall race juveniles,
and were plausible genetic characterizations of the Snake R ver
fall race natural spawner popul ation. Genotypic proportions at
variable loci were typical of what one woul d expect in a
relatively large, randomy mating popul ation that did not include
substantial nunbers of fish froma genetically different
popul ation(s). Qur genotypic sorting nmethods did not produce a
group of fish biased towards particular genotypes. |If any
subyearling spring race juveniles were m stakenly included in the
sanpl es, they did not have a neasurable effect. W thus were
reasonably assured that conparative genetic anal yses were
appropri ate.

We found significant differences (P < 0.01) in allele
frequencies in all pair-wise Gtests (N=6) anong the four fal
race juvenil e sanples, except in one conparison. Allele
frequencies of the 1991 and 1995 sanples were not significantly
different (P > 0.10). The nunber of variable |oci participating
in these tests ranged from20 to 22. Sone variable loci had to
be excluded fromGtests. W did not use mAAT-2* and sSOD 2*,
due to poor expression in juvenile tissues, GPlr*, due to
inability to detect heterozygotes, or PEPB-1*, due to sex-linkage
(A.R Marshall, WDFW unpublished data). A variety of individua
| oci showed significant differences (P < 0.05) within each G
test. No locus had significant differences within every test.
We calculated the relatively largest differences in allele
frequencies in the conparison of 1993 and 1994 sanples. In this
test, we found significant differences (P < 0.05) at ten |oci,
five of which included presence (at |ow frequenci es) versus
absence of alleles.

We started our regional conparative analysis using all four
fall race juvenile sanples individually and ten sanples chosen
fromother fall race popul ations. W used genetic distances
conput ed anong these fourteen sanples to produce the dendrogram
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in Figure 2, and the multi-dinensional scaling (MDS) plot in
Figure 3. In both cases, Snake River fall race juveniles showed
simlar relationships to each other and to ot her popul ation
sanples. The 1991 (1990 BY) and 1995 (1994 BY) Snake River
sanpl es clustered together closely and grouped with several Lyons
Ferry Hatchery sanples. The 1993 (1992 BY) and 1994 (1993 BY)
Snake River juvenile sanples were well separated from each other
and fromall other sanples. The 1993 and 1994 sanpl es had,
overall, the relatively |largest genetic distance val ues conput ed.
View ng other relationships, the three upper Colunbia fall race
sanpl es clustered together closely and the 1990 Lyons Ferry

Hat chery untagged (presuned m xed-origin) adults sanple grouped
with them

Thi s anal ysis of genetic distances did not provide a
definitive picture of relationships anong Snake River naturally
produced fall race juveniles, and the Lyons Ferry Hatchery and
upper Col unbia popul ations. The affinity of the 1991 (1990 BY)
and 1995 (1994 BY) sanpl es seened reasonabl e since 1990 BY fish
woul d have returned as four year-old spawners in 1994, and four
year olds are often a dom nant age class. W were concerned that
the variability anong our juvenile sanples could obscure genetic
rel ationships with other fall race popul ations of the region.
Wapl es and Teel (1990) denonstrated that, for Pacific sal non
popul ations, genetic drift due to small popul ation size can cause
relatively large fluctuations in allele frequenci es anong
tenporal | y-spaced juvenile sanples. Conbining tenporal sanples
shoul d provide a nore precise description of popul ation
frequencies (Waples 1990). Also, we had been conparing single
brood year sanples to (in nost cases) multi-brood year adult
sanples. W decided to conbine the three consecutive juvenile
sanpl es, 1992, 1993 and 1994 BYs, which also were |linked by the
condition that the majority of the spawner escapenent in each
year (83% 79% and 68% respectively) was estimated to be
natural (non-hatchery) origin (LaVoy and Mendel 1996). At this
poi nt, we ignored tenporal variation that m ght be due to genetic
contributions from non-Snake Ri ver hatchery strays. W conputed
all el e frequencies for the conbined sanples (Appendi x 2) and used
these along with those of the 1991 (1990 BY) sanple al one for
further conparative anal yses.

We al so pool ed sone ot her popul ation sanples to sinplify the
vi ew of genetic relationships. W conbined sanples of fall race
chi nook sal mon from Bonneville and Little Wite Sal non hatcheries
because differences in allele frequencies were non-significant (P
> 0.05), and there was a history of fish transfers between the
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Figure 2.-Dendogram resulting from cluster analysis
{unweighted pair-group method) of Cavalli-Sforza and
Edwards (1967) chord genetic distances among 14 fall

race chinook salmon population samples.

Abbreviations:

80, 92, etc. = year of return (adults) or birth
(juveniles);

juveniles;

SNAKE R = Snake River natural fall race
LFH

Lyons Ferry Hatchery; L.W. Salmon =
Little White Salmon; BY = brood year; A = adults; J =
juveniles; H = hatchery.
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Figure 3.-Multidimensional scaling plot of Cavalli-
Sforza and Edwards (1967) chord distances among 14 fall
race chinook salmon population samples, with principal
components analysis used as initial configuration.
Abbreviations: 90, 92, etc. = year of return (adults)
or birth (juveniles); SNAKE R = Snake River natural
fall race juveniles; LFH = Lyons Ferry Hatchery; RND =
random; LWSALMON = Little White Salmon Hatchery;
BONNVLE = Bonneville Hatchery; HANFORD = Hanford Reach;
BY = brood year; A = adults.

112




two. W pooled two pairs of Lyons Ferry Hatchery sanples, 1990
tagged adults and their offspring (1990 BY juveniles), and 1992
tagged adults and offspring (1992 BY juveniles). Qur end result
was seven Snake and upper Colunbia rivers fall race popul ation
sanpl es for conparison with the two juvenile sanples. W
conputed a new set of genetic distances anong these ni ne sanpl es.

A two-di nensional cluster analysis and a MDS pl ot of genetic
di stances anong the nine sanples are shown in Figures 4 and 5,
respectively. In both, the conbined Snake R ver 1992-1994 BY
juveni |l es sanple and the single 1990 BY sanpl e cluster together
nmost closely. 1In the dendrogram (Figure 4) these two cluster
first wwth three of the known-origin Lyons Ferry Hatchery
sanpl es. They appear generally closer to, but distinct from al
known-origin Lyons Ferry Hatchery sanples in the MDS plot (Figure
5). The two upper Colunbia fall race sanples and the 1990 Lyons
Ferry untagged adults sanple fornmed a separate cluster in both
diagranms. In the MDS plot, the Snake River 1992-1994 BYs sanple
appeared in one dinension to be about m dway between the upper
Col unmbi a and the Lyons Ferry Hatchery groupings. |n another
di mension ("height"), the conbined juvenil es sanpl e appeared
relatively distinct. The genetic distance between the two Snake
Ri ver juvenil es sanples was snaller than di stances conputed
bet ween any pair of Lyons Ferry Hatchery sanpl es.

We did find significant differences in allele frequencies
overall (Gtest; P < 0.01) between the conbi ned Snake R ver 1992-
1994 BYs fall race sanple and the 1990 BY sanple. Twenty-three
| oci were included in the test, and three individual |oci (GR,
sI DHP-2*, LDH C*) showed significant differences (P < 0.05).
Al l el e frequenci es of the Snake Ri ver 92-94 BYs sanple were al so
significantly different (P < 0.01) fromthose of the seven Lyons
Ferry Hatchery and upper Col unbi a sanples used in our second
conpar ati ve anal ysi s.

Di scussi on
Estimating race of field-sanpled juveniles

Large allele frequency differences at many all ozynme | oci
exi sted between fall race chinook sal non of either the Snake or
upper Colunbia rivers and spring race chinook salnon fromthe
Snake Basin. Genetic distance val ues conputed between these two
groups have been sone of the largest reported in conparative
anal yses of chinook sal non popul ati ons of the Pacific Northwest
(Wapl es et al. 1991; Uter et al. 1995). Gven this |evel of
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Figure 4.-Dendogram resulting from cluster analysis
(unweighted pair-group method) of Cavalli-sSforza and
Edwards (1967) chord genetic distances among nine fall
race chinook salmon population samples. Abbreviations:
90, 92, etc. = year of return (adults) or birth
(juveniles) ; SNAKE R = Snake River natural fall race
juveniles; LFH = Lyons Ferry Hatchery; LWS/BONN =
Little White Salmon and Bonneville Hatcheries; BY =
brood year; A = adults; J = juveniles.
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Figure 5.-Multidimensional scaling plot of Cavalli-
Sforza and Edwards (1967) chord distances among nine
fall race chinook salmon population samples, with
principal components analysis used as initial
configuration. Abbreviations: 90, 92, etc. = year of
return (adulte) or birth (juveniles); SNAKE R = Snake
River natural fall race juveniles; LFH = Lyons Ferry
Hatchery; RND = random; LWS/BONN = Little White Salmon
and Bonneville hatcheries; HANFORD = Hanford Reach; BY
= brood year; A = adults; J = juveniles.
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genetic divergence, we were able to devel op a nethod for

determ ning race of Snake River juveniles sanpled in the field.
By conpiling existing population allele frequency data we created
a baseline data set for effective analysis of m xed race sanpl es.
Qur simulations and tests with known-race sanples showed that the

baseline data perforned extrenely well in estimating spring and
fall race contributions. W are confident we provided our
col | eagues (Connor et al. in preparation) with very accurate and

preci se assessnments of the proportions of spring and fall race
juveniles in their sanples. W showed that although their
sanpling design targeted fall race juveniles, spring race fish
were captured inadvertently in all years. This know edge was
essential to researchers investigating the natural life history
of Snake River fall-race juvenile chinook sal non.

O further inportance was our ability to use the genetic
di vergence between races to estimate the racial origin of
individuals. W correctly surmsed that nmulti-Ilocus genotypes
woul d act as reliable identifiers of race. W discovered the
val ue of using paired sMEP-1* and PGK-2* genotypes as a basic
sorting tool. Wth genotype data for only these two loci, we
could quickly and sinply divide individuals into prelimnary
spring and fall race subsanples. Enploying allelic variation
fromat |east 12 other loci, we achieved further accuracy in
genotypic sorting. The MLE m xture analysis results for our
final subsanples detected no errors in race estimation anong
genotypically sorted individuals. Realistically, we probably did
not correctly identify every juvenile by race. However, because
errors were statistically inconsequential, we concluded that
estimated fall race individuals could be used as true fall race
juveniles for the life history study. Traits of these fish
measured during their residence in the Snake River provided
vari abl es for a nodel devel oped to non-genetically classify race
of every fish collected in the field (Connor et al. in
preparation).

Speci al circunstances during the 1995 sanpling period
provided a blind test of our genetic nmethods. |In 1994, fall race
chi nook sal non spawned in the Snake Ri ver above the confl uence of
the Imaha River up to Hells Canyon Dam (Figure 1). There is no
production of spring race chinook sal non upstream of the |Imaha
Ri ver confluence. Juveniles were collected during the study in
1995 upstream of the Imaha River, and thus were expected to be
solely fall race origin. Information on collection site was not
provided until we had conpleted all genetic analyses. It turned
out that we had estimated all juveniles initially collected
upstream of the Immaha River (N=65) to be fall race-origin, and
juveniles frombelow that | ocation (N=50) to be of both races.
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These results matched field sanpling expectations, and further
increased the credibility of our nmulti-Ilocus sorting and m xture
anal ysi s procedures.

CGenetic characterization of Snake River fall race chi nook sal non

G ven the statistical accuracy of our genetic identification
met hods, we believed that estimated fall race juveniles in each
annual subsanpl e represented progeny of fall race adults that had
spawned naturally above Lower Granite Dam Using each subsanple
as a representative sanple of the total annual adult spawner
popul ation requires a review of possible sanpling errors. CQur
annual sanples of juvenile chinook sal non were conprised
predom nantly of juveniles that were PIT tagged after being
captured in the Snake River with a beach seine. Sanpling and
taggi ng occurred over a distance of 185 kns, and a period of
roughly 100 d, to ensure a broad representation of fish from
different rearing areas and weekly age classes. Sone fish were
too small for tagging (< 60 mmfork length). However, these were
probably not mgratory, and had a good chance of |ater recapture
at a size large enough to tag (WP. Connor, USFWS5, unpublished
data). Qur genetic sanples eventually came fromPIT tagged fish
detected at Lower Ganite Dam after an extended period of
rearing and mgration. Overall, only 9% to 32% of tagged fish
were detected, and only 24%to 65% of detected fish were
collected for genetic analysis (WP. Connor, USFW5, unpublished
data). W have not identified any non-random factors affecting
recapture at the dam Sanpling strategies generally appeared
free of non-randomerrors. Final sanple size of juveniles
estimated to be fall race was probably the nobst inportant
variable in how well we represented genetic characteristics of
annual spawners.

We did find sonme significant variability in allele
frequenci es anong our four annual sanples of fall race juveniles.
Smal | sanple size in 1993 (1992 BY; N=59) may have been a source
of sone genetic heterogeneity anong sanples. W could have
m ssed sanpling sone |ow frequency alleles in 1992 spawners. In
ot her sanple years, we did observe allelic variants that
generally only occur at |ow frequencies in nost chinook sal non
popul ations. This gave us confidence that these sanples
represented the breadth of genetic diversity in annual spawners.
Due to sone rare alleles or genotypes occurring in nore
i ndi vi dual s per annual sanple than m ght be expected, we
considered the possibility of non-random sanpling of famly
menbers. For a group of fall race juveniles sanpled in 1994, we
reviewed field data such as capture date and site, recapture
date, growh rate, and back-cal cul ated enmergence date (WP.
Connor, USFW5, unpublished data), and did not observe patterns
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t hat suggested kinship. Also, the recapture rate of |ess than
100% woul d hel p reduce sanpling rate of siblings if any were
captured and tagged together. Sanple frequencies of rare alleles
may indicate that allelic diversity in the wild population is
still relatively broad.

An adequate interpretation of the genetic variability anong
annual juvenile sanples al so requires an understandi ng of
conditions affecting each annual group of fall race spawners. In
any popul ati on of chi nook sal non, each year's spawners are uni que
because adults die after spawning, and proportions of several age
cl asses anong spawners can vary annually. These circunstances
pronot e random changes in allele frequencies, or genetic drift,
anong brood years, which can be anplified by small popul ation
size. ldentifying other sources of significant differences anong
brood year sanples can be confounded by the effects of genetic
drift (Waples and Teel 1990). W had estimates of the nunber of
potential Snake River spawners from annual dam counts, but no
estimates of actual spawners. Counts at Lower G anite Dam were
relatively [ ow (N=436) in 1990, but other study years had census
nunbers ranging from about 700 to nearly 1,000. W presune only
sone proportion of fish passing above the dam were successf ul
spawners. |f actual spawner nunbers were quite a bit |ower than
dam counts as suggested by Bl ankenshi p and Mendel (1994), genetic
drift may explain sone of the variability seen anong our juvenile
sanpl es.

Al so essential for interpreting tenporal genetic variability
was know edge of human activities that annually affected the
origin of spawners passing above Lower Granite Dam LaVoy and
Mendel (1996) estinated the proportions of chinook sal non from
three sources that conprised annual (1990-1995) groups of adults
passed upstream of the dam (Table 6). Adults were identified as
originating fromnatural (wld) spawners, Lyons Ferry Hatchery,
or non-Snake River hatcheries, by using expanded CWM data. Lyons
Ferry Hatchery-origin fish had been 100% nmar ked since the 1989
brood year, and were intentionally renoved at the damstarting in
1992 (Bl ankenship and Mendel 1994). Renoval of other marked,
hatchery-origin adults al so began in 1992, but because marking
rates were | ess than 100% for these fish (nostly from upper
Col unmbi a River hatcheries), not all hatchery-origin fish were
prevented from passi ng above the dam The Nati onal Marine
Fi sheries Service had requested renoval of fall-run hatchery-
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Table 6. -Origin of fall race chinook salmon escaping to spawning

areas in the Snake River above Lower Granite Dam, as

recoveries of marked fish at the dam

19985) .

observations by juvenile marking rate.

counts at the dam's passage facility.

males 56 cm or less in fork-length.

(from LaVoy and
Hatchery numbers were estimated by expanding

Total counts

estimated by
Mendel,
marked fish

are actual

"Jack" chincok salmon are

Escapement - Number of Adults ("jacks" included)

Lyons Ferry Other
Year Hatchery Hatchery Matural Total
1990 221 114 101 436
1991 202 70 Jlis 960"
1992 1043 25 620 748
1993 43 167 18T oB7
1994 42 191 484 Ti7
1995 0 285 379 664
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Table 6. -continued

* The total 1991 count included "jacks", but they were not

included in 1991 estimates of the three component groups.
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origin chinook salnon to reduce effects on the genetic integrity
of the wild popul ation (Bl ankenshi p and Mendel 1994). This
managenent action is reflected in changes anong esti nat ed
relative proportions of the three sources of spawners (Table 6).
CGenerally, Lyons Ferry Hatchery-origin fish decreased greatly,
natural -origin fish increased i n abundance, and ot her hatchery-
origin fish fluctuated in relative proportions.

CGenetic differentiation anong the conponents of fall race
adults that did spawn naturally would contribute to annual allele
frequency variability anong progeny. The magnitude of variation
woul d depend on the degree of divergence and on conponent
proportions. Wth genetic data for the Lyons Ferry and upper
Col unmbi a hat chery conponents, we can predict how spawners from
t hese sources mght effect allele frequencies of naturally
produced progeny. Lyons Ferry Hatchery broodstock originated
fromthe Snake River WId Eggbank Program and they were
di stingui shabl e from upper Col unbi a hatchery fall-run popul ati ons
according to previous genetic anal yses (Bugert et al. 1995). 1In
1990, 50% of adults escapi ng above Lower Granite Dam were
estimated as Lyons Ferry Hatchery-origin. Four-year old progeny
of these fish could have conprised nmuch of the natural-origin
spawner conponent (67% in 1994 (Table 6). Two of our Snake
Ri ver juvenile sanples, 1990 and 1994 BYs, showed no significant
differences in allele frequencies, and also had rel atively smal
genetic distances from several Lyons Ferry Hatchery sanples. W
think it is reasonable to conclude that gene flow between this
hat chery popul ation and wild spawners has been substanti al.

It is also plausible to expect that gene flow from non- Snake
Ri ver hatcheries has occurred. The percentage of upper Col unbia
hat chery-origin fish in Snake R ver adult escapenents has
fluctuated w dely (Bugert et al. 1991, 1995; LaVoy and Mendel
1996). We exam ned how their participation as spawners could
have effected annual variability, especially the genetic
het erogeneity of 1992 BY and 1993 BY juvenile sanples. |In 1992
and 1993, tagged Lyons Ferry Hatchery-origin adults were excl uded
from natural spawning, which mnimzed contributions fromthis
gene pool, especially in 1993. Natural-origin chinook sal non
conpri sed approxi mately 80% of the 1992 and 1993 spawner
escapenents (Table 6). W remnd the reader that this is the
Snake River spawner conponent we did not have genetic baseline
data for, and were trying to estimate from our juvenile sanples.
Bot h 1992 and 1993 BY juveniles were divergent fromall hatchery
conponents, and generally showed no directional shifts in allele
frequenci es towards those of upper Col unbia hatchery-origin
chi nook sal non. W believe these data show that genetic
characteristics of remaining natural spawners were not heavily
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affected by strays from upper Col unbia hatcheries, and retained a
| evel of diversity distinctive from hatchery gene pool s.

We t hought we would gain a nore useful genetic profile of
the natural Snake River fall race popul ation by conbining
juvenile data fromthree consecutive brood years (1992 to 1994).
By doing this, we had assuned that all tenporal variability anong
juveni |l e sanples was due to genetic drift and sanpling error, not
changes in genetic conposition of annual spawners. This is
probably not entirely accurate, but it did give us a
characterization of the fish that actually reproduced
successfully in inportant, avail able spawning habitat. The
conbi ned sanple for the natural population retained its genetic
di stinctiveness relative to hatchery popul ations. Analyses did
show t hat popul ations wth closest genetic rel ationships were the
Lyons Ferry Hatchery broodstocks. W interpret this association
to indicate both that the Snake River fall race chinook sal non
gene pool has been conserved at this Snake Ri ver hatchery, and
that these hatchery-origin adults have contributed to natural
pr oducti on.

Managenent | nplications

We believe the set of allele frequencies for the conbined
juveni |l es sanpl e serves as a genetic baseline, characterizing the
Snake River fall race during this tine period. It can be used
for nonitoring and eval uating changes in the natural spawning
popul ation. W were encouraged to find the |levels of genetic
variability that we did, despite the often critically | ow annua
popul ation sizes of the past. W did not find evidence that
straying of adults from upper Col unbia hatcheries had irrevocably
honogeni zed the genetic characteristics of Snake River fall race
chinook salnon. A low |l evel of detectable genetic effects should
not, however, dim nish concerns about potential negative inpacts
fromthese strays. Real and theoretical genetic effects of
hat chery-origin salnonids on wild, or natural popul ations are
reviewed and di scussed in Hindar et al. (1991) and Canpton
(1995). In the Snake River, the | argest problem has been a high
i ncidence of Umatilla Hatchery-origin adults (upper Col unbi a
fall-run stock), which is attributed to warm |ow fl ows that
di scouraged adults fromreturning to the Umatilla Ri ver (Bugert
et al. 1995). Managenent actions that have served, or could be
added, to curtail this straying problemare still necessary to
protect the genetic integrity of the Snake River fall race.

We think the genetic characterization fromour juvenile
sanpl es indicates that the Snake R ver fall race natural spawning
popul ati on represents an inportant genetic resource. Traits
adapted to | ocal conditions, which we did not assess, may al so
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characterize this resource. These were also general concl usions
froma biological review follow ng the ESA petition (Waples et

al. 1991). Although the Lyons Ferry Hatchery popul ati on may be
nost closely related to the natural Snake River popul ation, we
recommend that use of hatchery fish to suppl enent natural
production include plans to nonitor effects. It will be very

i nportant to understand, for exanple, how well hatchery juveniles
released into the river survive to return as spawners, and what
their interactions with wild fish are as juveniles and adults.
There is little knowl edge of how suppl enentation m ght increase
survival rates of naturally produced progeny. One of the keys to
sustaining the genetic diversity of Snake River fall race chinook
sal non i s maintaining an abundance of natural, or wild spawners.
Achi eving this goes beyond hatchery practices, and includes
resolving large problens of habitat alteration and degradati on,
as well as harvest issues. As progress is nade in these areas,
we believe the existing natural popul ation has the capacity for
recovery.
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| nt roducti on

The construction of four hydroelectric dans on the | ower
Snake River changed the free-flowng River into a series of
reservoirs. Hgh nortality and delays in seaward m gration of
juveni | e chi nook sal non Oncor hynchus tshawytscha are two
consequences of inpounding free-flowing rivers (Park 1969;
Raynond 1979, 1988). These consequences were recogni zed in the
late 1970's and Congress subsequently passed the Pacific
Nort hwest El ectric Power Planning and Conservation Act in 1980
(Public Law 96-501). One intention of this act was to foster a
bal ance between hydroel ectric power generation and fl ow needs of
m grati ng anadronous sal noni ds.

The Col unbia Basin Fish and Wldlife Program (NPPC 1987) was
witten in response to the Pacific Northwest Electric Power
Pl anni ng and Conservation Act. This programled to the storage
of reservoir water throughout the Colunbia River basin for the
pur pose of augnmenting flows during the spring when nost
anadr onous sal nonids mgrate seaward. This water all ocation was
call ed the water budget.

From 1983 to 1992, the water budget did not include a flow
all ocation for sumrer-mgrating subyearling fall chinook sal non.
The water that was routinely rel eased for power generation was
expected to neet flow needs of juvenile fall chinook sal non
during the summer nonths (Berggren and Filardo 1993). However,
| ow natural runoff occurred during sunmer at the sanme tinme
reservoirs were being refilled to replace water used for spring
fl ow augnentation. This resulted in sumer flows that were | ower
during the first several years of the water budget than occurred
prior to its existence (Berggren and Filardo 1993).

Snake River fall chinook salnon continued to decline in
abundance t hroughout the 1980's and were |listed as threatened
under the Endangered Species Act (ESA; USFWS5 1988) in 1992 (NVFS
1992). After 1992, enphasis shifted fromspring flow
augnentation to summer flow augnentation (Gorgi et al. 1997a).
In the proposed recovery plan the National Marine Fisheries
Servi ce recomrended an average flow of 1,416 to 1,558 ni/sec at
Lower Granite Dam (Figure 1) from 21 June to 31 August (NVFS
1995).

In the Biological Opinion on the operation of the Col unbia
Ri ver power system and juvenile transportation program the
Nat i onal Marine Fisheries Service called for the formation of a
techni cal managenent team (NVFS 1994). The techni cal managenent
t eam makes recomendati ons on dam and reservoir operations that
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will optimze passage conditions for anadronous sal nonids. Prior
to the spring mgration season the team devel ops a water
managenent plan. This plan is then refined in-season as
pertinent data becones avail abl e.

We col | ected subyearling chinook salnon in the Snake Ri ver
from 1992 to 1997 to provide fishery managers with data to help
t hem assess and refine the water managenent plan. This paper
provi des a general description of seaward mgration by
subyear|ing chinook salnon in the Snake River, and presents an
approach to forecast nedi an date of passage at Lower Granite Dam

Study Area

Chi nook sal non spawn in the tributaries of the Snake River
and in the mainstem Snake River fall chinook sal non spawn
primarily in the mai nstem Snake River between Hells Canyon Dam
and the upper end of Lower G anite Reservoir, and in the |ower
Grande Ronde and Clearwater rivers (Figure 1). Fall chinook
sal non have an ocean-type life history (Healey 1991) and the
juveniles mgrate seaward primarily as subyearlings. Spring
chi nook sal non spawn in the headwaters of Snake River tributaries
such as the Imaha, Sal non, and G ande Ronde rivers (Figure 1).
Sone subyearling spring chinook sal non deviate fromthe typica
streamtype (Healey 1991) life history and rear in the nainstem
Snake River then mgrate seaward as subyearlings during the
summer with subyearling fall chinook sal non.

Subyear|ing chi nook sal non, which were predomnantly fall-
race fish (W P. Connor, U S. Fish and WIldlife Service,
unpubl i shed data), were collected in the Snake River between RK
224 and 357 (Figure 1) from 1992 to 1997. Seaward m grating
subyear|ing chinook passed through Lower Granite Reservoir
(Figure 1) and by Lower Granite Dam Physical features of Lower
Granite Reservoir are described by Chipps et al. (1997) and
Connor et. al (1998). Flows in Lower G anite Reservoir during
t he sumrer flow augnentation period averaged 539 ni/s, 1,304
m/s, 744 m/s, 1,580 n¥/s, 1,623 m/s, and 2,007 n’/s from 1992
to 1997, respectively. Lower Ganite Damis located at River km
(RK) 173 on the Snake River (Figure 1). Fish bypass facilities
and nonitoring equi pment used to detect marked fish at Lower
Granite Dam are described by Gessel et al. (1991) and Prentice et
al . (1990a).
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Met hods

Subyear|ing chinook sal non collection, handling, and tagging are
descri bed by Connor et al. (1998). Subyearling chinook sal non
were collected with a beach seine and then were tagged with
Passive Integrated Transponders (PIT tags)(Prentice et al.
1990b). The PIT-tagged fish were rel eased where they were
collected to resune rearing, dispersal, and eventual seaward

m gration. A subsanple of PIT-tagged fish was detected in the
fish bypass at Lower G anite Dam as described by Prentice et al.
(1990a) .

The subyearling chinook sal non outm grati on was nonitored at
Lower Granite Dam by the Fish Passage Center (FPC) of the
Col unmbi a River Basin Fish and Wldlife Fish Authority from 1992
to 1997. Fish were collected between the hours of 0700 hours on
day one to 0700 on day two. All fish collected by 0700 hours on
day two were counted as passing Lower Granite Dam on day two.
The FPC expanded the daily fish collection counts at Lower
Granite dam and then adjusted the counts for the proportion of
wat er goi ng through the powerhouse versus the spillway. These
adj usted counts provide an index for the tine of passage by Lower
Granite Damfor the run at large. W conpared the fish passage
i ndi ces (FPC, unpublished data) to the PIT-tag detection data to
determ ne how wel | PIT-tagged subyearling chinook sal non
represented the run at large. W limted the conparison to the
21 June to 31 August summer flow augnentation period since this
period is nost relevant to fl ow managenent. The detection dates
for PIT-tagged fish were standardi zed to the 0700 to 0700 hours
col l ection period used by the FPC

Tinme at |arge between PIT tagging and detection at Lower
Granite Dam was cal cul ated for each detected PIT-tagged
subyear|ing chinook salnon. The resulting nunber is referred to
hereafter as travel tine, and is abbreviated when it is referred
to in statistical nodels as TRVTIME. Predictor variables for
travel time analysis included fork | ength at tagging, Julian date
of release, and release location in RKs. The abbreviations FL
DATE, and RELRK are used when referring to regression
coefficients. These variables were sel ected because they can be
measured in the field at the tinme each fish was PIT tagged. W
pool ed data across years to increase the range of observations
for both travel time and the predictor variables. Uniformrandom
nunbers were generated for each observation. W used 70% of the
observations to build the nodel and reserved the remai ni ng 30%
for validation.
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Least-squares nmultiple regression (SYSTAT 1994) was used to
develop a travel tinme nodel fromthe estimtion data. W started
with the nodel: TRVTIME = by + by(FL)+ by(DATE) + bs( RELRK) + e.

We plotted each predictor variable versus TRVTI ME using year as
the plotting synbol to see if pooling data over years was
justified. The relationships did not change in a systematic way
over years. W considered the coefficient of determination (R),
t-tests for individual coefficients, and plots of residuals
(Myers 1990) for candidate nodels in order to select the final
predi ction nodel for validation.

W validated the TRVTI ME nodel derived fromthe estimtion
data set by predicting travel tinme for each fish in the
validation data set. W cal cul ated the nmean square error (MSE)
of the residuals (residual = actual - predicted travel tine)
using the validation data set and conpared it wth the MSE about
the regression line for the estination data set (SAS 1989). W
al so conpared residual plots fromthe estimated nodel for both
estimation and validation data sets. Finally, we estimated the
regression coefficients for the TRVTI ME nodel using the entire
data set. Partial regression plots (SAS 1989) were used to
interpret the regression coefficients of the final set of
predi ctor vari abl es.

The Kol nogorov-Sm rnov two sanple test (KS test; SAS 1989)
was used to conpare the rel ease date and rel ease fork I ength
distributions for all fish beach seined and PIT tagged and for
the subset of fish subsequently detected at Lower Ganite Dam
These tests were used in the manner described by Gorgi et al
(1997b). The rel ease dates and fork | engths conpared were those
of all fish released versus all fish that were rel eased and
detected at Lower Granite Dam This test was intended to show if
different sizes of fish, or fish released before or after certain
dates, were nore likely to survive the mgration and be detected
at Lower Granite Dam

W tested three approaches for forecasting the nedian date
of passage at Lower Granite Damfor the run at large. Al three
used the final TRVTIME nodel to make travel tine predictions to
Lower Granite Dam for each PIT-tagged fish. The predicted travel
time was added to the date of release for each fish to forecast
its detection date at Lower Granite Dam The first approach was
to forecast a passage date for every fish tagged wwthin a year
and then cal cul ate a passage distribution. The passage
di stributions were only cal cul ated between the dates of 21 June
and 31 August to coincide with the summer flow augnentation
period. The forecasted passage distributions were standardi zed
Wi thin each year to account for differences in sanple sizes anong
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years. After they were standardi zed, the forecasted passage

di stributions were pool ed across years, and cunul ative daily
passage was cal cul ated. The second approach was simlar to the
first, except we used results of the KS tests to select fish of a
m ni mum fork | ength when forecasting passage dates. The third
approach involved selecting a mninumfork |length, and then a
maxi mum r el ease date, prior to forecasting passage date for each
fish. The maxi mumrel ease date was sel ected using KS test
results.

The fish passage indices were al so standardi zed within each
year, and pool ed, and then cumul ative daily passage was
cal cul ated. The observed (i.e., from pooled fish passage
i ndi ces) and forecasted cunul ati ve daily passage distributions
were plotted. By pooling the data across years we were able to
sel ect the approach that gave the best forecast of passage timng
for the average year. W selected the final approach by
conparing the observed and forecasted nedi an dates of passage
fromthe two cunul ative daily passage distributions.

After selecting a forecasting approach, we applied it to
each year separately. Observed (i.e., fromeach annual fish
passage i ndex) and forecasted passage distributions were
cal cul ated. Cunul ative daily passage was cal cul ated fromthe
passage distributions, and then we conpared the observed and
forecasted nedians within a year. This provided a general
assessnment of forecasting accuracy fromyear to year.

Resul ts

Approxi mately 17% of the PIT-tagged subyearling chinook
sal non that were released in the Snake R ver were detected at
Lower Granite Damfrom 1992 to 1997 (Table 1). Mean travel tine
during the 6 years averaged 45.5 d (SE = 0.70; range = 2.0 to 156
d). The mean migration rate was 3.3 knmfd (SE = 0.12; range = 0.4
to 70.5 kmd). Fish, which were detected, were tagged and
released from6 April to 14 July at fork lengths ranging from 60
to 122 mm (Table 1).

M gratory Behavi or and Ti m ng

After they were PIT tagged, subyearling chi nook sal non
continued to rear and di sperse downstream slowly as shown by the
above travel tinmes and by recapture data. W recaptured 6.1% (n
= 64) of all fish tagged in 1992, 16.3% (n = 202) in 1993, 14.5%
(n =339) in 1994, 15.1% (n = 224) in 1995, 11.7% (n = 66) in
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TABLE 1. Nunbers of subyearling chinook salnon that were PIT
tagged in the Snake R ver (SNK) and | ater detected at Lower
Granite Dam (LGR), and the range of predictor variables including
Julian date of release (DATE), fork length at rel ease (FL) and
the River kmwhere the fish were rel eased, 1992 to 1997

Pl T-t agged Range of predictor variables
subyear | i ngs for detected fish
Year
Nunber s Nunber s DATE FL RK
rel eased in detected (Juli an) (mm
the SNK at LGR
1992 1, 056 44 113-156 60- 103  229-282
1993 1, 237 234 117-195 60- 122 224- 266
1994 2,342 194 96-173 60- 104  225-282
1995 1,481 479 116- 187 60-116 226-361
1996 566 178 107-192 60-113 227- 357
1997 651 126 119-191 60- 108  225- 357
All 7,333 1, 255 96- 195 60-122 224-361
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1996, and 15.4% (n = 100) in 1997. The nedi an nunber of days
fish were at | arge between tagging and recapture was 5.5, 7.0,
8.0, 8.0, 7.0, and 7.0 d from 1992 to 1997, respectively (Figure
2). Sone fish were recaptured nunerous tinmes over long tine
spans (e.g., five times over 56 d). 1In all years, recaptured
fish did not travel downstreamof initial capture sites, but sone
fish were captured upstream (n = 66; nean distance = 1.7+0.1 km
or downstream (n = 94; nean distance = 14.5+2.5 km Figure 2).

The majority of PIT-tagged subyearling chinook sal non, and
fish fromthe run at |arge, passed Lower G anite Dam during the
21 June to 31 August summer flow augnentation period. The
percentages of PIT-tagged fish that past Lower G anite Dam during
the sumrer flow augnentation period were 43%in 1992, 92%in
1993, 92% in 1994, 81%in 1995, 70%in 1996, and 83%in 1997.

The percentages of the run at |arge that past Lower G anite Dam
bet ween 21 June and 31 August were 69% 91% 93% 80% 82% and
68% from 1992 to 1997, respectively.

During the sunmer flow augnentation period, the dates of
passage at Lower Granite Dam for PIT-tagged subyearling chi nook
sal nron were generally simlar to the those of the run at |arge
(Figure 3). The onset, end, and peak dates of passage often
occurred on simlar days or on the sanme day (e.g., 1992, 1994,
1996). However, passage dates of the two groups of fish
soneti mes peaked on different days (e.g., 1993 and 1995) and the
peak of one group was not always proportionate to that of the
other (e.g., second peak in 1996). The passage distributions for
tagged fish also included nore dates with zero passage than did
t he passage distributions for the run at large (e.g., 1997).

Travel Time Modeling

The plot of residuals for the nodel, TRVTIME = by - by(FL)+

b,( DATE) + b3( RELRK) + e, which was made using the estimation
data (n = 884), showed a cl assic nmegaphone shape indicating that
the error variance increases with increasing val ues of nean
TRVTIME. A loge transformation of travel tine solved this
problem The RELRK term was nonsignificant and was del eted from
the nodel. The resulting candidate nodel, | oge (TRVIIME) = by -

b, (FL) + b, (DATE) + e, was validated based on a conparison of
the MSE of the residuals fromthe validation data (n = 371) set
(MSE = 0.336) with the MSE of the estimation data set (MSE =
0.296; Myers 1990). The residual plots for both estimation and
val idation data sets had the sane residual patterns.
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Figure 2.-Box plots showing the number of days
PIT-tagged fish were at large in the Snake River
between tagging and recapture, and the distance
traveled (kms) by recaptured fish while at large,
1992 to 1997.
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The final regression nodel based on the entire data set (n =
1,255) resulted in the nodel, |oge (TRVTI ME) = 4.316054 -
0.034742(FL) + 0.013196(DATE)(Table 2). In this nodel, release
date and fork | ength were significant and expl ai ned 39% of the
variability in loge-transforned travel time (MSE = 0.307; P <
0.0001; R* = 0.39). For fixed release date, the relationship
between travel tinme and fork length is negative (Figure 4). For
every mmincrease in fork length there is a 0.035 decrease in
| oge-transformed travel tinme. For fixed fork length, there is a
positive relation between travel tinme and date (Figure 5). For
every 1 d increase in release date, there is 0.132 increase in
| oge-transformed travel tinme (Figure 4).

Passage Forecasts

The cumul ative distribution for fork Iength of all tagged
fish differed significantly fromthe cunul ative distribution for
those detected at Lower G anite Damat the P = 0.05 | evel of
significance (Figure 5). Fish that were tagged at fork lengths <
75 mmwere less likely to survive mgration to Lower G anite Dam
than | arger fish. The rel ease date distribution of the subset of
Pl T-t agged subyearling chi nook sal non that were detected at Lower
Granite Damdid not differ significantly at the P = 0.05 | evel of
significance fromthose released in the Snake River. There was a
statistical difference at the P = 0.10 |level of significance
(Figure 5). Fish released on or after Julian date 172 (i.e., 21
June) were less likely to survive to Lower Granite Damthan fish
rel eased earlier.

The nost accurate passage forecast at Lower Ganite Dam for
the run at large was nmade using fish that were > 75-nm fork
I ength at tagging (n = 2,856)(Figure 6). The nmedian date
forecasted using this approach was 18 July, conpared to the
observed nmedian for the run at large of 19 July. The forecast
made using every fish that was PIT tagged (n = 7,333) resulted in
a cunul ative daily passage distribution that was consistently to
the right (i.e., later) than that observed for the run at |arge
(Figure 6). The forecasted nedian for this sanme approach was 23
July. Renoving fish > 75-mm | ong, and which were rel eased before
Julian date 172 (n = 2,120), resulted in a forecasted nedi an date
of passage of 10 July and a distribution located to the left
(i.e., earlier) of that observed for the run at | arge.

Passage forecasts made using fish > 75 nm at tagging were

nmost accurate for the relatively lower flow years of 1992, 1993,
1994. For these years, the forecasted nedi an date of passage was
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TABLE 2. —teast-squares nultiple regression results for |oge-
transforned travel tinme of subyearling chinook sal non that were
PIT tagged in the Snake River and detected at Lower G anite Dam
from 1992 to 1997. The predictor variables are Julian date of
rel ease (DATE), fork length at release (FL) and rel ease | ocation
( RELKM .

Predi ct or Regr essi on T-val ue P-val ue R
vari abl e coefficients

Estimation nodels (n = 884)

Const ant 3.944186 15. 653 0. 000 0. 408
DATE 0. 014045 10. 740 0. 000
FL -0. 034186 -24.052 0. 000
RELKM 0. 000724 1.612 0. 107
Const ant 4,181673 20. 435 0. 000 0. 406
DATE 0. 013774 10. 611 0. 000
FL -0. 034246 -24.081 0. 000
Final nodel (N = 1, 255)
Const ant 4. 316055 24. 357 0. 000 0. 391
DATE 0. 013196 11. 537 0. 000
FL -0.034742 -28. 097 0. 000
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Figure 4.-Partial regression plots for the
relation between travel time (TRVTIME) to Lower
Granite Dam and fork length (FL) of subyearling
chinook salmon after adjusting for the effects of
release date (DATE) (Top), and for the relation
between travel time and release date after
adjusting for fork length effects (bottom).
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within 8 d of that observed for the run at large (Table 3).
Passage forecasts made for the relatively higher flow years of
1995, 1996, and 1997 were | ess accurate than those of |ower flow
years (Table 3). For exanple, in 1995 the observed and
forecasted nedi an dates of passage were 18 d apart.

Di scussi on
M gratory Behavi or

Seaward m gration by subyearling chinook sal non in the Snake
Ri ver is a discontinuous process. During early rearing fish
slowy di spersed downstream often |ingering at specific nearshore
sites. In the field we observed that decreasing flows
acconpani ed by increasing water tenperatures pronpted subyearling
chinook salnon to | eave nearshore rearing areas. The nunber of
fish we captured decreased markedly after water tenperatures
reached about 17°C. Simlar behavi or has been observed for
subyear|ing chinook salnon in the Col unbia Ri ver (Becker 1970,
1973; Rondorf 1990).

Subyear|ing chi nook sal non beconme pelagic oriented after
they | eave the free-flow ng Snake River and enter Lower Ganite
Reservoir. In 1992, Curet (1993) beach seined sanpling stations
in Lower Granite Reservoir over the sanme dates we sanpled the
Snake River. Patterns of subyearling chinook sal non catch in the
River and in the reservoir were simlar. Few fish were captured
in nearshore areas after May. |If the fish we captured in the
Ri ver mai ntained a shoreline orientation and continued to
di sperse slowy downstream catch would have continued in the
reservoir into June. Additional data exists to substantiate
pel agic mgration behavior. From 1995 to 1997, subyearling
chi nook sal non were radi o tagged at Lower G anite Dam and
rel eased downstreaminto the next reservoir. Radio-tagged fish
foll owed the thal weg of the inundated river channel. This route
led fish through the deepest and fastest avail able water (D.A
Venditti, personal conmunication).

When migrating in-reservoir, subyearling chinook sal non do
not nmove consistently downstream Approximately 22% of the
radi o-tagged fish rel eased by Venditti noved back upstream once
t hey reached the forebay (Venditti et al. In review).

Approxi mately 4% of these noved 14 km I n Colunbia River
reservoirs, subyearling chinook sal nron have been found to nove
upstream or renmain stationary, for long tinme spans (Sins and
MIler 1982; MIller and Sins 1983). Breaks in downstream
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TABLE 3. —bserved nedi an passage dates at Lower G anite Dam for

t he subyearling chinook sal non run at
unpubl i shed dat a),

| arge (Fi sh Passage Center

and the nedi an dates that were forecasted

using PIT-tag data collected in the Snake River, 1992 to 1997.

Year Cbserved For ecast ed Di fference
(days + or -)
1992 26- June 02-July -6
1993 20-July 28-July -8
1994 14-July 11-July +3
1995 28-July 10-July -18
1996 21-July 31-July -10
1997 14-July 26-July -12
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progress, whether in reservoirs or free-flowng rivers, confound
t he devel opment of regression nodels for predicting travel tine.
They offer a plausible explanation as to why our TRVTI ME nodel
only expl ai ned 39% of the observed variation in travel tine to
Lower Granite Dam

Travel Time Modeling

Thi s paper provides evidence that fork length and rel ease
date were significantly related to tinme travel tinme of
subyear|ing chinook salnon. The effect of fork I ength was nore
significant than the effect of rel ease date. These results
parall el those reported for subyearling chinook sal non passing
downstreamin the Colunbia R ver between Rock Island and McNary
dans (G orgi et al. 1997b). Gorgi et al. reported that the
mul tivariate nodel loge (Mgration rate) = -2.510 + 2.569(FL) -
1. 286(DATE) significantly (P =0.000) expl ained 58.5% of the
observed variation in mgration rate (travel tine/kns travel ed).
These sane authors al so found mgration rate was influenced nore
by fork length (T-value = -28.097) than by rel ease date (T-val ue
= -9.087).

Subyear|ing chinook sal non that were PIT-tagged in the
Col unmbi a River m grated downstream markedly faster than fish
tagged in the Snake R ver despite having to pass two additional
dans. The nmean rate of mgration between Rock Island and McNary
dans was 15.6 kmid (range = 0.8 to 59 km'd) for Colunbia River
fish (Gorgi et al. 1997b) conpared a rate of 3.3 knmid (range =
0.4 to 70.5 kmid for Snake River fish. Subyearling chinook
salnon in the Colunbia River travel ed 260 kns between rel ease and
detection conpared to the average of 91 kns covered by Snake
Ri ver fish. Zaugg et al. (1985) concluded that hatchery fal
chi nook sal non required a period of in-river mgration to achieve
maxi mum | evel s of snoltification and maxi num m gration rates.
Fish in the Colunbia River tagged by Gorgi et al. (1997b) may
have m grated faster than Snake River fish because they m grated
further. Additionally, Colunbia River fish (mean = 100 nm range
= 62 to 167 nm were |arger than Snake River fish (nmean 79 mm
range = 60 to 122 nm when they were tagged. In view of
regression results in this paper, we conclude that fork |length at
taggi ng accounted for sonme of the difference in mgration rates
between fish of the two rivers.

Changes in habitat selection and levels of snoltification
that occur as fish grow may partially explain the relation
bet ween subyearling chinook salnon fork | ength and travel tine.
Juveni | e anadronmous fish have been shown to nove into faster
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deeper water as they grow (Chapnman and Bjornn 1969; Everest and
Chapman 1972). Subyearling fall chinook sal non that were beach
sei ned near shore in the Colunbia River estuary were smaller and
had | ower |evels of ATPase activity than fish captured in md-

Ri ver using purse seines (Zaugg et al. 1985). These sane
researchers hypot hesi zed that horizontal distribution of

m grating fall chinook sal nron was dependent on fish size and the
degree of snolt devel opnent. W propose that |arger subyearling
chi nook salnmon in the Snake River mgrated faster than smaller
fish because they occupied faster water and were nore snolted.

Subyear|ing chinook salnon that were rel eased | ater tended
to have longer travel tinmes than fish that were rel eased earlier.
These findings are simlar to those reported for three other
studies. A step-wise nultiple regression was done for travel
times of freeze-branded subyearling chinook sal non m grating
bet ween McNary and John Day danms. The resulting nodel was TRVTI ME
= -53.02 + 0.37(DATE) (R = 0.47)(Gorgi et al. 1994). Using the
same 1981-1983 data, and data from 1986 to 1988, Berggren and
Filardo (1993) reported the multivariate nodel TRVTIME = -42. 364
+ 3,016. 061( FLOW") + 0.133(DFLOW + 0.165(DATE) (R = 0.65).

Where DFLOWwas the absolute change in daily average fl ow over
travel tinme days. Berggren and Filardo fixed the other variables
and saw that DATE increased travel tinme as the summer season
progressed. They explained that DATE accounted for a conbi ned
effect of flow and snoltification. The mgration rate nodel of
Gorgi et al. (1997b) we described earlier in this discussion
gave a regression coefficient for DATE of -1.286 also indicating
a negative relation between rel ease date and mgration rate.

Rel ease date is used in regression nodels as a surrogate for
snoltification levels and flow. There was |low correlation (n =
436; r = -0.186) between date of detection for subyearling
chi nook sal non and ATPase levels from 1993 to 1996 (K F. Tiffan,
per sonal conmuni cation) indicating that rel ease date was not a
surrogate for snoltification level in our study. As nmentioned
earlier, the distances mgrated by fish we tagged were | ess than
in Colunbia R ver studies. Al though |arger Snake River fish were
nore snolted than smaller fish, it is likely that fish used in
the Col unbia River studies were nore snolted than any fish we
t agged.

Three studies provide evidence of flow effects on travel
time that indicate that rel ease date was a surrogate for flowin
our TRVTI ME nodel. Radi o-tagged subyearling chi nook m grated
significantly faster through upstreamreaches of Little Goose
Reservoir than through downstreamreaches (Venditti et al. 1997).
These aut hors concluded that mgration rate was indirectly
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related to water velocity in the reservoir since water velocity
was higher in the upper than in the | ower reach. Berggren and
Filardo (1993) showed that flow significantly increased trave

ti mes of subyearling chinook sal non through a Col unbia River
reservoir (refer to earlier discussion). The Miltivariate node
Mgration rate = -16.750 + 2.496(FL) + 0.963(FLOWN accounted for
63% of the observed variation in mgration rate for subyearling
chi nook sal non novi ng downstream bet ween Rock |sland and MNary
dans (G orgi et al. 1997b). Wen discussing this nodel Gorgi et
al. discounted the significant effect of flow on the basis of
poor predictive capability of the nodel. W submt that the | ow
fl ows experienced by |ate mgrating Snake R ver fish acted
together wth other independent variables to increase travel
t1me.

Passage Forecasts

After the PIT-tagged subyearling chinook sal non |eft
near shore areas of the Snake River they passed Lower G anite Dam
over a period of tinme simlar to the run at large. This
simlarity indicated that beach seining provided catch data that
was generally representative of the run at large. The
differences in the passage distributions betwen PIT-tagged
subyearlings and the run at large were likely the result of three
factors. First, under the low |l evels of adult escapenent between
1992 and 1997 sanple sizes were limted by fish abundance.
Secondly, beach seines were not equally efficient at capturing
subyear|ing chi nook sal non over the range of flows, water
turbidities, and substrate conditions that we sanpled. Even
under conparatively high juvenile rearing densities and the
sinple habitat conditions in John Day Reservoir, beach seine
capture efficiency for subyearling chinook sal non ranged from
0.41 to 0.96 (Parsely et al. 1989). Therefore, we nay not have
sanpled fish in exact proportion to their availability, or over
the exact tinme periods when the run at | arge was rearing.
Thirdly, we did not sanple every potential rearing site in the
Snake River, and no fish were tagged the Grande Ronde and
Cl earwater rivers.

D fferences between the forecasted and observed nedi an dates
of passage at Lower Granite Dam for subyearling chinook sal non
within a year were also related to snmall sanple sizes of detected
fish and sanpling biases. Anong year differences in forecast
accuracy (Table 3), on the other hand, may have been related to
to subyearling chinook sal non survival. Wen forecasting run
timng at Lower Ganite Dam we attenpted to account for survival
effects by selecting fish > 75 mmfork length. This mninmumfork
length criterion resulted in accurate run tinme forecasts for |ow
flow years. Run forecasts for high flow years were | ess accurate
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than for |low fl ow years because the observed runs were nore
protracted than the forecasted runs. W hypot hesi ze t hat
differential survival between snmaller and larger fish is |ess
pronounced in high flowthan in low fl ow years, and that this
results in nore protracted passage distributions in high flow
years.

| mpl i cations for Managenent

Much witten attention has been focused on the relation
between mgration rate of subyearling chinook sal non and fl ow
(e.g., MIller and Sins 1984; Gorgi et al. 1990; Berggren and
Filardo 1993; Gorgi et al. 1994; Gorgi et. al 1997b). This
attention was well warranted. A main focus of the water budget
was to expedite fish passage through reservoirs. Relating fish
mgration rate to flow, which is a surrogate for water particle
travel tinme, was a logical first step

New i nformati on suggests that the relation between water
particle travel tine and fish mgration rate may not be the
pri mary mechani sm af fecti ng subyearling chinook sal non survi val
Detection rate of subyearling chinook salnon released in the
Snake River and detected at Lower Granite Dam was found to be
directly related to sunmmer flow (n = 4; r?= 0.993; P = 0.003)
and indirectly rel ated nmaxi nrum summer water tenperature (n = 4;
r? = 0.984; P = 0.008)(Connor et al. in press). Acknow edging
smal | sanple size (n = 4 years), and high correl ati on between
flow and water tenperature, these sane authors argued that the
summer fl ow augnment ati on decreased water tenperature in Lower
Granite Reservoir thereby reducing predation in all years, and
[imting thermally induced nortality in |ow fl ow years.

To be effective, the water managenent plan nust be shaped so
that flowin Lower Granite Reservoir is augnented when
subyearling chinook sal non are present. This paper confirns that
the 21 June to 31 August summer flow covers the tine period when
the majority of subyearling chinook sal non are passing Lower
Granite Dam The range that was observed in the nedi an dates of
passage at Lower G anite Dam denonstrates a need for flexibility
in the water managenent plan fromyear to year. This wll be
especially inportant during |ow flow years such as 1992 when
subyear|ing chinook sal non past Lower Granite Damearly and fl ow
averaged only 539 n¥/sec from21 June to 31 August. We
acknowl edge that this paper did not provide an exact prediction
of medi an date of passage at Lower G anite Dam for the
subyearling chinook salnon run at large. It will, however, help
t he Techni cal Managenent Team to devel op and refine the water
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managenent plan, while providing researchers with a starting
poi nt for devel oping a nore accurate predictive approach.
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| nt roducti on

Many Col unbi a R ver basin sal nonid Oncor hynchus spp. stocks
have declined to dangerously | ow popul ation levels in recent
history. Nehlsen et al. (1991) identified 76 stocks fromthis
basin at sonme risk of extinction, and of these, 36 were high risk
stocks. Currently, the Snake River fall chinook O tshawtscha
stock is listed as threatened under the Endangered Species Act
(National Marine Fisheries Service (NWS) 1992). Mich of this
decline has been attributed to nortality associated with passage
t hrough hydroel ectric dans and i npoundnents (Raynond 1988).

The effect of hydroel ectric devel opnment in the Snake and
Col unmbi a river basins on the mgratory behavior of juvenile
salnonids is of particular concern because dans are known to
delay the mgration timng and reduce the mgration rates of
these fish (Raynond 1969; Raynond 1979). Because of this del ay,
snmolts now mgrate during periods of reduced flow, elevated water
tenperature, and increased predation risk (Park 1969), and may
experience | ower survival than during preinpoundnment conditions.

The life history of fall chinook sal nron may make them nore
susceptible to the effects of mgratory delay than ot her
sal nonids. Fall chinook sal non exhibit an ocean-type life
hi story, and mgrate to the ocean as subyearlings (Healy 1991).
As such, they generally mgrate later in the season, after
rel eases fromupstream storage reservoirs to inprove in-river
conditions for other juvenile sal nonids have ended (Dauble and
Wat son 1997). Later mgration also places themin the system
when el evated water tenperatures can lead to increased predation
(Poe et al. 1991) and susceptibility to di sease (Becker and
Fuj i hara 1978).

Past studi es have used the nmark and recapture of
freeze-branded fish (Raynond 1968; Park 1969; Bentley and Raynond
1976; Berggren and Filardo 1993; Gorgi et al. 1994) or passive
integrated transponder (PIT; Prentice et al. 1990) tagged fish
(Achord et al. 1996; Zabel and Anderson 1997) to describe
juveni |l e sal nonid passage and m gratory behavior. These
techni ques permt |arge nunbers of fish to be marked relatively
qui ckly and i nexpensively. However, it is inpossible to identify
specific locations between marking and recapture sites where
m grational delays are occurring. Smth et al. (1993) recognized
this limtation and recomended, "future research efforts be
directed at inproving the resolution of travel tine estimtes by
measuring responses through shorter reaches of river."
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Travel time through specific reservoir reaches can be
estimated using radio telenetry, allow ng investigators to
identify areas where snolts experience inordinate mgratory
delays. The recent mniaturization of radio telenetry
transmtters now all ows researchers to tag snolts as small as 115
mmin fork length (FL). In this study, we used radio telenetry
to descri be the passage of naturally produced, fall chinook
sal non snolts through three reaches of Little Goose Reservoir,
Snake River, wth particul ar enphasis on their behavior
i mredi ately upstream of the dam in the forebay.

This research shoul d prove useful to managers and policy
makers involved in the recovery effort for the Snake River fal
chi nook sal non stock. W identified where snolts m grated
relatively quickly, and where delay is occurred. It also
provi des additional insight into how snolts behave in | arge
i mpoundnents. A better understanding of this behavior, wll
maxi m ze the benefit of strategies to inprove survival, such as
transportation, spill or surface bypass by allow ng managers to
target specific areas where problens are identified. CQur
objectives were to: 1) determne mgration rates of juvenile fal
chi nook sal non through two reservoir reaches and the forebay, and
2) describe juvenile fall chinook sal non behavior while in the
Littl e Goose Dam f orebay.

Met hods

Littl e Goose Reservoir is |ocated on the | ower Snake R ver
in eastern Washington. The reservoir was created in 1970 with
the conpletion of Little Goose Dam and is approxi mately 60.3 km
inlength. Little Goose Damis |ocated at Snake River kil oneter
(Rkm) 112.7 upstream of |ce Harbor Dam (Rkm 15.6) and Lower
Monunment al Dam (Rkm 66.9). Lower Granite Dam (Rkm 173) is the
only damupriver of Little Goose Dam before the free-fl ow ng
Hel | s Canyon reach, where Snake River fall chinook sal nron spawn
naturally (Connor et al. 1993).

Fi el d Procedures

Natural ly produced juvenile fall chinook sal non were
collected and fitted with radio transmtters at the Lower Ganite
Dam juvenile fish collection facility. Tagging took pl ace
bet ween July 10-August 1, 1995; July 14-July 31, 1996; and July
14- August 6, 1997. Naturally produced juveniles were sel ected by
Washi ngton Departnent of Fish and WIldlife personnel by the
absence of marks identifying all hatchery fall chinook salnon in
the Snake River. Fish were at least 115 nm FL, and had no
visible signs of injury or stress. Fish were anesthetized in a
100 ng/L solution of buffered tricaine nethanesul fonate (Ms-222),
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measured to the nearest mllineter FL and wei ghed to the nearest
0.1 g. In 1995 and 1996, a radio transmtter (Advanced Tel enetry
Systens, Isanti, Mnnesota, USA)! broadcasting on a unique
frequency was then inplanted gastrically using the techni que of
Burger et al. (1985). 1In 1997, transmtters utilizing coded

t echnol ogy (Lot ek Engi neering, Newrarket, Ontario, Canada), were
surgically inplanted in the fish's peritoneal cavity (Adans et

al. 1998). After tagging, fish were allowed to recover in river
wat er for approximately 24 h before rel ease.

Changing transmtter type and inplantation technique was
done to increase the detection and | ong-term survival of
radi o-tagged fish. Coded technology permts up to 100
transmtters to be operated on the sanme frequency simnmultaneously
while still allowng the identification of an individual aninal.
This greatly reduces scan tine, thereby increasing detection
probability through the increase in tinme spent nonitoring each
frequency. Additionally, |aboratory studi es suggest surgical
i npl antation may increase the |long-term survival of tagged fal
chi nook sal non snolts (Adans et al. 1998).

After release, fish novenents were nonitored by receivers
connected to stationary antenna arrays (Figure 1). Arrays of
antennas were |ocated 14.4 km above Little Goose Dam at New York
| sl and, on barges imedi ately upstream of Little Goose Dam and
along the face of the dam Additional arrays were | ocated at the
Little Goose juvenile fish collection facility and on the
shoreline approximately 1 km bel ow the dam Antenna arrays w ||
be referred to as island, barge, damand exit arrays. This
configuration enabled us to calcul ate residence tines and
mgration rates (knmid) for fish in the upper (45.9 knm) and | ower
(14.4 km) reaches of the reservoir, the forebay (0.6 km, and to
estimate the tinme fish spent in the forebay before passage. Al
antenna arrays used tenporally synchroni zed data | oggi ng
receivers (Lotek Engineering Inc., Newrarket, Ontario, Canada)
and one to four Yaggi antennas with six or nine elenents, which
al l oned detections fromdifferent receivers to be accurately
ti me- sequenced.

Receivers in multiple-antenna arrays (barge and dam were
configured in a nmaster-slave arrangenent. In this system

! Use of trade names does not inply endorsement by the U.S.
Ceol ogi cal Survey or the United States Governnent.
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FIGURE 1.-Locations of fixed arrays of antennas used to nonitor
t he novenents of radio-tagged juvenile fall chinook sal mon at New
York Island and at Little Goose Dam during Jul y- August 1995-1997.
Squares represent radi o receiver |ocations, and unl abel ed arrows
represent directional antennas.
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recei vers scanned each programed frequency for 3 s, receiving
signals fromall antennas (master) sinultaneously until a radio
signal was detected. Receivers in 1995 and 1996, then recorded
the date, tinme, frequency, signal strength, and beats-per-mnute
of the signal. 1In 1997, receivers recorded the date, tine
frequency (channel), code, and signal strength. The receiver

t hen scanned each individual antenna (slaves) for an additional 3
s, recording the above information plus the slave antenna nunber
if the signal was detected again. This configuration increased
t he accuracy and precision of |ocation estinmates, because
directional properties of the antennas result in signal strength
bei ng hi ghest on the antenna the transmtter was nearest.

Mean cross-sectional current velocity was estimted at three
| ocations within the reservoir to describe the differences in
water velocity between the reservoir and forebay. Wter velocity
informati on was col | ected using an acoustic Doppl er current
profiler, which determ ned water velocity in individual cells 1 m
deep by 10 mlong fromthe surface to approxi mately 85% of the
wat er depth. Water velocities were collected, between July
31- August 7, 1997, along cross-sectional transects at the upper
end of the reservoir (3.5 km bel ow Lower Granite Dam, just bel ow
m d-reservoir (35 km bel ow Lower Ganite Dam, and in the Little
Goose Dam forebay (0.5 km above Little Goose Dan). Water
velocity data was collected within one week, and at tines not
differing by nore than 1.5 h to mnimze the effects of daily and
seasonal flow variations.

Dat a Anal ysi s

Dat a anal ysis consisted of arranging all detection records
for an individual in chronological order creating a sequenti al
record of each fish's [ocation over tine. Fromthese records,
residence tinme in the upper reach was cal cul ated as the tine from
release to first detection at the island array. Residence tine
in the | ower reach was the tinme between its initial detection at
the island array and initial detection at either the barge or dam
array. Forebay residence tine was the tinme between initial
detection at either the barge or damarray and the time of first
detection at an exit array or its |last detection at the barge or
damarray if the fish was not detected at an exit array.

Detection records were separated into "initial" and "subsequent™
dam detections for analysis. An initial detection was defined
for fish that had not been recorded at the dam previously, and
were first detected at the barge array and then detected at the
damwithin 1 h. Detections not neeting these criteria were
classified as subsequent. Detection records lasted fromthe tine
a fish first entered the radio-telenetry record at a barge or the
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dam and continued through its final detection prior to being
absent fromthe telenetry record for > 1 h.

Detection records > 2 h in length were anal yzed for duration
and nunber of forebay crossings (laterally, longitudinally, and
diagonally). The 2-h mninmumrecord |length was a conpromse to
i ncl ude the maxi mum nunber of fish in the analysis while
mai ntai ning sufficient record length to describe their behavior.
Movenment s per hour across the forebay were then cal cul ated by
dividing the total nunber of crossings by record duration.

A fish known to have reached the Little Goose Dam f orebay
was considered to have undertaken an upstream excursion when the
followng criteria were net: The fish was not detected at the
dam or barge arrays for > 1 h, and the detections ending and
resum ng the chronol ogi cal sequence for that fish were at a barge
or the navigation lock; or the fish was detected at the island
array after it was known to have reached the dam regardl ess of
where the chronol ogical record was broken or resuned. When an
upstream excursi on was detected we anal yzed for duration, the
nunmber of excursions per individual, and whether or not the
i ndi vidual was detected at the island array.

M gration rates through the reservoir reaches and forebay
residence tinmes were conpared between rel ease groups using the
nonparanetric Kruskal-Wallis test, with significance assuned at P
< 0.05. The nonparanetric test was used because residence tine
and mgration rate variables were not normally distributed in any
year (Shapiro-Wlk W P < 0.05). To approximte a nonparanetric
mul ti ple range test of nedian mgration rates and forebay
residence tinmes, we ranked the raw data and perfornmed an anal ysis
of variance on the rank scores. This procedure is equivalent to
the Kruskal -Wallis test, and the "F'" statistic calculated by the
paranmetric procedure is often better than the c? approxi mation
used in the Kruskal-VWallis test (SAS Institute 1990). A Tukey's
St udenti zed Range Test (SRT) can then be calculated to interpret
main effect differences (Heard et al. 1997).

The distribution of reservoir residence tinmes for passive
integrated transponder (PIT) tagged juvenile fall chinook sal non
was conpared graphically to that of radi o-tagged individuals to
determine if the two popul ati ons behaved simlarly. PIT-tag
detection data for Lower Ganite, Little Goose, Lower Mpnunental,
and McNary danms were accessed via the Colunbia R ver DART (Data
Acquisition in Real Tine) site on the world wide web (University
of Washi ngton School of Fisheries;
http://ww. cqs. washi ngton. edu/dart/dart.htm). Al PIT-tag
detections at the danms of interest between June 1 and Decenber 31
wer e downl oaded for mgration years 1995-1997, and then parsed to

165



i nclude only hatchery fall chinook sal non. Hatchery fish were
used because wild fish were not detected at nultiple dans in
sufficient nunbers to all ow neani ngful analysis. Reservoir
residence tines, in days, were then conputed for fish detected at
mul ti pl e dans.

Resul ts

A total of 405 juvenile fall chinook sal mon were tagged with
radio transmtters and released into Little Goose Reservoir. In
1995 and 1996, fish were released in six groups of approximtely
20-25 fish, while in 1997, there were 13 rel eases of 8-26 fish
(Table 1). The nean size of radio-tagged fish increased
seasonally from 132 nmto 152 mm FL in 1995, 138 mmto 147 nmmin
1996, and 127 mmto 146 nmg in 1997 (Table 1). Fish tagged in
1997 were significantly smaller than in 1995 or 1996 (Analysis of
Variance; P < 0.0001). Tag retention during the 24-h recovery
period was 100%in all years, but one tag failed during this tine
in 1995. Tagging nortality was 3.2%in 1995, 1.5%in 1996, and
2.5%in 1997

The overall detection efficiency, percent of study fish
detected, was 89% 75% and 90% of the fish released in 1995,
1996, and 1997, respectively. At the individual arrays during
the three years of this study, detection efficiency ranged from
42% (1995, exit arrays) to 74% (1995, damarrays). During the
three study years, the island array detected 47% 59% and 67% of
the fish rel eased, and based on detections at the barge, dam and
exit arrays, 76% 69% and 75% were known to have reached the
Little Goose Dam forebay (Table 2).

Water velocity decreased fromthe upper reservoir to the
forebay. Mean cross-sectional velocities were 57 cm's in the
upper reservoir, 18 cm's near md-reservoir and 12 cnis in the
f or ebay.
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TABLE 1. -Rel ease dates, nunber (N) and nmean (SD) fork |engths
(mm and weights (g) of radio-tagged juvenile fall chinook sal non
released into Little Goose Reservoir during July-August
1995- 1997.

Date N Lengt h ( SD) Wei ght (SD) 1995

1995

July 11 20 132 (9.5 29.4 (6.0)

14 19 136 (10.9) 34.0 (8.2)

19 16 133 (12.4) 34.8 (8.8)

20 20 142 (8.4) 44,1 (8.4)

28 21 152 (6.0) 50.2 (6.5)

August 2 23 152 (8.4) 52.7 (7.2

Overal | 119 142 (12. 4) 41.5 (11.5)
1996

July 16 25 138 (9.3 33.0 (7.4

19 25 143 (7.4 39.0 (6.1

23 19 144 (10.3) 41. 3 (9.8

26 20 143 (9.0 38.1 (6.8)

30 19 148 (8.5) 42.7 (7.7)

August 2 20 147 (10.5) 42.5 (9.7)

Overal | 128 144 (9.5) 39.1 (8.5)
1997

July 15 14 127 (3.8) 24.2 (2.9)

22 17 134 (5.5) 31.3 (4.1)

25 8 135 (7.6) 30.4 (5.2)

27 8 131 (5.0 27.7 (3.6)

30 12 143 (5.4) 36.5 (4.2

31 11 140 (9.5) 34.9 (7.5)

August 1 11 137  (9.4) 32.9 (5.9

2 16 139 (9.9 33.6 (6.3)

3 26 138 (8.5) 32.6 (5.9

4 11 141 (6.5) 34.1 (4.8)

5 8 141 (10.1) 34.1 (8.1)

6 8 151 (4.2 42.2 (4.8)

7 8 146  (5.0) 40.0 (5.4)

Overal | 158 138 (9.0 33.0 (6.7)
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TABLE 2. -Detection efficiencies, as indicated by the percent of
radi o-tagged juvenile fall chinook sal non rel eased that were
detected, at the various radio telenetry antenna arrays | ocated
t hroughout Little Goose Reservoir during July-August, 1995-1997.

Det ection efficiencies (%

Array 1995 1996 1997
| ocation

| sl and 47.1 58. 6 66. 5
Bar ge 65.5 53.9 43.0
Dam 73.9 53.9 62.0
Exi t 42.0 46. 9 63.9
Dan Bar ge/ 75. 6 68. 8 75.3
Exi t

Overal | 89.1 75.1 89.9

168



Reservoir M gration

Resi dence tinme in the two reservoir reaches showed
considerable variability, but were simlar between years. Median
residence tinme in the upper reach was 1.8 d in 1995 and 1996, and
2.3 d in 1997. Median residence in the |ower reach was 1.0, 1
and 1.4 d in 1995, 1996, and 1997, respectively. Residence tines
ranged fromO0.9 to 15.4 d in the upper reach, and fromO0.1 to
10.0 d in the I ower reach during the three years of study (Table
3).

M gration rates within the reservoir reaches did not differ
bet ween rel ease groups, but fish noved faster through the upper
reach than through the |lower reach. The nmedian mgration rate of
26.0 kmid through the upper reach differed significantly fromthe
rate of 14.9 kmd through the |ower reservoir reach in 1995
(Wl coxon 2-Sanple Test; P = 0.0002). In 1996, the nedian
mgration rates of 24.8 kmid in the upper reach and 13.4 knid in
the | ower reach were significantly different (WIcoxon 2-Sanpl e
Test; P = 0.0001). 1In 1997, nmedian mgration rates were 20.2
kmid in the upper reach and 10.2 knmid in the | ower, and again
differed significantly (WIcoxon 2-Sanple Test; P = 0.0001;
Figure 2).

M gration rates in the |lower reservoir reach and in the
forebay did not differ between the three years of study, but
bet ween year differences were detected in mgration rates through
the upper reservoir (Kruskal-Wallis; P = 0.0002). Tukey's SRT
i ndi cat ed radi o-tagged juvenile fall chinook sal non m grated nore
slowy through the upper reservoir reach in 1997 than in either
1995 or 1996. Mgration rates in the upper reach did not differ
bet ween 1995 and 1996.

Forebay M gration and Behavi or

Initial dam detection records indicated juvenile fal
chi nook sal non generally entered the Little Goose Dam forebay
along the north shoreline, and continued this approach until they
were detected at the dam Forty-eight, 18, and 20 fish net the
initial detection requirenents in 1995-1997, respectively, and
were used to describe how juvenile fall chinook sal non approached
the dam Most (60% 61% and 90% in 1995-1997) entered the
forebay at the northern barge, and continued their approach to
the dam al ong the north shore, with 73% 78% and 70% bei ng
initially detected along the northern one-half of the dam during
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TABLE 3.-Mgration rates and residence tines of radio-tagged
juvenile fall chinook salnon in Little Goose Reservoir, 1995-7.

M gration rate (kmd) Resi dence tine (d)
Quartile 1995 1996 1997 1995 1996 1997
Lower Granite Damto New York Island (Upper reach)
M ni mum 9.5 3.0 3.30 0.9 1.0 0.90
Quartile 1 19.3 19. 60 15.0 1.3 1.2 1.60
Medi an 26.0 24. 80 20.2 1.8 1.8 2.30
Quartile 3 36.4 37.80 29.1 2.4 2.3 3.10
Maxi mum 49.5 48. 30 48. 4 4.8 15. 4 13.7
New York Island to Little Goose Dam (Lower reach)
M ni mum 1.5 1.4 1.8 0.2 0.3 0.1
Quartile 1 10.4 9.1 7.4 0.6 0.7 0.9
Medi an 14.9 13. 40 10.2 1.0 1.1 1.4
Quartile 3 24.5 19. 60 16.5 1.4 1.6 1.9
Maxi mum 63.6 44.70 102. 4 9.6 10.0 8.1
Littl e Goose Dam f or ebay
M ni num <0.1 <0.1 0.1 <0.1 <0.1 <0.1
Quartile 1 0.3 0.3 0.3 0.3 0.3 0.3
Medi an 0.7 0.9 1.0 0.8 0.7 0.6
Quartile 3 2.3 2.3 2.3 2.2 1.7 1.6
Maxi mum 30.3 18. 30 314.2 28.5 47.6 47.0%
Lower Granite Damto Little Goose Dam forebay
M ni mum 4.9 3.7 3.7 1.2 1.3 1.8
Quartile 1 16.8 15.50 9.0 2.1 2.3 2.5
Medi an 20.1 20. 20 17.9 3.0 3.0 3.3
Quartile 3 29.1 26. 80 24.2 3.6 3.9 6.6
Maxi mum 50.0 46. 30 32.4 12.4 16.3 16.3
Lower Granite Damto Little Goose Dam exit
M ni mum 1.9 1.2 3.4 2.1 1.6 1.5
Quartile 1 9.9 9.2 10.0 3.4 2.8 3.2
Medi an 14. 4 15.50 14.5 4.2 3.9 4.1
Quartile 3 17.6 21.20 18.6 6.2 6.5 6.0
Maxi mum 29.0 36.90 39.7 31. 52.0 17.7

* Tags surgically inplanted in 1997 did not allow renoval for channel identification.
Fish collected after Septenber 1, 1997 were assumed to be fromthe | ast rel ease group.
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FIGURE 2.- Median mgration rate (knmid) of radio-tagged
juvenile fall chinook sal nmon through three reaches of Little
Goose Reservoir. Bars extend to the first and third quartiles.
Reaches were: upper, Lower Granite Damto New York Island; |ower,
New York Island to the Little Goose Dam forebay; forebay, the
upper extent of the boat restricted zone to exit gates bel ow the
dam Dissimlar letters represent significant between year
di fferences (P < 0.05).
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1995-1997. Only four fish, one in 1995 and three in 1997, were
known to have passed the damduring their initial detection
record, resulting in sinple entry and exit records.

Fish spent less tine in the forebay than in either reservoir
reach due to its short length (0.6 km, but mgration rates
through this section were the | owest observed. Median forebay
residence tines were 0.8, 0.7, and 0.6 d in 1995, 1996, and 1997
respectively. Median mgration rates were 0.7, 0.9, and 1.0 kmd
for the sane period (Table 3; Figure 2). Mgration rates through
the forebay were variable and differed between rel ease groups in
1995 (Kruskal -Wallis; P = 0.0073), but no differences were
detected in 1996 or 1997 (Kruskal-VWallis; 1996, P = 0.1790; 1997
P =10.9958). The mgration rate of fish fromrel ease one, in
1995, (nedian 0.21 kmid) was significantly |lower than those in
rel eases three and six (medians 1.27 and 1.47 km d, respectively)
despite the general decline in river flow during the study

peri od.

Detection patterns in the Little Goose Dam forebay exhibited
a binodal distribution. Peaks in the nunber of detections were
observed early in the norning, between 0500 and 0600 hours, and
then again in the evening, between 1800 and 2000 hours. The
eveni ng peak was generally the larger of the two peaks, and al so
had a | onger duration (Figure 3). Peaks in the detection record
di d not appear related to nmean hourly discharge at Little Goose
Dam where nost flow exited through the turbines.

Two di stinct behaviors were apparent in radio-tagged
juvenile fall chinook salnon while in the Little Goose Dam
forebay. The first consisted of repeated crosses of the forebay
(Figure 4). A total of 276 detection records lasted > 2 h, and
were used in the analysis of fish behavior in the forebay; 116
records in 1995, 66 in 1996, and 94 in 1997. Radio-tagged snolts
crossed the forebay between 0 and 21 tinmes during each encounter
with the dam (nedian 4, 4, and 3 crosses in 1995-1997,
respectively). This resulted in fish crossing the forebay at a
medi an rate of 0.97, 0.75 and 0.65 tinmes per hour during the
three years.

The second behavi or pattern of radio-tagged juvenile fal
chinook salnon in the forebay included nunmerous upstream
excursions. Eighty-eight study fish nade a total of 157 upstream
excursions over the three years of study based on our criteria.

In 1995, 34 fish nmade 65 excursions upstreamw th a nmedi an
duration of 4 h 31 mn (range, 1 h 2 mn-170 h 30 mn; 7.1 d).
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Flow

FI GURE 4. - Chronol ogi cal order of 14 |ocations for an individual
fish during its 9 h 55 mn initial encounter with Little Goose
Damin 1995. This fish was collected 93 h 42 min later in the
Littl e Goose Juvenil e Bypass Facility.
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I ndi vidual fish made up to six separate upstream excursions, and
five traveled at |least 14.4 kmupriver and were detected at New
York Island. Thirty fish undertook 61 upstream excursions in
1996, with a nedian of 4 h 56 mn (range, 1 h 4 mn-120 h 10 m n;
5.3 d). Two fish nmade seven upstream excursions in 1996, and siXx
returned to New York Island. Unlike 1995, when all fish
traveling upstreamto New York Island returned to the forebay
telenmetry record, two fish making upstream excursions to New York
Island in 1996 were not detected later in the Little Goose Dam
forebay. During 1997, 24 fish nmade 31 upstream excursions.
Upstream excursions ranged from1 h 12 mn to 166 h 6 mn (6.9
d), and had a nedian duration of 2 h 26 mn. Four fish returned
to New York Island, and of these, only one was | ater detected at
Littl e Goose Dam

Medi an residence tinmes for fish passing through the forebay
and | ower reservoir reaches of Little Goose Reservoir conbi ned
were al nost identical to the tinme spent in the upper reach,
despite being only one-third as long. |In addition, 93-100% of
study fish passed through the upper reach within 5 d, but between
10% and 20% of study fish remained in the | ower reservoir and
forebay reaches for a period > 7 d (Figure 5).

Plots of the reservoir residence tinme distributions of
PI T-tagged fish were simlar to those of radio-tagged snolts in
Little Goose Reservoir. This suggested forebay delay nay be
occurring throughout the system Mst PIT-tagged juvenile fal
chi nook sal non passed through Little Goose Reservoir (60.3 km
and Lower Mnunental Reservoirs (45.8 km) wi thin approxi mately
one week, but between 17% and 48% spent ten or nore days in these
reservoirs (Figure 6). PIT-tagged fish traveled relatively
qui ckly through the 119 km between Lower Mnunental Dam and
McNary Dam (Col unmbia River Rkm 470), but despite this, 33% 2%
and 15% took 40 or nore days to mgrate the 225 km between Lower
Granite Dam and McNary Dam during 1995-1997 (Figure 6).

We determ ned the potential significance of behaviors such
as crossing the forebay and upstream excursions that are likely
toresult in delays in downstreammgration. |If we assune the
behavi or of our radi o-tagged fish was representative of the
entire population mgrating through Little Goose Reservoir then
we can determ ne the inportance of these findings. Using
estimates of annual juvenile fall chinook sal non collection and
fish guidance efficiency (FGE, the proportion of fish entering
t he power house successfully guided into the bypass facility;
Smth et al. 1997; NWMFS unpublished data) at Little Goose Dam we
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can expand the fraction of radio-tagged snolts which remained in
the forebay > 7 d to the total nunber of snolts which passed the
dam This expansion resulted in an estimated 6-13,000 snolts
experienci ng delays of this magnitude each year. In 1995, an
estimated 46,000 juvenile fall chinook sal non passed Little Goose
Dam (19, 500 juvenile fall chinook sal mon coll ected divided by the
FGE of 0.424). This resulted in an estimte of 8,300 fish
spending a week or nore in the forebay area (46,000 smolts x 18%
del ayed; Figure 5). In 1996, collection and FGE esti mates were
10, 000 and 0. 309 respectively, indicating approximtely 6,100
snolts spent a week or nore in the forebay (19% del ayed; Figure
5). Collection, and FGE estimtes for 1997 (60,000 and 0.529)
indicate 13,600 snmolts were del ayed for a week or nore in the
forebay area (12% del ayed).

Di scussi on

Radio telenmetry proved to be an effective nethod for
evaluating the mgration rate and behavi or of juvenile fal
chinook salnon in Little Goose Reservoir. This approach was both
efficient (75% 90% detected over three years) and provi ded
additional information not supplied by traditional marking
techniques (i.e., PIT tags or freeze brands). The additional
resolution of radio telenmetry also provided detailed information
on individual fish behavior within nmultiple reaches of a single
reservoir, and identified specific areas where seaward m grating
snolts spent inordinate anounts of tine.

Reservoir M gration

The reduced mgration rate through the upper reach in 1997
was probably caused either by the smaller size of fish tagged in
1997, the change in taggi ng net hodol ogi es, or a conbination of
these factors. Gorgi et al. (1997) found size at PIT tagging to
be the variabl e which expl ai ned the greatest amount of variation
in juvenile fall chinook salnon mgration rates in the Col unbia
River. Additionally, the swinmmng performance of wild Atlantic
sal non snolts has been shown to be affected by surgical tagging
but not by gastric inplantation (Peake et al. 1997). This effect
was apparently size related, as the mgration rates of |arger,
hat chery Atlantic salnmon snolts were not affected by either
met hod.

W elected to switch to surgical inplantation because of
decreased grow h associated with gastric inplantation (Adans et
al. 1998). W felt the potential for increased survival of these
listed individuals warranted this change. However, in the future
the selection of tagging nmethods will need to be nore closely
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exam ned and shoul d depend on study objectives. Wile surgical
i npl antation may provide increased |ong-termgrowh and survival,
this nethod may al so bias short-termm gratory perfornmance (Adans
et al. 1998; Peake 1997). This may be especially true in studies
using wld mgrants, which are generally smaller than hatchery
counterparts, and have higher tag to nmass ratios (Peake 1997).

Resi dence tinmes and mgration rates of juvenile fall chinook
salnmon in Little Goose Reservoir indicated downstream m gration
was probably related to water velocity. Mgration rates were
| onest through the forebay, and highest in the upper reservoir
during all three years of the study, which mrrored our water
vel ocity neasurenents. Decreased mgration rates in yearling
chi nook sal non are known to occur concurrently with decreased
wat er velocity. Raynond (1968) docunented a decrease in
mgration rate from47 kmid to 13 knmid after fish entered the
i npounded waters of McNary Reservoir. Mgration rates then
returned to pre-inpoundnent |evels (40 knmid) after reentering the
free-flow ng Colunbia R ver below McNary Dam (this study was
conducted prior to the conpletion of John Day Dam. Raynond
(1969) al so docunented decreased mgration rates in juvenile
chi nook sal non (probably spring race) between |ce Harbor Dam and
The Dalles Damfrom 18 kmd to 11 kmd after the conpletion of
John Day Dam Berggren and Filardo (1993) found flow to be the
predi ctor variable which explained nost of the variation in
travel times for juvenile steelhead O nykiss, yearling, and
subyearling chinook salnon mgrating in the Snake and Col unbi a
rivers. Moser et al. (1991) also found the mgration rates of
coho salnmon O kisutch snolts to be "conparable w th anbient
current velocities". Fish noved rapidly downstreamin areas of
swift unidirectional current, but swam back and forth in the | ow
velocity, reversing currents of the estuary. Anobng other genera
of sal nonids, Thorpe et al. (1981) reported the downstream
di spl acenent of Atlantic salnon Salno salar snolts was related to
surface currents, and their displacenent was slightly faster than
that of free-drifting drogues. W believe a simlar relationship
exi sts between water velocity and mgration rates in juvenile
fall chinook salnmon. This relationship would explain the
di fferences observed between the upper reach with relatively high
velocity and the | ower reaches with relatively | ow water
velocities. One strategy to reduce residence tine for seaward
mgrating snolts may be to increase |ower reservoir and forebay
wat er velocities.
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For ebay Behavi or

The bi nodal nature of the daily nunber of detections may
al so be useful to managers trying to nove fish nore quickly
through the system During the tinmes of peak activity, study
fish were probably nearer the surface, and therefore nore |ikely
to be within the detection range of our equipnment. Project
operations which result in increased water velocity in the
forebay (i.e., increased flow for power production, spill, or
surface coll ector operation) may be particularly effective at
t hese tines.

We believe the forebay crossing and upstream excursi ons of
study fish were also associated with reduced water velocity.
Fried et al. (1978) found water current to be the main factor
influencing the route and rate of outmgrating Atlantic sal non
snolts, and Thorpe et al. (1981) reported the direction of
Atl antic sal non snolt displacenent and water novenent to be
significantly correlated. It is reasonable that seaward
m grating Pacific salnmon would al so use water velocity as a guide
through riverine systenms. Upon entering an area of reduced water
vel ocities, this mechani smcould conceivably break down and the
outmgrant would try to relocate the lost flow W believe this
"search pattern” was manifesting itself in the observed forebay
crossing behavior. |If, after a period of searching, the
outm grant was still unable to find the current to pass the
obstruction (in this case into the juvenile collection facility
or through the turbines), then an upstream excursion would all ow
the mgrant to relocate the |lost flow and nmake another attenpt at
passing. Park (1969) al so suggests reduced reservoir flow
probably delays snolts through disorientation. Fried et al.
(1978) describes a simlar situation where Atlantic salnon snolts
entered shall ow water, or when tidal influences caused current
reversals. At these tines snolts were reported to stop, mll
about, or to begin sw nmm ng agai nst the current.

We recognize the [imtations of the criteria used to define
upstream novenents, but we feel there is sufficient evidence to
i ndi cat e upstream excursions do take place. Wile it is possible
sone fish sounded and remained in the forebay during the tinme we
consi dered an upstream excursion, it is equally possible other
fish left and later returned to the forebay, after an upstream
nmovenent, w thout being detected at a barge. W have docunented
juvenile fall chinook salnmon returning as far upstream as New
York Island, and observed smaller scal e upstream novenents while
nmobi l e tracking from boats (unpublished data). Oher researchers
have al so reported upstream novenents of juvenile fall chinook
sal non and steel head trout (Gorgi et al. 1994; Adans et al
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1995). Unfortunately, the width of the reservoir downstream of
New York Island, made additional fixed sites between the dam and
i sland inpractical.

Based on PIT-tag data, we believe the del ays observed in the
Little Goose Dam forebay occurred throughout the |ower Snake
River. Residence tinme histogranms for PIT-tagged snolts mgrating
t hrough i npoundnents between Lower G anite and McNary dans were
very simlar in shape as those of radio-tagged snolts in Little
Goose Reservoir. Assumng PIT and radi o-tagged snolts behaved
simlarly, this suggests a week or nore of forebay delay was not
uncommon in these reservoirs. Also, based on the simlarity of
the PIT-tag and radio-telenetry results, we feel information
obtained fromradi o-tagged juvenile fall chinook is as applicable
to the entire snolt population as is PIT-tag data.

Ef fect of Forebay Del ay

Two del eterious conditions, predation and high water
tenperature, exist in the forebay, which nay |lead to substanti al
nortality anong snolts with I engthy delays there. Wile nmedian
residence tinmes of 0.6 d-0.8 d through the forebay may not be a
substantial delay, 10-20% of radio-tagged fall chinook sal non
remained in this area for > 7 d, and represented a significant
portion of the tagged population. Predation of out-mgrating
juvenil e sal nonids by northern pi kem nnow Ptychocheil us
oregonensi s in John Day Reservoir is highest near the dans (Poe
et al. 1991; Vigg et al. 1991). Poe et al. (1991) found juvenile
sal noni ds conprised 66% of northern pi kem nnow diet, by weight in
the forebay of John Day Dam conpared to only 8% and 19% at two
| ocations in the reservoir. R eman et al. (1991) al so reported
nort hern pi kem nnow predati on on juvenile chinook sal non, above
John Day Dam was highest in July and August. Reducing the tine
snolts spend in the forebay would not only m nimze predation
ri sk, but also benefit themby noving themto the ocean sooner,
via in-river mgration or transportation. For exanple, had a
radi o-tagged fish which remained in the forebay 7 d been able to
mai ntain the reduced mgration rates observed in the | ower
reservoir reach, it would have traveled 71 to 104 km placing it
at approximately lIce Harbor Dam only 16 km above the confl uence
of the Snake and Col unbia rivers. Traveling at the rates
observed in the upper reach woul d have placed the fish 141 to 182
km downstream or approximately at McNary Dam Had this fish
been transported by truck it would have been rel eased bel ow
Bonneville Dam 3 d or |less after collection.

Rel atively high water tenperatures have al so been observed
inthe Little Goose Dam forebay. Surface tenperatures as high as
24.8° C were observed in 1996, which is above the upper |ethal
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tenperature for juvenile chinook salnmon (Brett 1952). Mean
weekly water tenperatures in the forebay, in 1996, ranged between
approxi mately 23° C at the surface, and 20° C at 20 mdepth. The
effects of long-termexposure to these tenperatures on di sease
resi stance, predator avoi dance, and bi oenergetic costs renain

| ar gel y unexpl or ed.
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| nt roducti on

Fal | chi nook sal mon Oncor hynchus tshawtscha in the Col unbi a

Ri ver have an ocean-type life history (Taylor 1990; Healy 1991).

Fry enmerge from spawning gravel in the spring, rear in nearshore
areas for 2-3 nonths, then mgrate to the ocean during their
first summer of life as subyearlings. Their early life history
is unique in that they rear in large main stem habitats (Dauble
et al. 1989) rather than in tributaries or smaller coastal
streans, as do other populations of fall chinook sal non (Reiners
1973; Taylor 1990; Huntington et al. 1996).

Because the Col unbia R ver has been transforned into a
series of reservoirs by hydropower devel opnment, mgration
conditions during the summer are characterized by decreasing
flows and increasing tenperatures. These conditions often becone
unfavorabl e to col d-water adapted sal non and may negatively
i nfluence mgratory behavior and survival. In addition,
hydroel ectric dans have caused significant delays in mgration
timng and travel rates of juvenile sal nonids (Raynond 1968,
1969, and 1979). Slower mgration rates may result in decreased
survival due to increased predation (G ay and Rondorf 1986; Poe
et al. 1991) and susceptibility to disease at higher water
t enperatures (Becker and Fuji hara 1978).

To mtigate for increased snolt travel tines, fishery
managers have provi ded additional flows during the spring and
summer to enhance the outm gration of juvenile spring chinook
sal non, steel head Oncor hynchus nyki ss, and subyearling fal
chi nook sal non (NPPC 1994). It is assuned that decreasing travel
times will inprove juvenile survival and ultimtely adult
returns. However, providing additional flow for juvenile
mgration is costly, and a flowsurvival relationship adequate
for defining flow requirenments has yet to be clearly denonstrated
(Calvin et al. 1996). A nulti-year study from 1981 to 1983
exam ned the relation between flow and m gratory behavi or of
subyearling fall chinook sal non and subsequent adult
contribution, but failed to identify a rel ati on between
subyearling travel tinme between McNary and John Day dans and
river flow (Sins and MIler 1982; MIler and Sins 1983, 1984;
Gorgi et al. 1990; Gorgi et al. 1994). Gorgi et al. (1997)
found that flow explained little of the variation in downstream
mgration rates of PIT-tagged subyearling chinook salmon in the
m d- Col unbi a Ri ver, but flow and fork | ength accounted for 63% of
the variation when conbined. Berggren and Filardo (1993), using
data from 1981-1983 and 1986- 1988, showed that subyearling fal
chi nook sal non travel tinme between McNary and John Day danms was
related to two flow variabl es and date. The date vari able was
used as a surrogate for a direct nmeasure of snoltification, which
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t hey concluded can help explain additional variation in travel
times beyond flowrel ated vari abl es al one.

Snoltification, the devel opnental process that prepares
juvenil e salnon for seawater entry and increases the disposition
to mgrate seaward, suggests that physiol ogical processes are
i nvol ved in juvenile chinook sal non m gratory behavior. Zaugg
(1989) showed that high gill Na'/ K adenosine triphoshpatase
(ATPase) activities were associated with decreased travel tines
in subyearling fall chinook salnon. The rise in gill ATPase
activity during snoltification is also thought to prepare fish
for seawater entry (Fol mar and Di ckhoff 1981). Gsnoregul atory
conpetence in seawater has been used to determi ne optimal tinme of
rel ease of hatchery fish (O arke and Bl ackburn 1978; C arke and
Shel bourn 1985), and may represent a physiol ogi cal preparation
for mgration (Hoar 1976). Snolt physiol ogy has been studied in
depth (Fol mar and D ckhoff 1980; Wedeneyer et al. 1980; Hoar
1988) in part to identify snolt characteristics that will ensure
hi gh survival during both freshwater mgration and seawater
entry. These findings suggest that juvenile chinook sal non
survival should be high for snolted individuals wth fast travel
tinmes that arrive at the estuary at a tinme appropriate for
successful seawater entry.

Al though it is thought that reducing snmolt travel tines
i ncreases survival, subsequent adult returns provide a nore
conprehensive neasure. Gorgi et al. (1990) found earlier
m grati ng subyearling chinook sal non contributed nore adults than
|ater mgrants. No physical or biological variable could be
isolated to explain this phenonenon. In 1991, we initiated a
mul ti-year marking study to resolve sone of the questions
regardi ng the inportance of sumer flow to subyearling fal
chi nook sal non travel tinmes and adult contribution. The
obj ectives were (1) to determ ne rel ati ons between subyearling
fall chinook salnon travel tines and physical variables such as
flow, (2) describe the physiol ogical devel opnent of subyearling
fall chinook salnmon during freshwater rearing and mgration, and
(3) determine the adult contribution fromjuvenile mgrants.

Study Area

McNary Damis |located at river kiloneter (rkm) 470 on the
Colunmbia River, and is the first dam downstream of the confl uence
of the Snake and Colunbia rivers (rkm520). The Hanford Reach is
a free-flow ng section of the Colunbia R ver that extends from
the head of McNary pool (rkm545) to Priest Rapids Dam (rkm 639).

The Hanford Reach produces the majority of the wild subyearling
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fall chinook salnon that mgrate past McNary Dam Priest Rapids

State Fish Hatchery, |ocated bel ow Priest Rapids Dam produces

t he | argest conmponent of the subyearling hatchery popul ation that
passes McNary Dam John Day Damis | ocated down stream of MNary
Dam at rkm 347.

Met hods
Mar ki ng and Rel ease

We mar ked subyearling fall chinook sal non at McNary Dam for
travel tinme analysis and adult contribution from 1991 to 1994.
Fish were collected fromthe juvenile fish facility, which uses
subnersible traveling screens to divert juvenile fish fromthe
turbine intakes into gatewells and then to raceways (Matthews et
al . 1986). Subyearling chinook sal non were anesthetized and
marked with a coded-wire tag (CWM), or a conbination of a CWM and
a cold brand (Jefferts et al. 1963; Mghell 1969). The snolt
mgration was divided into early, mddle, and | ate segnents,
whi ch approxi mated the 10th, 50th, and 90th percentil es of
subyear|ing chinook sal non passage at McNary Dam Qur goal was
to mark 36,000 m grants during each segnent of the outm gration
for a total of 108,000 fish per year. Marking during each
segnent was further divided into three groups of 12,000 fish with
a unique CWM for each group. During each day of marking, branded
fish received a uni que conbi nati on of character, |ocation, and
rotation. In 1994, sone fish received a CM only and coul d not
be used in travel tine estimtes, but were marked to increase the
nunber of fish to evaluate adult returns. Twenty-five to 100
fish were held each day for 48 h to neasure delayed nortality and
CW loss. Fish surviving the delayed nortality test were
transported down stream by barge or truck to prevent confoundi ng
of travel tine estimates to John Day Dam

Juveni |l e sal non were collected at John Day Dam using an air-
[ift punp on turbine 3B (Brege et al. 1990), and the brands on
recaptured fish were recorded. One air-lift punp operated in
1991 and 1994, whereas two punps were operated in 1992 and 1993,
whi ch doubl ed the sanpling effort in those years. Recoveries of
branded fish were adjusted for this difference in sanpling
effort.

Travel Tine

Travel time of COM groups was estimated to the nearest day
by calculating the difference between the nedi an date of rel ease
at McNary Dam and the nedi an date of recovery at John Day Dam
based on passage indices. A passage index is an expanded daily
catch based on the amount of flow through the turbine sanpling

190



unit, and is a relative nmeasure of the total nunber of fish
passing the dam |If the nedian date of recovery fell between
days when no fish were recovered, the nedian was cal cul ated by
i nt erpol ation.

Travel times were calculated for fish groups marked with
CW's instead of branded groups because the nunber of recoveries
wi thin brand groups was often too low for reliable estimtes.
Berggren and Filardo (1993) recommended a m ni num recovery sanple
size of 40 to obtain reliable travel tinme estinmates. Travel
times of CM groups were further pooled to cal cul ate and conpare
means fromthe early, mddle, and |late portions of the
outm gration using analysis of variance (ANOVA; SAS 1994) for al
years conbined. Statistical significance was assuned at P <
0. 05.

Stepwi se nultiple regression analysis was used to determ ne
the relation between travel time of CM groups and i ndependent
vari ables. Variables included nean flow, maxi num flow, m nimm
flow, delta flow (maxi mum m nus mnimun), the reciprocals of
these flow vari abl es, nean tenperature, nedi an day of rel ease,
mean fork length, and nmean gill ATPase activity. Reciprocal flow
vari abl es were included because they are functionally related to
water velocity, which may be the primary stinmulus of fish
m gratory behavior. Flow variables and tenperatures at John Day
Dam were averaged fromthe day after fish were released at McNary
Dam t hr ough the nedi an day of recovery at John Day Dam for each
CWI group. All variables were loge transfornmed to i nprove
linearity and to reduce heteroscedasticity of residuals
(Kl ei nbaum et al. 1987). Regression coefficients were
standardi zed to evaluate the inportance of each independent
vari able to subyearling fall chinook travel tinme (Lew s-Beck
1980). Since the independent variables used in nultiple
regression anal yses had the potential of being collinear, we
estimated the correl ation coefficients between all variables. W
al so perforned bivariate regressions to assess the effect of each
vari able on travel tine.

Physi ol ogy

Seawat er Chal | enges. - The osnoregul atory devel opnent of prem grant
and actively mgrating subyearling fall chinook sal non was

eval uated using 24-h seawater challenges. Premgrants were

coll ected biweekly fromthe Hanford Reach near Ri chl and,

Washi ngton frommd April to the end of June in 1994 and 1995.
Fish were collected with a beach seine and transported in 80-L

pl astic containers to the Colunbia R ver Research Laboratory,
Cook, Washington for acclimation and challenge. Actively
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m grating fall chinook sal non were collected at McNary Damto
characterize the seawater adaptability of mgrants during the
early, mddle, and |ate portions of the outmgration from 1992 to
1995. Fish were challenged in seawater at McNary Damin 1992 and
1993, or transported and chall enged at the Col unbia River
Research Laboratory in 1994 and 1995.

The general procedures of the seawater chall enges foll owed
t hose of Bl ackburn and C arke (1987). Separate recirculating
fl owthrough systens were used for challenged and control fish.
The seawater system was conposed of four to eight 80-L plastic
containers that drained into a sunp reservoir and a punp for
recirculating the salt water. The freshwater control system was
identical to the seawater system except only two to siXx
containers were used. Each container held 10-15 fish, which were
allowed to acclimate for 24 h prior to being challenged. Water
chillers were placed in sunp reservoirs to maintain water
tenperature at anmbient river tenperature up to 18.3C
Artificial seawater was m xed, filtered, and added to the sunp
reservoir of the systemto infuse salt water into the tanks
wi t hout handling or disturbing the fish. A desired salinity of
30 ppt was usually achieved within one hour. Unchall enged,
control fish were maintained in fresh water.

At the end of a 24-h challenge, fish were sacrificed to
obtain blood plasma. Fish were immbilized in their tanks with
30 ng/ L M5-222, weighed, neasured, rinsed in fresh water, and
their tails blotted dry. Blood was collected fromthe caudal
artery in amoni um heparini zed Natel son tubes, centrifuged, and
the plasma imediately frozen in liquid nitrogen. Plasm was
collected fromindividual fish in 1992 and 1993, but in 1994 and
1995, bl ood was pooled fromthree fish at a tinme to obtain enough
plasma fromsmall premgrant fish collected early in the season

Bl ood plasma Na® was anal yzed by flane photonetry, and val ues <
165 mmol /L were used to characterize a fall chinook sal non snolt
(d arke and Shel bourn 1985).

GIllI filaments were collected for determ nation of gill
ATPase activity of seawater chall enged and control fish, and of
run-at-large mgrants marked at McNary Dam G| ATPase activity
was anal yzed according to the nethod of Zaugg (1982) in 1992, and
using a mcroassay (Schrock et al. 1994) from 1993 to 1995. Gl
ATPase activity of challenged and unchal |l enged fish were conpared
using two-sanple t-tests (SAS 1994) in 1994 and 1995.

Salinity Preference.-The salinity preference of subyearling fal

chi nook sal non was neasured to further define physiol ogical
devel opnent of prem grants and active mgrants. Tests were
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conducted concurrently with seawater chall enges using subyearling
chi nook sal non collected in the Hanford Reach of the Col unbi a
River and at McNary Damin 1995. Salinity preference was

eval uated in a two-choice tank (Figure 1A) nodified from
Baggerman (1960). Each tank was 95 cmlong, 50 cmw de, and 65
cm high, and was divided into two equal -sized conpartnents. A
freshwater bridge (15 cm deep) over the center divider allowed
fish to pass between the two sides of the tank. Testing was done
using a pair of tanks: one saline gradient tank and one
freshwater control tank. The tank and conpartnent that received
salt water was randomy determ ned for each test. Six replicate
tests were run per week using new fish in each test. Ten fish
were placed in each tankfive in each conpartnent and were
acclimated for 1 h in fresh water. After acclimtion, one
conpartment was infused with 20 ppt salt water until the outflow
and inflow salinities were equal. At this point, the inflow was
st opped and behavior in each tank was video taped for 2 h.

Vi deo tapes of fish behavior were anal yzed by maki ng counts
of fish locations in four arbitrary divisions of the tank (Figure
1B). (Qobservations were nmade every 3 mn throughout the test for
a total of 50 observations, and the nunber of fish observed was
sumed for each |ocation. Chi-square analysis was perforned to
conpare the distribution of fish on the salt and freshwater sides
of each tank to a randomdistribution for each test (Zar 1984).

Adul t Returns

Adult contribution data was obtained fromthe Regional Mark
| nformati on System dat abase maintained by the Pacific States
Mari ne Fisheries Comm ssion, Portland, Oregon. This database
contains both observed and estimated nunbers of CM adult sal non
recovered in various fisheries and term nal sanpling points.

Esti mated recoveries are expansi ons of observed nunbers to
account for different sanpling efforts. The full conplenment of
adult recoveries are available for fish marked in 1991 and 1992,
but are inconplete for 1993 and 1994. Recoveries for fish marked
in 1993 include fish up to four years in age, and recoveries for
fish marked in 1994 include fish up to three years in age.
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FI GURE 1.-Schematic of the tanks used to test the salinity
preference of subyearling fall chinook salnon in 1995 (A).

Arbitrary divisions of the salinity preference tanks used for
vi deo anal ysis (B).
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Resul ts
Mar ki ng, rel ease, and recovery

The nunber of subyearling fall chinook sal non marked at
McNary Dam from 1991 to 1994 ranged from 94,838 to 130,019. An
addi tional 35,654 fish received only CWs in 1994 to increase the
sanpl e size for evaluating adult contribution. A total of 35 CW
groups were released from 1991 to 1994 to estimate travel tines.
These CWM groups conprised 130 brand groups with a range of 329-
7,461 fish per brand group. Delayed nortality of marked fish was
| owaveraging 0. 7% for the 4-year period. The conposition of
the run-at-1large subyearling popul ati on passi ng McNary Dam was
73% w I d and 27% hatchery fish in 1991 and 1992, and 58% w | d and
42% hatchery fish in 1993. Run conposition could not be
cal cul ated for 1994.

Unexpanded recoveries of individual CM groups at John Day
Dam ranged from 29 to 224 fish, and detections ranged from 1. 3%
to 16.5% of the nunber of fish released. Detections of fish
marked in the early, mddle, and |ate portions of the
outm gration were | owest at John Day Damin 1992, but otherw se
vari ed between the other years and showed no consistent pattern
(Table 1).

Travel tine

Travel times of subyearling fall chinook sal mon CM groups
t hrough John Day Reservoir from 1991 to 1993 showed a consi st ent
annual pattern of increasing then decreasing over tine (Figure
2). Travel tinmes ranged from 6-30 d during 1991-1993, and nean
travel times of marked fish were 9.2 d during the early segnent,
20.7 d during the mddle segnent, and 14.2 d during the late
segnent of the outmgration (Table 2). Mean travel tinme of the
early mark group was significantly different fromthose of the
m ddl e and | ate groups, which were not significantly different
from each other (ANOVA, P = 0.0007).

Travel times in 1994 (range 8-23 d) were different conpared
to those observed in previous years with the fastest travel tines
occurring for fish in the mddle group, and the slowest for a CM
group released early in the season. When data from 1994 were
included with the 1991-1993 data set, ANOVA showed the overal
mean travel tinme for the early group increased by 2.1 d, the
m ddl e group nean decreased by 2.5 d, and the |ate group nean was
reduced slightly by 0.3 d. The nean travel tine for the early
group was significantly different fromthat of the m ddle group
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TABLE 1. - Nunber of subyearling fall chinook sal nron marked and
rel eased at McNary Dam the percentage subsequently detected, and
travel time (d) to John Day Damfrom 1991 to 1994. One air-lift
punp operated at John Day Damin 1991 and 1994, and two punps
operated in 1992 and 1993. Passage i ndex and percent detected
are adjusted for sanpling effort to nmake years conparabl e.

Nunber Passage Per cent Travel
Year rel eased i ndex det ect ed tinme
1991 Early 34, 841 1, 384 4.0 6
1991 M ddl e 35, 206 2,525 7.2 20
1991 Late 34,103 1, 930 57 11
1992 Early 35, 095 639 1.8 15
1992 M ddl e 35, 052 612 1.7 21
1992 Lat e 35, 103 1, 329 3.8 15
1993 Early 35, 944 3,138 8.7 8
1993 M ddl e 35, 555 1, 362 3.8 25
1993 Late 35, 578 1, 652 4.6 16
1994 Early 35, 848 1,931 54 16
1994 M ddl e 35, 935 5, 147 14. 3 11
1994 Late 23, 055 1, 558 6.8 15
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FIGURE 2.-Travel tinmes of marked subyearling fall chinook
salnon from McNary Damto John Day Dam 1991-1994.
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TABLE 2. - Anal ysis of variance of subyearling fall chinook
sal non mark-group travel tinmes from 1991 to 1993 and 1991 to
1994. Means were conpared using the Student-Newran- Kuel s ( SNK)
test, and those with the same letter are not significantly

different at =0.05.
Mean travel SNK
G oup time (d) N gr oupi ng F P
1991- 1993
Early 9.2 6 A
M ddl e 20.7 9 B 10. 48 0. 0007
Late 14. 2 9 B
1991- 1994
Early 11.3 9 A
M ddl e 18. 2 12 B 4. 20 0. 0251
Late 13.9 11 AB
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but not fromthat of the late group (ANOVA; P = 0.0251). The
mean travel tinmes for the mddle and | ate groups were al so not
significantly different (Table 2).

Stepwi se nmultiple regression of subyearling fall chinook
salnon travel tinme on all independent variables resulted in a
nmodel that included reciprocal of mninmmflow and nean fork
l ength. These were the only two variables included in the nodel.

Reci procal of mnimumflow and fork | ength together expl ai ned

50% of the variation (F? = 0.50) in subyearling chinook sal non
travel time fromMNary to John Day Dam (Table 3). The vari ance
inflation factor for these two variables (1.43) suggested sone
collinearity existed, but was | ow enough not to be troubl esone
(Kl ei nbaum et al. 1987). Standardi zed regression coefficients
showed that reciprocal of mnimumflow (0.833) was nore inportant
i n expl ai ning subyearling chinook salnon travel time than fork

l ength (-0.590).

Bi vari ate regression anal yses showed significant, but weak,
relations between travel tinme and all flow vari abl es, except
maxi mum flow. There were no significant relations between travel
time and day of release, tenperature at John Day Dam nean fork
l ength, or nmean gill ATPase activity. The highest bivariate
coefficient of determ nation was obtained by regressing travel
time on the reciprocal of mnimmflow (R = 0. 26).

Seawat er chal | enges

Mortality of subyearling fall chinook sal nmon in seawater
chal l enges was related to fish size and mgratory status.
Prem grants from nearshore areas of the Hanford Reach showed a
decrease in nortality (Figure 3) as nean fork |l ength increased
(Figure 4). Once active subyearling m grants began passing
McNary Damusual ly at sizes > 100 mmnortality was | ow in seawater
chal l enges. Active mgrants challenged in 1992 and 1993
experienced nortality < 2.3% whereas fish challenged in 1994 and
1995 had nortality rates typically < 10% The highest nortality
rates experienced by active mgrants (18% occurred in a
chal | enge conducted on August 5, 1994. This chall enge was
preceded by a large fish kill at McNary Damon July 17, 1994
brought about by thermal stress (Wagner 1995).

OCsnor egul atory conpetence, as neasured by plasma Na® | evels,
of subyearling fall chinook sal non devel oped seasonally as fish

size increased. Mean plasma Na’ renains |ow (< 165 mmmol /L) when
juvenile sal non with osnoregul atory conpetence enter seawater
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TABLE 3.-Miltiple regression nodel for factors
subyearling fall chinook travel tinme from McNary
Dam 1991-1994.

af fecting
Dam to John Day

Par amet er Standard Standardi zed Parti al
Vari abl e esti mate error coefficient p2 R R MSE
I nt er cept 22. 307 4.382 0. 000 0. 0001 0.50 1.312
M ni nmum 1.221 0.229 0. 833 0. 0001 0. 26
flow?
Fork | ength -2.968 0.787 -0.590 0. 0007 0.24

 Probability that the paraneter estimate is not
zero.
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but increases markedly with an influx of seawater ions anong fish
unabl e to osnoregul ate in seawater. Mean plasma Na® val ues for
subyear|ings challenged in 1992 ranged from 150 to 155 nmol /L
whi | e val ues ranged from 153 to 157 mol /L in 1993 bel ow t he
critical value (< 165 mmol /L) for successful seawater entry given
by C arke and Shel bourn (1985). Plasma Na® val ues of premigrants
in 1994 decreased to 167 mml /L in the |ast prem grant chall enge
in late June when fish were 72 mm (Figure 3). 1In 1995, plasm
Na® |l evel s of premigrants dropped to 185 mml /L by mid June,
however, fish were only 58 nmin length at that tine.

Subyear|ing chinook sal non were generally able to reduce their
plasma Na® | evel s bel ow 165 mol /L once they became active

m grants. Exceptions to this were observed for fish chall enged

i n August and Cctober in 1994 (Figure 3).

Gl ATPase activity in 1994 and 1995 showed a di sti nct
seasonal pattern of increasing during nearshore rearing, peaking
in late June or early July, then decreasing during the rest of
the outmgration (Figure 5). G| ATPase activity of fish in
seawat er chal l enges were generally significantly higher than nean
gill ATPase activities of freshwater control fish only during
late May and in June in 1994 and 1995 when gill ATPase activities
were rapidly increasing (Figure 5).

Salinity preference

Subyearling fall chinook sal non showed the greatest
preference for saltwater fromlate June to md July in 1995,
al t hough preference for saltwater remained high through August
(Table 4). The freshwater side of the tank was generally used
| ess than the saltwater side, especially during md July when no
fish showed a preference for fresh water

Vi deo analysis allowed us to define fish behavior in
salinity preference tests. Fish observed on the saltwater side
of the gradient tank primarily used the freshwater |ayer above
the salt water, which accounted for only 25% of the avail abl e
volume. Fish in this layer usually held position slightly above
the salt and freshwater interface. Exceptions to this occurred
in md July and | ate August when half of the fish in the gradient
tank were found in the saltwater layer. Control fish generally
used each side of the tank equally throughout the season, and
percent use of the different |ayers was proportional to the
avai |l abl e vol une of each | ayer.
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TABLE 4. -The nunber of salinity preference tests in which
subyearling fall chinook sal non showed a preference for the
saltwater side of the gradient tank, freshwater side of the
gradi ent tank, or displayed no preference in 1995. Preferences
were determ ned by Chi-square anal yses and are summari zed by week
of testing.

Pr ef er ence

Week Salt water Fresh water None
May 10 1 0 3
May 23 3 2 1
June 6 3 2 1
June 20 5 1 0
July 12 5 0 1
August 1 4 1 0
August 21 4 1 1
Tot al 25 7 7
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Adul t Returns

The only full conplenents of adult recoveries to date were
fromfish marked in 1991 and 1992. Subyearling fall chinook
sal non marked during the early portion of the outmgration in
1991 contributed nearly twice as many adults as fish marked
during the mddle and | ate portions (Table 5). Fish marked
during the mddle portion of the outm gration contributed the
nost adults in 1992, but 1992 returns were the | owest of the four
years of marking. The return of fish fromthe 1993 marki ng shows
an increasing trend fromfish marked fromearly to late in the
juvenile outmgration. Recoveries of fish from 1994 show t hat
the early group has contributed the nost adults foll owed by the
m ddl e and | ate groups.

Di scussi on

The rel ati on between subyearling fall chinook sal non travel
tinme and fl ow was weakly supported by our results. Reciprocal of
m ni mum fl ow and fork [ ength accounted for only half of the
vari ation observed in travel tinmes from McNary to John Day dans.
Qur results were simlar to those of Gorgi et al. (1997) who
showed that mgration rates of PIT-tagged subyearling chi nook
sal non between Rock Island and McNary dans were best expl ai ned by

fish I ength and nean rom1(F? = 0.63). However, the authors also
concl uded that there was no evidence that subyearling chinook
sal non responded to changes in river discharges over the ranges
t hey observed (1, 500-5, 000 n?/s). Berggren and Filardo (1993)
found that flow was the nost inportant variable in explaining
subyearling chinook salnon travel tine from McNary to John Day
danms. In each study, including our results reported here, the
fl ow vari abl e expl ai ned 23-28% of the variation in travel rates
in bivariate regressions. Although flowis inportant to
subyearling fall chinook salnon travel rates, it is not the sole
determ nant of mgratory behavior.

One of the reasons our nultivariate analysis may not have
explained a larger portion of the variation in subyearling fal
chinook salnon travel tine is that travel tinmes showed a distinct
nonl i near pattern from 1991 to 1993. Fish marked for the early
group usually had the shortest travel tines to John Day Dam
followed by the late group and then the mddle group. This
pattern may have nmade it difficult to define relations between
vari abl es that increase or decrease linearly over tinme, such as
flow, tenperature, and day of release. This may be an artifact
of the stock differences of fish conprising the three marked
groups. Freeze-branded subyearling fall chinook sal non rel eased
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TABLE 5.-Adult recoveries of subyearling fall chinook sal non
mar ked and rel eased at McNary Dam from 1991 to 1994. Esti mated
recoveries are expansions of observed recoveries based on
sanpling effort. Asterisks indicate inconplete returns.

Medi an Per cent

rel ease Nunber Nunber Nunber esti mat ed
G oup date rel eased observed estimated recovery
Early Jun 27, 1991 35, 955 140 295 0. 82
Mddle Jul 12, 1991 35, 970 52 153 0.43
Late Jul 30, 1991 36, 055 44 172 0. 48
Early Jun 20, 1992 35, 854 4 10 0.028
Mddle Jul 6, 1992 35, 835 12 48 0. 13
Lat e Jul 23, 1992 35, 805 5 10 0. 028
Early Jun 28, 1993 36, 150 38 56 0. 15*
Mddle Jul 13, 1993 35,734 32 84 0. 24*
Lat e Aug 1, 1993 35, 788 43 113 0. 32¢
Early Jun 25, 1994 49, 648 74 116 0. 23*
Mddle Jul 11, 1994 49, 741 42 80 0. 16*
Late Aug 10, 1994 32, 705 23 42 0. 13*
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fromPriest Rapids Hatchery usually arrived at McNary Dam before
the majority of the wld population fromthe Hanford Reach, and
were probably the primary constituent of the early mark group
(Wagner 1992; WAgner and Hillson 1993; Wagner 1994). An
exception to this was in 1992 when both hatchery and wld
subyear|ings began passing McNary Dam at about the sane tine.
The m ddl e and | ate groups were probably conposed predom nantly
of wild fish fromthe Hanford Reach. The late mark group may
have travel ed faster than the m ddl e group because this group
al ways contained the |argest fish that were marked in any given
year. Fish size may al so have influenced the different trave
time pattern observed in 1994. Fish marked during the mddle
segnent of the outm grationthe fastest groupwere larger in 1994
than in the other years for this segnent. However, it is
difficult to say whether the slight size difference was
bi ol ogi cally significant.

Qur final nultivariate regression nodel predicting travel
time included reciprocal of mninmumflow and fork | ength, but did
not include other variables that may be biologically inportant to
subyearling fall chinook sal nmon m gration such as tenperature.

Wat er tenperatures can exceed 21°C at McNary Dam (USACOE 1992)
placing fish at greater risk to disease and thermal stress. This
was evident by the massive tenperature-related nortality of
subyearling fall chinook salnon at McNary Damin 1994 (\Wagner
1995). Hi gh water tenperatures have al so been shown to reduce
gill ATPase activity in juvenile coho salnon O  kisutch (Zaugg
and Mcd ain 1976), juvenile steel head O nykiss (Zaugg 1981), and
juvenile Atlantic sal non Salno salar (Duston et al. 1991), and
may have the sanme effect on fall chinook salmon. G| ATPase
activity was usually declining during the latter half of the

summer as water tenperature increased to 20°C or higher. High
water tenperatures may affect primarily later mgrants by
reducing in-river survival and placing fish at a physiol ogi cal
di sadvant age when they reach the estuary.

G Il ATPase activity was included in our analyses as a
measure of snoltification, which had been | acking in previous
studi es, and has been linked to mgratory behavior in juvenile
sal nonids. Zaugg (1989) showed that nore conpletely snolted
subyearling fall chinook salnon mgrated in faster, off-shore
wat er and at higher rates in the |ower Colunbia River. Mir et
al. (1994) found that juvenile spring chinook salnon with the
hi ghest gill ATPase activity at rel ease at Dworshak National Fish
Hat chery had the fastest downstream novenent and were recovered
in greater nunbers at Lower Granite Damon the Snake River. In
contrast, elevated gill ATPase activities are not always
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necessary for rapid seaward mgration in juvenile spring and fal
chi nook salnmon (Ewing et al. 1980). W found that gill ATPase
activity was not inportant in explaining variation in subyearling
travel tinme in bivariate or nultivariate regression anal yses.
Also of interest is that the slowest travel tinmes observed in the
m ddl e-mark groups were often associated with sone of the highest
gill ATPase activities. As a result, gill ATPase activity may
not be a good predictor of juvenile fall chinook sal non travel
time, but remains an inportant indicator of physiol ogical

devel opnent .

The devel opnent of osnoregul atory conpetence in subyearling
chi nook salnon is partly a function of fish size (Hoar 1976) and
growh rate (Wagner et al. 1969). Premgrants rearing in the
Hanford Reach grow rapidly and their increase in gill ATPase
activity with size is concurrent with their osnoregul atory
devel opnent. Kreeger (1995) found that two coastal popul ations
of juvenile chinook salnon fromthe Trask and Rogue rivers,
Oregon, denonstrated 100% survival in seawater challenges at 7-8
cmfork length, and could efficiently regulate their plasma Na*
in seawater at a weight of 5-7 g. Simlarly, darke and
Shel bourn (1985) reported that subyearling chinook sal non did not
obtain optimum sodiumion regulation in seawater until they
reached a weight of 5-6 g. These sizes correspond to a 75-85 mm
fish in the Hanford Reach. Fish larger than about 70 nm were not
abundant in nearshore areas of the Hanford Reach and probably had
noved of f shore to begin mgrating seaward. Subyearling fal
chi nook sal non did not denonstrate conpl ete osnoregul atory
conpetence until they becane active mgrants and were col |l ected
at McNary Dam It appears that devel opnent of seawater tol erance
and increasing gill ATPase activity may acconpany the initiation
of mgration in subyearling fall chinook sal non.

Subyearling fall chinook sal non had the greatest preference
for saline water in late June and early July when fish were
begi nning their seaward m gration, although preference remai ned
hi gh through August. G| ATPase activities were also peaking in
| ate June and early July and may have influenced preference for
saline water. The fact that fish were often observed above the
saline layer in preference tests even though it represented a
fraction of the available space may be the result of the short
duration of the tests and fish needing nore tine to adapt to the
20 ppt saline layer. Fish were exposed to a low salinity
directly above the salt-freshwater interface as their sw nm ng
m xed the water to a small degree. In the estuary, fish are
exposed to smaller salinity gradients than what was represented
in these tests, which may facilitate transition to sea water.
Mcl nerney (1963) proposed that salinity preference may be used to
guide fish mgrating through the estuary to the ocean. Whet her
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salinity preference is a cue for seaward mgration in freshwater
subyear|ing chinook salnon is unknown. However, salinity
preference did increase when fish were actively snolting and
begi nning their seaward m gration, and may therefore serve as an
i ndi cator of mgratory disposition (Baggerman 1960).

The inportance of flowto the mgration rates and survi val

of subyearling fall chinook sal non remains the subject of debate.

Ri ver flow remains of interest because it is one of the few
vari abl es that can be mani pul ated by fishery managers to benefit
seaward mgrating salnon. The highest in-river survival of
subyearling fall chinook sal non should be realized by fish that
reach an appropriate stage of physiol ogi cal devel opnent early
enough to mgrate under the nost favorable environnental
condi ti ons.

Bot h physi ol ogi cal and environmental criteria nmay be used to
define a period of mgratory opportunity for subyearling fal
chi nook sal non. Qur data suggested that fish were nost
physi ol ogi cally prepared for successful mgration frommd June
to early Julya tinme of rapid growmh and snolting as evidenced by
rising gill ATPase activities, devel opnment of osnoregul atory
conpet ence, and devel opnent of a preference for seawater. Md
June to early July was the tine when fish reach a suitable size
toinitiate mgration. Connor et al. (1993) identified a m ni num
m gration size of 85 mmfor subyearling Snake Ri ver fall chinook
salnmon. This mninumsize may al so apply to the Hanford Reach as
it was difficult to capture rearing subyearling chinook sal non
over 70 mmin beach seines, and active mgrants at McNary Dam
were generally 90 to 100 mm by | ate June.

The environnental conditions that would afford the best
m gratory opportunity would be defined by high flows and | ow
wat er tenperatures. The Col unbia River hydrograph decreases

t hroughout the sunmer and water tenperatures rise to over 20°C by
August in a typical year (USACOE 1993) creating poor mgratory
conditions. Smith et al. (1997) and Miuir et al. (1998) showed

t hat hatchery subyearling fall chinook sal non rel eased early and
that m grated under higher flows in the Snake River survived
better than fish that were released | ater and m grated under
lower flows. Simlarly, wild fall chinook salnon PIT tagged in
the Hells Canyon Reach of the Snake River from 1991 to 1995 had
hi gher detection rates at Lower Granite Dama rel ati ve neasure of
survi val when flows were high and tenperatures were |low (WIIliam
Connor, U. S. Fish and WIldlife Service, personal conmunication).

| f environmental and physiol ogical factors do partially
control successful mgration and survival, then it should be
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evident in adult returns. In the early 1980s, fish that m grated
early in the summer contributed nore adults than |ater mgrants
(Gorgi et al. 1990). During that study, flows declined from
early to late summer while tenperatures increased throughout the
season (G orgi et al. 1994). Physiol ogical devel opnent was not
measured in that study. Qur adult return information from 1991
and 1994 also indicated that early mgrants nmay gain a surviva
advant age from favorabl e environnental conditions and rapid
snoltification. Flows were highest for these groups,
tenperatures were coolest, and gill ATPase activities were
increasing. On the contrary, the return of one to four year old
fish frommarking in 1993 show that | ate-nmarked m grants have
contributed nore adults than fish marked early and in the mddle
of the outmgration. This does not support our hypothesis, but
is consistent with the results obtained by Gorgi et al. (1990)
who found year to year variability in adult recoveries.

The consequence of mgratory opportunity should ultimtely

mani fest itself at the population level. |If late mgrants are
the product of |late spawning adults, then the | oss of a portion
of this popul ation segnent from poor survival will eventually

reduce the genetic fitness of the entire popul ation or else
select for an earlier life history timng (Reisenbichler 1997).
This may apply to the Hanford Reach popul ati on, which produced
many of the late mgrants that we narked. G ven the strength of
this population, it is likely that any | oss of genetic
variability fromlate spawers may be offset by the conservation
of traits passed on by early spawning fish. [If, however, the
entire population is placed at a survival disadvantage, then
popul ation decline will result. This may be true for Snake River
fall chinook sal non, which are currently |listed as threatened
under the Endangered Species Act (NMFS 1992). Hydropower
devel opnment has del ayed the early life history of these fish and
sumrer outmgration occurs later than their Colunbia River
counterparts. Median dates of passage of wild PIT-tagged Snake
River fall chinook sal non past McNary Dam ranged from August 8-13
from 1995-1997 (WIIliam Connor, U S. Fish and Wldlife Service,
personal conmmunication). This is the sane tine franeand in sone
years later.in which we marked our late mgrants for this study.
It may be possible that the late mgration timng of the Snake
Ri ver fall chinook popul ation may have partially contributed to
its decline.
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Appendix 1. Allozyme loci

List of enzymes, Enzyme Commission (EC) numbers (IUBMBNC 1992),
allozyme locus designations, relative mobilities of allelic
variants, tissue screening, and electrophoresis buffers included
in the analysis of Snake River juvenile chinook salmon.

Enzyme (EC number)

Locus

Relative mobilities
of variant alleles

Aspartate aminotransferase
(2.6.1.1)

Adenosine deaminase
(3.5.4.4)
Aconitate hydratase
(4.2.1.3)

Formaldehyde dehydrogenase
(1.2.1.1)
Glyceraldehyde-3-phosphate
dehydrogenase (1.2.1.12)
Glycerol-3-phosphate
dehydrogenase (1.1.1.8)
Glucose-6-phosphate
isomerase (5.3.1.9)

Glutathione reductase
(1.6.4.2)

1-TIditol 2-dehydrogenase
(1.1.1.14)

Isocitrate dehydrogenase
(NADP+) (1.1.1.42)

l-Lactate dehydrogenase
(1:1:1427)

Malate dehydrogenase
(1.1.1.37)

Malic enzyme (NADP+)
(1.1.1.40)

Mannose-6-phosphate isomerase

(5.3.1.8)
Dipeptidase (3.4.13.18)

SAAT-1,2%*
SAAT-3 *
SAAT -4 *
mAAT-1*
maal"—z*
- &
- &
SAH*
AAH=-1*
EEH_E*
EEH_E*
mAH-4 *
FDHG*

GAPDH=2 *
-3 %
G3PDH-3 %
G3PDH=-4*
GPI-B1*
GEI-B2*
GEI-A*

IDDH-1*
IDDH-2*
mIDHP-1*
mIDHP -2 *
=] IHE— t #*
sTDHP-2*
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85,105,91
90,113,71
130,63
-77,-104
-125,-90
83,69

105
86,112,108,69
65,130

83

126,74
119,112,136
143,131,65,28

22

123

112,90

114

-65

60,135,24

105,93,85

null/null phenotype
85,110,89,117,71

-50
61

147,30

154,50
74,142,94,129,126
127,50,83,66

60
112,134,71
90,84

120,27,-45,160
121,70,83,126

200,180,-55
190 -
92,105,86

78/78 phenotype
109,95,113,103

90,86,81



Appendix 1. Allozyme loci -extended
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Appendix 1.-continued

Eelative mobilities

Enzyme (EC number) Locus of variant alleles
Tripeptide aminopeptidase PEPB-1% 130,-350,45
(3.4.11.4) PEPB-2+*
Proline dipeptidase (3.4.13.9) FEPD—-2* 107,83
Leucyl-l-tyrosine peptidase PEP-LT* 110,120,88
(3.4.-.-)
Phosphogluconate dehydrogenase PGDH#* 80,85,95
(1.1.1.44)
Fhosphoglycerate kinase K=2% 90,74,95
(2.7.2.3)
Phosphoglucomutase (5.4.2.2) EGM-1%# 210,165,50
PGM-2* 166,136,63
Superoxide dismutase SS0D-1% -260,580,1260,-175
{1.15.1.1) E5QD-2* 120
mSQD* 142,70
Triose-phosphate isomerase TPI-1%* -155
(5.3.1.1) TPI-2* =400
TPT-3* 104,106,96
TPT-4* 104,75,102

iM
il

muscle, H = heart, E = eye,
TG, tris-glycine pH 8.5 (Holmes and Masters 1970); 2 =

L = liver

CAME, citrate amine pH 6.8 (Clayton and Tretiak 1972) modified

with 1mM EDTA,

2a includes addition of NAD to electrode tray

buffer; 3 = TC-4, tris-citrate pH 5.95 (Schaal and Anderson
1974); 4 = RW, tris-citric acid gel buffer pH 8.2 and lithium
hydroxide-boric acid electrode buffer pH 8.0 (Ridgway et al.

1970) .
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=axtended

Appendix 1l.-continued

Buffers®
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Appendix 2: Allele Frequencies

Allele frequencies at 28 loci for juvenile Snake River chinook
salmon estimated to be fall race in four years, and for three
years' samples combined. The following 12 loci, which often show
variant alleles in cother chinook salmon populations, had a
frequency of 1.000 for the *a (100} allele in all estimated fall
race samples: sAAT-1,2%%, AAT-3*, ADA-2%, mAH-3*, sMDH-A1,2%*",
PEPD-2+, PGDH#*, PGM-1+, PGM-2+*, 6 and mS0D*. The number of fish
successfully scored per locus is dencted by N.

Snake River juvenile fall race samples
Sample year

Locus, (Brood vear)
allele code
(mobility)® 91 93 94 95 93-95
(90) (92) (93) (94) (92-94)
SAART-4%

N 142 50 110 110 270
3 (100) 0.993 1,000 0.959 0.986 0.978
*b (63) 0.007 0.000 0.041 0.014 0.022

N 142 59 114 111 284
*#a (=100) 0.975 0.975 0.965 0.968 0.968
*h (=77) 0.025 0.000 0.026 0.023 0.019
*#c (=104) 0.000 0.025 0.00%9 0.00%9 0.012
mMAAT-2*

N ] 104 52 o5 109 256
*a (—-100) 0.716 0.644 0.721 0.794 0.7386
*c (=90) 0,284 0.356 0.279 0,206 0.264
ADA=1*

N 143 59 114 111 28B4
*a (100} 1.000 0.983 1.000 1.000 0.996
*b (83) 0.000 0.017 0.000 0.000 0.004
SAH*

H 143 58 112 111 281
*3 (100) 0.892 0.914 0.835 0.869 0.865
*b (86) 0.101 0.086 0.152 0.131 0.130
*d (108) 0.007 0.000 0.013 0.000 0.005
mAH-4 *

H 142 50 103 109 262
*a (100) 0.912 0.830 0.913 0.881 0.884
*h (119) 0.088 0.170 0.087 0.119 0.116
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Appendix 2.-continued

Snake River juvenile fall race samples
Sample year

Locus, (Brood vear)
allele code
(mobility)® 91 93 94 95 93-95
(90} (92) (93) (94) (532-94)
FDHG*

N 143 59 115 111 285
*a (100) 0.983 0,992 0.996 0.982 0.98%9
*b (143) 0.017 ©0.008 0.004 0.018 0.011
GEFI-BZ2*

i 129 35 a7 100 222
*g (100} 0,973 1.000 C.983 0.975 0.982
*b (60) 0.027 0.000 0.017 0.025 0.018
GEI-=A*

H 138 53 100 106 259
*#3 (100) 0.996 1.000 1.000 1.000 1.000
*h (105) 0.004 0.000 0.000 0.000 0.000
GPIr&®

N 133 42 82 105 229
*a (100) 0.992 1.000 0.963 0.943 0.9861
*b (null) 0.008 0.000 0.037 0.057 0.039
GR*

H 143 59 115 111 285
*a (100) 0.997 0.975 0.965 0.995 0.979
*b (85) 0.003 0.025 0.035 0.005 0.021
mIDHP-2*

H 143 59 115 111 285
*a (100) 0.983 1.000 0.974 0.982 0.982
*b (154) 0.017 0.000 0.026 0.018 0.018

P=1%

N 143 57 113 111 281
*a (100) 1.000 0.991 0.996 1.000 0.996
o (74) 0.000 0.000 0.004 0.000 . 0.002
*1 (126) 0.000 0.009 0.000 0.000 a.002
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Appendix 2.-continued

Snake River juvenile fall race samples
Sample year

Locus, {Brood year)
allele code
(mobility)® 21 93 94 95 93-95

(90) (92) (93) (94) (92-94)

sIDHP-2%

N 143 57 114 111 282
*a3 (100) 0.930 0.912 0.803 0.914 0.869
*b (127) 0.063 0.079 0.167 0.086 0.117
*g (83) 0.007 0.009 0.031 0.000 0.014
LDH-B2*

N 143 59 115 111 285
*a (100) 1.000 1.000 0.996 1.000 0.998
*d (71) 0.000 0.000 0.004 0.000 0.002
LDH-C*

N 143 59 113 111 283
*a (100) 1.000 0.975 0.9%6 0.986 0.988
*b (90) 0.000 0.025 0.004 0.014 0.012
sMDH-B1,2**

N 143 59 115 111 285
*a (100) 0.976 0.954 0.983 0.977 0.975
*b (121) 0.010 0.017 0.015 0.007 0.012
xc (70) 0.014 0.025 0.002 0.016 0.012
*e (126) 0.000 0.004 0.000 0.000 0.001

DH-2 %

N 142 59 113 111 283
*a (100) 0.975 0.958 0.9%1 0.950 0.968
*b (200) 0.021 0.042 0.009 0.032 0.025
*d (=55) 0.004 0.000 0.000 0.018 0.007
sMEP-1+*

N 143 58 111 110 279
*a (100) 0.734 0.819 0.811 0.755 0.791
*h (92) 0.266 0.181 0.189 0.245 0.209
MPI*

N 143 59 115 111 285
*a (100) 0.654 0.780 0.700 0.640 0.693
*b (109) 0.346 0.220 0.300 0.360 0.307
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Appendix 2.-continued

Snake River juvenile fall race samples
Sample year

Locus, (Brood vear) -
allele code
(mobility)® 51 83 94 85 93-95
{90] (92) (23) {94) (92-94)
PEPA*

N 143 59 115 111 285
*a (100) 0.979 0.966 1.000 0.959 0.977
*h (90) 0.021 0.034 0.000 0.041 0.023
PEPBE-1+%

N 1473 549 115 111 285
*a (100) 0.853 0.847 0.743 0.806 0.789
*b (130) 0.147 0.144  0.252 0.180 0.202
*c (=350) _ ' 0.000 0.008  0.004 0.014 0.009

= k]

N 140 .57 98 106 261
*a (100) 0.829 a.B&0 0.883 0.882 0.877
*b (110) 6.171 0.140 0.117 0.118 0.123
PGK-2*

N 143 59 113 111 283
*a (100} 0.566 0.585 0.602 0.577 0.588
*b (90) 0.434 0.415 0.398 0.423 0.4132
sSOD-1%

N 143 59 115 111 285
*3 (100) 0.629 0.754 0.570 0.595 0.618
*b (=260) 0.3867 0.248 0.430 0.405 0.382
*e (=175) 0.003 0.000 0.000 0.000 0.000
sS0D-2+%

N 115 a7 20 108 165
*a (100) 0.883 0.905 0.850 0.861 0.870
*h (120) 0.117 0.0%85 0.150 0.139 0.130
IPI-4

N 143 59 115 111 285
*a (100) 0.997 0.992 0.961 1.000 0.982
*b (104) 0.003 0.008 0.039 0.000 0.018 -

* These isclocus pairs represent two locl whose common alleles
have the s=ame electrophoretic mobility, and in which variant
alleles can not be assigned to either locus. Freguencies are for
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Appendix 2.-continued

both loci combined (4 alleles per isolocus).

" Allele codes (*a, *b, etc.) and relative mobilities follow
standards accepted by participants in the Coast-Wide Genetic
Stock Identification Consortium for cChinook Salmon.

* Genotypic freguencies for the phenotypes 100/100 and null/null
are presented. Heterozygous phenotypes are not scorable.
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