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Abstract
Recovery planning ibr impeiled populations ofanadromous salmonids can require estimates ofthe carrying capacity of a riler
fbr redds fterealler. rcdd capacit! ). Wc cstj matcd redd capacily for the I 06 known fal I chinook salmon spawning s ites in the upper
and lou cr rcaches ofthe Snake River We used a modification of the Instream Flow Incremental N{ethodology to estimate spawn-
ing arca (m:) for L2 representative study sites. We estimated that one redd occupied 70 n: of spawning drea at the most heavily
ulilizcd sitc. Spa\\'ning area $,as estimated at the 12 study sites using a stable flow that was implemented to prevent redd de-
walering. and two othcrflows that enconrpassed natural fluctuation. We estimated redd capacity for each study site by di!iding the
alnounr ol spawning arca modeled at each ofthe three flows by 70 m:. Wt input the redd capacity esiimates lbr the stud"v' sites into
&e equalion fol a srralified randon sanrple to make three estimates of redd capacit! fof all 106 known spawning sites. The
estimates rangcdbclwccn 2.,116 and 2.5?0 redds. We conclude that the Snake River can suppoft the 1,250 redds needed to satisfy
Endangcrcd Spccics Act de listing criteria. However. annual surveys should be conducted to eventuall] detemine if rccruitnent
cfficiency is affected by densily dependent factors before the recovery goal is achieved.

Introduction

The construction of hydroelectric and diversion
dams has eliminated or reduced spawning habi-
tat used by anadromous salmonids in the Pacific
Northwest (Wunderlich et al. 1994, Kondolf et
al. 1996, Daubleand Geist2000). Spawning habitat
loss is one factor for the imperiled status ofmany
anadromous salmonid stocks. The development
uireco\ er) plan: for imperilcd stocks sometimes
requircs estimating the number of redds that ex-
isting orlost habitat can carry (hereaftel redd ca-
pacity). This was the case with Snake Rivcr fall
chinook salmon (Onutrhz-nc hus ts hatr.rtsc htt). a
stock that was listed as threatened under the En-
dangered Species Act (ESA) in 1992 (National
Marine Fisheries Service 1992).

Snake fuver fall chinook salmon were displaced
ftom the historic spawning area near Marsing,
Idaho (Groves and Chandler 1999) by the con-
struction of Brownlee, Oxbow, and Hells Can-
yon dams (Figure l). By 1975, Lower Granite,
Little Goose, Lower Monumental, and lce Har-
bor dams impounded the lower 224 km of the
Snake R i r  e r  le r r  ing  -  |  7 .1  Lm o f  r i ver ine  rpawn-

ing habitat between Hells Canyon Dam and the
upper end of Lower Granite Reservoir (hereaf-
ter, the Snake River)(Figure 1). An estimate of
retlLl . rpirL it l  u r. needed to help Jefine u recor -

ery goal to match the remaining habitat. Few
empidcal data were available when the recovery
plan was drafted. howeveq and biologists relied
heavily on prot'essional judgement to establish a
proposed recovery goal of2,500 adults (National
MarineFisheries Service 1995). The recovery goal
equates to a redd capacity of 1,250 assuming an
cqual sex ratio for spawne$.

While the Snake River tall chinook salmon
recovery plan was being deveJoped. we began to
study spawners and their habitat. Water flow from
Hells Canyon Dam was also stabilized at approxi-
mately 260 mr/s during the spawning and incu
bation seasons to prevent redd de-watering (Grcvcs
and Chandler 1999). In this paper, we use data
that were collected after the proposed recovery
plan for Snake River fall chinook salmon was
written to estimate fall chinook salmon redd ca-
pacity under a stable flow regime for two reaches
ofthe Snake River We also discuss the suitabil ity
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of the proposed recovery goal (1,250 redds) in light
of the redd capacity estimates we generate.

Study Area

For a detailed description of thc Snake River, we
rcfcr the reader to papers by Groves and Chan-
dler (1999) and Dauble and Geist (2000). The
Snake River can be divided into three reaches
(Figure 1) based on differences in channel mor-
phology and dischargc. The volume of water flow
ing through the upper reach is controlledby releases
of water frcm the Hells Canyon Dam (Groves and
Chandler 1999). The lmnaha, Salmon, and Grande
Ronde Rivers (Figure 1) provide additional water
to the lower reach of the Snake River and cause
natural flow fluctulltion during spawning.

Between 191J6 and 2000. there were 78 docu
mented spawning sites in the upper reach, 11 in
the middle reach, and 28 in the lower reach (Garcia
et al. 2001). Spawning sites were deUned as ar-
eas where redds occurred within a relatively con-
tiguous patch of medium gravel to small cobble
(long-axis diameter 2.6 to 15.0 cm; Groves and
Chandler 1999).

Methods

Study Sites and l\,4aps

From 1991 to 199,1, we selected five known spawn-
ing sites for study in the upper reach and sevcn in
the lower reach. We did not select any study sites
in the middle reach because of low spawner use
from 1991 to 199,1. We established one primary
transect (Figure 2) at I I of our study sites to rep
rcsent the habitat used by fall chinook salmon
spawners. Three primary transects were establ ished
at the largest and mosl complex study site at river
kn (rkm) 266.5. The locations ofthe l4 primary
transects were surveyed using an elecffonic total
statl(]n.

We aiso establishcd nufrerous supplemental
transccts at approximately I 5 m intervals upsteam
and downstream of prirnary transects to bound
the spawning habitat. We used an 8 mm video
camera positioned L2 m above the ground to record
substrate above thc water line along each primary
and supplemental transect. Mean long-axis diam-
ctcr ofthe dominant substrate was assgssed visu-
ally in water less thirn 0.6-m deep. We used an
underwater video camcra to tape subsffate im
agcs in water >0.6 m deep (Groves and Garcia

1998). At least 20 substrate measurements were
made per transect (Geist et al. 2000) and the mea
\urement  lo (J l ion5  anJ .hunne l  e le r r l ion : '  uere
sun'eyed using the total station. We determined the
mean long-axis diameter of the dominant subsfate
in each video image (Groves and Chandler 1999).

We made bathymetric maps of each study site
(Figurc 2) by ioputting the substrate measurement
and channel elevation locations into AUtoCADG)
and Sofidesk@ mapping sofiware. These maps
included the distribution of substrate with long-
axis diamcters ranging from 2.6 to 15.0 cn (here-
after, spawning substate patches) and the loca-
tions ofredds we suneyedbetween 1991 and 1994.

Estirnating Spawning Area

We collected velocity calibration data (Bovee and
Milhous 1978) at verticals (Figure 2) spaced along
the primary transects using U.S. Geological Sur
vey (USGS) gear or an acoustio Doppler cunent
profiler We surveyed the location of the verti-
cals using the total station so that verticals could
be positioned on the bathymetric maps (Figure
2). Velocity calibration data were usually collected
during spawning (flow ranges upper reach = 250
to 300 mr/si lower reach = 290 to ,130 mr/s). We
also collected stage-discharge data (Bovee and
Milhous 197 8) over a wide range of flows (upper
reach 260 to I,190 mr/s: lower reach 280 to I ,300
m3/s). All velocity calibration data were collected
during periods of stable tlow.

We calibrated the hydraulic model lFG-,1
(Milhous et al. 198,1) to allow the simulation of
mean water column velocity at the vefiicals over
the spawning substrate patches at each study site.
Velocity adjustment tactors were calculated by
dividing thc simulated flow by the calculated flow
to assess model fit. AII ofthe velocity adjustment
lactors fell in the range of 0.8 to 1.2 indicating
IFG-,I f it the data (Bovee and Barrholow 1995).
We used stage discharge regressions developed
lbr the IFG-,I data decks (Milhous et al. 1984) to
simulate water depth a1 the venicals over the spawn-
ing substrate patches at each study site. Depth
was simulated by subtracting the surveyed chan-
nel elevation at each vefiical from the predicted
watcr surface elevation.

Estimating Spawning-Area-per-Redd

The IFG-,I model typically represents the stream
bed in the form of rectangles called "cells"
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(Milhouse et al. 198,1). We used vetical spaclng
to determine the width of each cell (Figure 2).
We determined cell length two ways. For I I of
the primary ffansects we based cell length on the
marimum distance redds were located up and
downstream of the transect (Figure 2). We sur
veyed one or two redds at the primary tmnsects
representing three ofour upstream sites. although
the substrate patches atthese sites were obviously
large enough to support additional spawning. We
determined cell length at these three sites by us-
ing the bathymetric maps to determine the up and
downstream distances within the substrate patch
that was represented by the primary transect. We
then calculated the area ofthe spawning substrate
in each cell by using AutoCADo and Softdesk@
rnapping software.

We used IFG-4 and the stage-discharge re-
gressions to simulate water depth and mean col-
umn velocity within each cell under the flow that
ocr 'u r red  thc  lear  ue  sur reyed lhe  mu\ imum
number ofredds at each study site. We calculated
the simulation flow for this analysis as the aver-
age of the daily mean flows between the onset
and end of spawning. Daily mean flow records
for all simulations were obtained tiom USGS gages
at Hells Canyon Dam (rkm 398.6) in the upper
reach and Anatone. Washington (rkm 269.7) in
the lower reach (Figure 1).

The calls with spawning subsfate were con-
sidered to be suitable for spawning if the simu-
lated depths rangcd from 0.2 to 6.5 m, and the
simulated mean water column velocities ranged
from 0.4 to 2.1 m/s (Groves and Chandler 1999).
We calculated spawning area (m'z) for each study
site by summing the area of spawning substrate
in rhe cells thal met the above suitability criteria
for water depth and water velocity. We then esti-
mated spawning-area-per redd at each study site
by dividing spawning area by the maximum ob-
served redd count.

Estlmating Redd Capacity

We simulated water depth and mean water col-
umn velocity fbr sites in the upper reach of the
Snake River under the stable flow regime (i.e..
260 mJ/s). To account for flow fluctuation caused
by tributary inflow in the lower reach, we simu-
lated water depth and mean water column veloc-
ity at f lows of280,,100, and 520 mr/s. This range
included the minimum and maximum daily mean

llows observed in the lower rcach during ow study.
We estimated redd capacity for each site at each
simulation flow by dividing spawning area by the
ninimum value of spawning-area per-redd cal-
culated as described in the previous section of
methods. Finally, we estimated redd capacity with
a 95cl. confidence interv;rl for all 106 known spawn-
ing sites in the upper and lower reaches by input-
ting the rcdd capacity estimates of the 12 study
sites into the equation tbr a sfratified randon sample
(Krebs 1999).

Besults

Spawning area estimates fbr the l2 study Snake
River sites ranged from 601 to I 3,239 m: the year
the maximum number of redds was surveyed at
each study site (Table 1). Spawning area-per-redd
ranged from 70 to 683 m'] (Table 1). We selected
70 ml as the area required by spawners to con
struct a redd.

Spawning area estimated fbr the study sites
under the stable flow regime ranged from 601 to
1,234 mr in the upper reach, and from 773 to 13,239
mr in the lower reach (Table 2). Redd capacity
ranged from 9 to 20 for study sites in the uppcr
reach, and fiom I I to 189 fbr study sites in the
lower reach rTahle 2r. E'l imrled 5pau ning area
and redd capacity increased for the lower reach
sites at rkm 245.2 (up 21 redds), rkm 266.5 (up 2
redds), rkm 267.8 (up 5 redds), and rkm 267.9
(up 3 redds) as the simulation flow increased fiom
280 to 520 mJ/s (Tabte 2).

The infbrmation required for estimating the
redd r .aprc i t l  o f  lhe  106 knoun spaun ing  r i tes
in the upper (n = 78) and lower (n = 28) reaches
of the Snake River is given in Table 2. The three
estimates of rcdd capacity were 2,4461I ,439 (upper
reach flow = 260 mr/s; lower reach flow = 280
mr/s), 2,55811,427 (upper reach flow = 260 mr/
s: lower reach flow =,100 mr/s), and 2,570t1,421
(upper reach flow = 260 mr/s; lowerreach flow =
520 mr/s).

Discussion

Assumptions and Limitat ons

We assumed that redd capacity increases as spawn-
ing area increases. Aoonelation analysis between
spawning area and maximum redd count would
test this assumption. Gallagher and Gard ( J999)
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TAtsLts I Eslimates of spawning arett (SA) per redd (SA/redd) for l2 fall chinook salmon spawning sites along rhc upper and
lower reaches of lhc Snake River based on thc lto\' (mr/s) during spawning the year rhc maxinmm numbcr ol redds
$cre counted at each sitc,

Si !c Simulalion
flo\ (nl^)

SA
(m')

Maximun redd SA per redd
(m')

3 1 1 . 5
l  l . l

3:19.6
352.8

259.0
261 .3
266.5
261.1)
167.8
261.9

1992
1993
1991
1993
199'+

1991
1993
l99l
r99l
r993
1993
1993

261
210
262
2',74
262

380
,l l  I
,165
,l l l
,11 |
4 l  I
,111

1 3 2
601
211
683
333

4:10
70

219
'1,11
:13,1
235
90

Upper reach
662
601

1.366
665

Lowcr reach
3,0'7',7

1',73
1.977

13.239
1 .735
1 ,1 t2
r.262

l

I
5
2
2

1
t l
20
30
,l
6

TABLE 2. Eslimatcs ol redd capacitl for l2lall chinook salmon spawning sites along thc upper and lower rcaches ofthe Snakc
Rivcr based a stable flo!r'of 260 mr/s in the upper rcach. aDd a range offlows in the lower reach of 280.,100, and 520
nr'/s. The stali st ics for estimating total redd capacil)_ lbr the I 06 kno\\' n spawning sites in the upper (n = 7 8) and lowcr
rcaches (n = 28) are also qilen.

Spawning area (mr)

by ilolv (mr/s)
Redd capacity
by flow (mr/s)

Site

40t)520260

3 t  1 . 5

3t 2.3
3.19.6
352.8

662
601

l,2l. t

661

9
8

l 8
20
l 0
5

13 .2
t8 .7

Sanplc nean
Samplc \ ariance

259.0
26 r .3
266.5
)61.4
267.8
26 t . 9

Sample nrcan
Salnple vrriance

Upper r€xch

Lowcr reach
1.187

113
1.911

13.239
t.7.15
1,412
t .1 '75

,18 ,18
l t  l l
1 t  1 l

189  189
25 25
20 20
l 8  2 1
'7 ',7

54.1 55.0
3.9,18.3 5 9t 3.0

r . 876
113

1.971
13 .105
1.715
1.067
1,262

3 .387
773

1.9',71
13,239
r .735

1 .262

21
1 1
'71

187
25
L5
t 8
1

50.6
:1.022.0

rcpofied a signiftcant conelation between chinook
salmon spawnerdensity and an estimate ofspawn
ing areacalled weighted usable area (Bovee 1982).
We did not conduct a conelation analysis becausc
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spawner number was critically low, thus the ma-
jodty of the study sites was under utilized. Fall
chinook salmon redds counted during aerial sur-
veys increased from 4l in 1991 to 255 in 2000



(Garcia et al. 200l). We may have an opponu-
nity to validate our redd capacity estimates ifadult
fall chinook salmon escapement to the Snake River
contlnues to rncrease.

We equated the recovery goal of2,500 adults
to the Snake River spawning grounds to a redd
capacity of 1,250 assuming an equal sex ratio.
The information on the sex ratio of wild Snake
River firll chinook salmon spawne$ was inadequate
for our modeling because it is limited to small
samplcs of carcasses collected haphazardly dur-
ing spawning surveys. However, the Washington
Depanment of Fish and Wildlife propagates hatch-
ery Snake River fall chinook that are phenotypi-
cally and genetically sinri lar to wild fish (Bugefl
et al. 1995, Marshall et al. 2000). The sex ratio
observed for spawners at this hatchery bctween
1988 and 1996 averaged 0.7 females to L0 mdes
(Mendel et al. 1992, 1996). We used a 1.0 to 1.0
ratio to simplify our analysis, and to add a mea-
\u re  o l  con \er \a t i \m lo  uur  redd r ' lp rc i t l  e . t i -
mates.

We expanded the measurements taken at 12
spawning sites to all 106 spawning sites, thereby
assuming that redd capacity of study sites repre-
sented redd capacity ofnon-study sites. We sanpled
appror imate ly  l0 '  ,  o f  the  known spuwning  s i tes .
which we believe represented the spawning habitat
at non-study sites. Howevel rcdd capacity within
study sites was variable as shown by the relatively
wide 957c contldence intervals on our redd ca-
pacity estimates. We recomrnend studying addi-
tional sites if t'uturc rcsearch opponunities become
available.

We did not measure factors affecting redd
capacity such as inter-gravel f low (Bumer 1951,
Geist and Dauble 1998, Geist 2000). substrate
movement, or substrate recruitment. We assumed
that inter-gravel flow would not limit redd capacity
orcause variability in redd capacity between sites
with the same amount ofmodeled spawning area.
We also assumed that substrate movement and
recruitment were in dynamic equilibrium. These
are sffong assumptions that should be tested in
the future at both the spatial and temporal scales.

We did not repofi redd capacity estimates for
extreme llow conditions because data were not
rrailable to [it the stage-discharge reFres\i, 'n re-
quired to run IFG-,I. Within the range of flows
modeled, we found that redd capacity decreased
moderately in the lower reach ofthe Snlke River

as flow dccreased. This suggests that the amount
of spawning area might limit redd construction
at some low flow level, which in tum could have
a temporal efTect on production by reducing the
number of retuming spawners 4 to 5 yrlater Stage-
discharge data collcction under drought condi-
tions would increase modeling opportunities,
thereby providing a better understanding of how
low t'low aflects redd capacity.

Bedd Capac ty

We reviewed the literature at the onset ofour study
to understand the problems others have encoun-
tered when estimating redd capacity. To ourknowl-
edge there are no peer-reviewed papen on this
topic. Bjomn and Reiser (1991) reviewed unpub-
lished data that clearly showed the potential for'
o\ere\timaling reJd \ 'apreil) $hen :pJu ning irrca
was based solely on spawning substrate availability.
They concluded that redd capacity depended on:
the amount of suitable spawning substrate cov
ered by water with acceptable depths and veloci-
ties lbr spawning (i.e., spawning area), and on
the area required for a pair of spawning fish (i.e..
spawnin g-area-per-redd).

We modified the Instrcam Flow Incremental
Methodology (Bovee 1982) to estimate spawn-
ing area. Although widely applied by biologists.
thir method can grossll o\erestimate spa\\ nin[:
area (Shrivell 1989). Using Shrivell (1989) fbr
guidance, we made conservative estimates of
spawning area by; 1) studying sites known to be
rused by spau ner': 2) calculating spuwning urea
based on the actual shape ofthe wetted spawning
subsfate patch rather than the rectangular shape
ofcells; and,3) determining cell length using the
location ofredds or shoft stretches ofhabitat with
relatively homogenous depths, velocities, substrate,
and channel contou$.

We used a relatively large value for spawn-
ing-area-per-redd (i.e.,70 m'?) that was based on
the highest redd density we observed. The space
required for redd construction probably va es in
responseto stream size, spawn timing, and spawner
density. For comparison. Swan (1989) reported
spatial requirements ranging fiorn 21.1 to 15.2
mr/redd. Bumer ( 1951) proposed that f'emale tali
chinook salmon require four times the area of a
redd to spawn, which equates to 68 m' using the
redd surface area of 17 m: reported by Chapman
et al. (1986). Using 70 m':added an additional
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measure ofconservatism to our estimates of redd
capacity.

We developed our method for estimating redd
capacity to accomplish two objectives. The re-
sults obtained for the first objective indicate that
redd capacity for the upper and lower reaches of
the Snake River ranges tiom 2,466 to 2,570 un-
der thc stable flow regime. The actual carrying
capacity of the Snake River tbr tall chinook salmon
rcdds (or the "best estimate") might be higher
because our method was conseruative. For example,
the estin.utes of redd capacity would have ranged
lrom 7.b75 lo E.28.r i l  u e divided 'pru ning area
by the 2l .7 m: per redd reported by Swan ( 1989)
lnsteSo c)] /t, m'-

lvanagement lmp cations

In light of our redd capacity estimates, we be-
lieve that the Snake River can suppoft the 1,250
redds needed to remove Snake River fall chinook
salmon from the list of federally protected spe-
cies. The lowest of the three estimates, 2.466, is
roughly twice the delisting criteria of 1,250redds.
We acknowledge that the 957. lower confidence
limits on our redd capacity estimates show that
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