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Abstract
The percentagc of llnc scdimenl paticles in slream channel substrac is in\erselv related to emergence succcss ol chinook salmon
embri os. \\c uscd a prc\iousl] publisbed method to relate subsrralc coilposirion at seven fall chinook salmon spawning sites in
the Snake Rivcr inplicill,"- 10 energeDce success. \le used domc suclion to sample substrate at tbur sparning sites in the upper
reach ofSnake ltiver and thrcc in $e lowerreach. N{ean pefcent fines < 6.:l mm and < 0.85 lnm wefe less jn uppcrreach samples
lhan in lo\\'ef feach samples. In laborabry tesls. mean eneryence success dccrcascd lion,17fZ to l0% as the mixturc\ of percent
llDc! < 6.:l nnn and < 0.85 mm lncreased in substrate mixturcs. A regfession equation dclcloped lioln the laboratory dala 1l)
pirdict mean emergence \ucce\s from mean pcrccnl iines < 6.:l mm and < 0.85 mm had an r lalue of0.9.1. Pfedicred enrcrgcnce
succc ss bi sed on sub \trate composition in thc Sn akc River ranged fiom .l6t; to ,18 t tbr silcs in rhe upper reach, and fronr 29 7. ro
,177 lbf sites in the lo$er reach. Thcsc prcdiclions ()1 energence success are slighdy higher $an those repoded in thc lit.rarure
ibr clinook salnbn sprwning habita!. Ba\cd on |he conbination of field and laboralor] llndinls. we conclude that subnrate
corlposilion at the \e!en spa$'ning !itcs wc sludied iD the Snake R^er should not limit lall chinook salmon producrion.

lntroduction

During spawning, adult chinook salmon (Orco
rhynchu.s tshawvschd) excavate nests in thc streanr
bed referred to as redds. Substrate pafticle size in
combination with ceftain hydraulic conditions are
requircd to provide an ideal environment for redd
construction and the incubation ofchinook salmon
embryos (Reiscr and Bjornn 1979). Snake River
fal1 chinook salmon typicallv construct redds in
relativelv homogcnous substrate $'ith particle
diameters of 2.-5 to 15.0 cm, in water depths of
0.2 to 6.5 m, and mean water colunn velocitics
of 0.:l to 2.I nVs (Groves and Chandler 1999).

High concentrations offine sedimcnts in chan-
nel substrates wherc rcdds are constructed can
reduce thc percentage of salmonid embryos that
su ire to emergence (hcrcafier. emergence suc
cess). The causal mechanisms for reduccd emer-
gence success associated with increases in fine
sediments were reviewed in detail by Bjornn and
Reiser ( 1991). Exccssive tines in the substate can
decrcasc pernreability and water velocity to em-
bryos. Decreased flow through thc substrate re-
duces oxygen availability to embryos and slows
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removal of texic metabolic wastes. Fry can also
bc cntrapped when fine sediments are lodged in
substrate interstices (Walers I 995). Emergence
success has becn quantified in laboratory chan-
nels (McCuddin 1977, Tappel and Bjornn 1983)
ud in the field (Bumer 1951. McNeil andAhnell
196:l): each method has its advantages and dis-
advantages (Chapman I 988).

ln -qcncral to assess substnte quality, gravel
s . r rnp les  are  co l lec ted  u i th in  spawning  arecs
(Tappel and Bjomn 1983). Individual samples are
shaken through a stllck of U. S. standard s ieves ( mesh
size decreases from the top to bottom sieve). The
percentage of the material (by weight) that passcs
through each ofthe sieves is then calculated to dc-
scribe the cumulativc pafticle size distribution fbr
each sample. The percantages are then avcraged
by sieve size fbr all samples collected at a site to
represent spawning gravel quality. Tappel and
Bjomn (1983) found that the mean perccntilges
of matcrial thrt passed through the 9.5 mrn and
0.85 mnt sieves (i.e., two of the finer sediments)
ct\uld he u\ed in a second order rcgre:\i n equa
tion to explaio 9370 ofthe observed variabil ity in
mean emergence success of chinook salmon fr5'
in the South Fork Salmon River (Figure 1). The
lindings of Tappel and Bjomn (1983) allowed bi
ologists to rclatc the percentage of fine sediments
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implicitly to emergence success by using only two
particlc sizcs obscrvcd in substratc samples.

lnfomration on substrate composition at fall
chinook salmon sprwning sites in the Snake River,
and on emergence success at these sites. \\,as needed
to assess the potential for population rccovcry. A
study on redd capacity indicated that the Snake
River could support the I ,250 tall chinook salmon
redds needed to meet the population recovery goal
(Connor et al. 2001 ). When estimating redd ca-
pacity. however, it was assumed that subsftate
compositiur at lall chinolrk salmon spawning sites
would not l imit emergence success (Connor et
a l .2001) .

We use a modification of the method devel-
oped by Tappel and Bjomn (1983) to evaluate
substratc cornposition at seven lall chinook salmon

spawning sites in the Snake Riyer We repoft the
results of laboratory tests on the effect of sub-
stnte composition on emergence success of thll
chinook salmon embryos, and then use the labo
ratory findings topredict emergence success tiom
the percentages of two scdiment sizes measured
in randon substrate samples collected at the seven
spawning sites.

Study Area

Fall chinook salmon once spawned from Marsing
Idaho to the Snake River mouth. but dam con-
struction eliminated much of the historical spawn-
ing habitat (Figure l). For a detailed description
of thc historical and present distribution of Snake
River fall chinook salmon spawncrs and their
habitat. we reler readers to papers by Groves and
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Chandler(1999), Dauble and Geist (2000), Connor
et al. (2001), and Garcia et al. (2001). The Snake
River can be divided into three reaches based on
differences in channel rnorphology and discharge.
Between l986and 2000, there wcrc 78 oocumenre{l
spawning sites in the upperreach. I I in the middle
reach, and 28 in the lower reach (Garcia et al.
2001). We studied lbur spawning sitcs in the up-
per rcach and threc in the lower reach. We identi-
fied sites by the distance they were located tiom
the rnouth of the Snake River (rkrn).

Methods

We obtained study site maps including the loca-
tions of redds and suitable sized spawning sub-
strate tiom Connor et al. (2001). We placed a
numbered grid over each site map. and then se
lected l0 random sampling locations to depths
utilized by spawners (Groves and Chandler 1999;
Figure 1). ln 199,1 and I 995, divers identified the
sample locations at each of the scven spawning
sites in two steps. First, the distance the sample
$,as located from the upstream edge ofthe gravcl
was nleasured along the shoreline. Second, the
distance the sample was located offshore was
mcasured by using a lead line marked at 10-m
inter.rals placed perpendicular to the current (Figurc
l). Substrate composition at each location was
sampled by using a dome suction sampler (Gale
and Thompson l975).

Substrate samples were dried, weighed (g), and
shaken through a U.S. standard sieve series (mesh
sizesi 75. 50, 25.1, 12.5.9.,1, 6.,+. ,+.8, 3.4. 2.0,
0.85, 0.5, and 0.25 mm). The perccntage of the
substrate (by weight) in cach sample that passed
through each sieve was calculated as the weight

ofthe material thatpassed divided by total sample
weight. The sample results were used to calcu-
late a mean percentage for each sieve size by
spawnlng site. We sclected the mean percentage
of the substrate that passed the 6.4 mm and 0.85
mm sieves to [elate the peroentage of fine sedi-
ments to emerggnce success. We sglected these
parlicle sizcs instead of 9.5 mm and 0.85 mm used
by Tappel and Bjomn (1983) because mixtures
of 6.4 mm and 0.85 mm sediments were well rep-
rcsented at the spawning sites and in our labora
tory troughs.

We evaluated emergcnce success in the labo-
ratory in 1996 by using eight substrate mixtures
(Tab le  l )  l i ke  th , ' :e  tbund in  the  seven rp ru  n ing
sites in the upper and lower reaches of the Snake
River Each of,18 wooden troughs ( I 21 .9 cm lcngth
x 30.5 cm wide x 30.5 cmdeep) (Tappel and Bjomn
1983) was filled to a depth of 25 cn with one of
the eight mixtures to provide six replicates per
mixturc. Each substrate nrixture was labeled ac-
cording to its percent f ines < 6.:1mm and < 0.85
mm. Substrate mixtures were randon- y assigned
to cach trough.

Eggs from three lemale and milt from five
male lall chinook salmon were brought to our
laboratory from Lyons Ferry Hatchery Washington.
To prerent bias re\ult ing from LlitTerences in ga-
mete viability. we fertilized the eggs in the form
of a 3 X 5 matrix (female I with male l, 2, 3, ,1,
and 5; female 2 with male l, 2, 3, 4. and 5: fe-
male 3 with male 1, 2, 3,.1, and 5). The ferti l ized
eggs were water hardened and then randomly
mixed. We placed 50 fefiilized eggs into each of
two 25 cm depressions in the substfate. and then
gently covered the eggs with ambient substrate

TABLE L Mcan size composition of substrate mixlurcs (n=6 rcplicates per mixture) uscd il1 laboratory rests. Each substraG
nr ixturc i \  labeled according to lhe percent  i lncs< 6. ,1mm and <0.85 mm. Forera plc.  14: ,1means rhar l . l9 ;  of thc
mlxture lvas lmallcr than 6..1nm and 4q. was smallcr fian 0.85 nm.

Substrao 
Percentage smaller than thc given Danicle size

Mixturc 25.1 ll.5 9.4 6.,1 ,1.8 3.'1 2.0 0.85 0.5 l-J.25

2iL)
9 :2
l.l::l
2 1 . 9
2.1: l  l
29  11
33 :15
3,1: l2

0.0
5 .8
9.8
17 .5
2l.1
21.1
J  1 . l
2',7.1

0.0
3 .1

12.'7
15 .9
16 .2
23.0
18 .1

0.0
2.0
1 .8
8.6
r0 .8
r0.7
t ) . J

t 2 . l

0.0
0.,1
0.9
r . 6
2 . 1
2.2
2.8
2.1

0.0
,1.5
8 .0

I9.,1
20.4
28.0

82..1 3',7.1 r9.0 2.0
85.8 .13.8 25.1 9.0
96 .5  52 .6  33 .1  13 .8
95.0 5,1.8 38.5 2t).1
90.3 5,t.5 38.8 21.1
98.1 61.9 ,1,1.5 29.1
89.5 58.0 ,15.6 33..1
99.8 66.2 49.8 33.6

0.u
t . 2
2 .5
5 .1
6.3
6.3
8.4
1.1
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from thc trough. Fungd (.Sapntlegni4) gro\\"ths
in trougbs and control tfays were trealed with
formalin.

Chil led, unchlorinated, recycled tap water
flowed laterally through thc troughs. Flows were
fegulated by ball valves and determined by gra-
dicnt differences between the inflou and outflow
sources. A 2% gradient was maintained where
possible. Apparent velocity (cnvs) $'as measurcd
ueck ly  b r .ed  on  lhe  ro lumc o f  u r rc r  p r r . ing
through cach trough. Dissolved oxygen (mg/L)
was measured periodicallv with aYSI model 57
meter (Yellow Springs Instrurnents. Yellow Springs,
Ohio) in perforated PVC pipe (20 cm long x I .8
cm diameter) placed in the middle of each egg
pocket nearest the outflow (9.78 mg/L = 1007.
saturation). Water temperaturcs were recorded
hourly with a RTM 2fi)0 meter (Ryan Tenpmentor
Ryan lnstruments, Rcdmond. Washington). We
used ordinary least-squares regression to test the
relation bctwcen mean percent tines < 0.85 mm,
mean apparent velocity, and mean dissolved oxy-
gen concentfations.

We removcd and counted fry as they emerged
fiom the substrate in each trough. We calculated
emergence success in each tough as the propor-
tion of fry that survived to emergence (rV100) and
expressed this proportion as a percenlage.

We used the data from our laboratory tcsts to
dcvclop second-orderregression equations relat
ing mean percent fines < 6.4 mm (Su,,) and < 0.85
nm (S0 E5) to mean emergence success as described
by Tappel and Bjornn ( 1983). Second order terms
(Sto., St,,rr) and a cross-product tcmr (Su.Sns.)
were analyzed to account lbr the cun'ilinear re
lation betwccn substrate panicle size and emer-
gence \ucce\.. The be.t .econd order reg|er.ion
modcl u'as selected based on rl values.

The last step of our analyses was to predict
emergcncc success (1 957o prediction intervals)
lu r  embryo .  a t  each o I  thc  seven spau n ing  ' i tes .
We made these predictiors by using the mean
values of percent fines < 6.,1 mm and < 0.85 mm
fiom the substrate samples collected at the sites
into the best second-order regrcssion cquation.

Results

Mean percent fines < 6.4 mm measured in the
substrate sanrples fiom the seven spawning sites
in the Snake River ranged trom 6.7% to 19.8%
(Table 2). Mean percent fines < 6.4 mm was low
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TABLE 2. N{ean percent fincs (t SE) calculated liom sub-
stfate samples collcclcd at knorn lal] chinook
spawning s i tes ( rkm) in the uppcr and lowel
reaches of the Snake River. washi ngron, ;n I 99,1
and 1995.

< {) .85 mm

152.E
319.6
343.7
3t 2.-l

261 .3
259.t)
215.2

1 .2  I  0 .25
2 .110 .3 ,1
3 .1  10 .25
2 .3  10 .50

t.9 r 0.70
5 . 0 1  1 . 3 0
8 .5  1  1 .55

tL)
t 0
l 0
It)

l 0

r0

Uppef Reach
1 3 . 6 1 2 . 0 6
1 1 . 0 1 1 . i 7
6 .11  1 .23
1 . 5 1 1 . 2 6

Lower Reach
15 .3  10 .88
9.',7 ! 2.21

19 .813 .22

est at rkm 312.3 and highest at rkm 245.1 . Mean
percent f ines < 0.85 mm mcasured in the sub-
stratc samples ranged from 1.27o to 8.5% (Table
2). Spawning sites in thc upper reach ofthe Snake
River had consistently lower mean pcrcent fines
< 0.85 mm than spawning sites in the lower reach.
No significant relationship was found between
percent f ines <0.85 mm and 6.4 mm.

Mean apparent velocities ranged fiom 0.96
cm/s  in  t rough.  u  i th  rhe  2 :0  \ub \ l ru te  mi r ru re  ro
0.06 cm,/s in troughs with the 34i12 substrate
mixture. Apparent velocity was significantly nega-
tively correlated with perccnt tines < 0.85 mm (r
= -0.93|. P <0.001).Mean dissolved oxygen con-
centations ranged from 10.0 mg/L in troughs with
the 2:0 substrate mixture to 9.7 mg/L in troughs
with the 3,1:15 substrate mixture. The significant
corlelation between mcan dissolved oxygen con
cantration and pgrcent fines < 0.85 mm was nega-
tive and rclatively lo* (r = -0.71; P = 0.018).
Mean water temperature was similar among the
troughs and increased seasonally during the ex-
periment (mean, 9.5'C: range, -5.9 to 15.7 cC).

Mean cmcrgence success in the laboratory
troughs ranged ftom 7clr, to 51 7c (Table 3). Mean
emcrgence sucoess generiLlly decreased as the mean
percent fines < 6.4 mm and < 0.85 mm in the
substrate mixtures increased (Table 3). The best
second order regression cquation relating substate
composition to emergence success was: Emer-
gence success  -  16 .613 +  1 .194 S. r ! i  -  0 . l l l
So .S, , ' , . ' ( r=  0 .97 :  P  <  0 .00 / ) .

Predicted emcrgence suocess 1br embryos at
the seven spawning sites in the Snake River was
similar among sites. except for the rclatively lower



TABLE 3. Ntean predicled and observed cmcrycncc succcss
('2, I SE. n = 6 rcplicatcs pcr subsllatc mixlure)
and 95t; conlidcncc limit! iirfallchinook salmon
in lnboralory incubation troughs in 1996. ltesults
are presenred by sub\oate nlixture according to
pefcent fines <6.'1 mnl and <0.85 mm. For ex
: | l n t l e .  | | | n e l n . r h t r r  I l ' :  u l  r h i  m . \ r  | (  \ r .
smal ler  than 6. .1 mm and,1?.  $rs smal lef  than
0 85 mm.

Emergence success = 46.6.13 + 1.19,1 S,r . r  0.1 i1 S6rsos.
( J . = 0 . 9 7 ; P < 0 . 0 0 1 ) .

prediction for cmbryos at rkm 245.2 (Figure 2).
Predicted emergence success ofembryos ranged
ftom 297c at rkm 2,15.2 to ,18c/r. at rkm 343.7.

Discussion

These results validate the method developed by
Tappel and B.jornn (1983) for implicit ly rclating
substrate composition to cmergcnce success of
chinool, rrlmon cnrbr)o'. The regre\\ion equir-
tion repofied here tbr predicting emergence suc-
cess was also simil to the regression equation
reponed by Tappel and Bjomn (1983). Both equa
tions included the term S0 85 and a cross-product
term (Sn.Sn r. or S,, ,Sn r.). lnd both equation' er-
plained over 907o ofthe variability in mean emer-
gence success of chinook salmon embryos.

Mean perccnt f incs < 6.,1mm and < 0.85 mm
dift'ered among substrate samples collected at lal1
chinook salmon spawning sites in the upper and
lower reaches of the Snrke River Substrate samples
collected at spawning sites in the upper reach of
the SnakeRivercontained consistently lowcrmcan
percent l lnes < 0.85 mm than sites in the lower
reach. A similar, but less distinct pattern was xlso
obser,'ed for nean percent fines < 6.4 mm. O\erall,
the levels of fine sediment in substrate samples
liom all seven spawning sites in the Snake River
were below those known to adversely affect
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chinook salmon embryos (Bjomn 1969, McCuddin
1977. Chapman 1988. Bjomn and Reiser 1991).

Differences in sediment input and channel
gradient are thc most plausible explanations tbr
diflerences in mean percent tines < 6.4 mm and
< 0.85 mm in the substrate samplcs collccted at
spau'ning sites in the upper and lower reaches of
the Snake River. The upper reach begins at Hells
Canyon Dam (a sediment trap) (Goldman and
Homc 1983). and the river in this reach does not
receive sediment input from any large tributar
ies. Conversely, all of the spawning sites in the
lower reach are located downstream of the lmnaha,
Salmon, and Grande Ronde rivers. The channel
gradient in the upper reach is also higher than in
the lowef reach (upper reach, l 4 m,&m; lower
reach, 0.6 m,&m) (Dauble and Geist 2000), which
likcly rcsults in higher velocities and more effi-
cient transport of line matefials.

Mean emergence success of lall chinook
salmon embryos in our laboratory troughs de-
creased from 62% to 9% as mcan pcrcent fines <
6.4 mm and < 0.85 mm increased in the substrate
mixtures. Dissolved oxygen concentrations in all
troughs \\"ere above threshold levels fordecreased
embryo survival (Reiser and Bjomn 1979), yet
the corelation between mean dissolved oxygen
concentration and perccnt fincs < 0.85 mm was
signiflcant. Also, appffent velocity was signifi-
cantly conelated with percent fines < 0.85 mm.
and apparent velocities measured in thc substratc
mixtures containing morc than 107. f ines < 0.85
mm were below sale thresholds tbr enrbryos sur-
vival (Reiser and Bjornn J979). We fbund dead
embryos entrapped in the substrate at termrna
tion of our experiment, but we could not count
them because they were decomposed. We sus-
pect moftality of embryos was largely related to
the accumulation of toxic metabolites and en.r
bryo entrapment in the substfate.

Thc sccond-order regression equation *e fit
to relate substrate composition to mean emergence
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