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Abstract

Recovery planning for imperiled populations of anadromous salmonids can require estimates of the carrying capacity of a river
for redds (hereafter, redd capacity). We estimated redd capacity for the 106 known fall chinook salmon spawning sites in the upper
and lower reaches of the Snake River. We used a modification of the Instream Flow Incremental Methodology to estimate spawn-
ing area (m?) for 12 representative study sites. We estimated that one redd occupied 70 m? of spawning area at the most heavily
utilized site. Spawning area was estimated at the 12 study sites using a stable flow that was implemented to prevent redd de-
watering, and two other flows that encompassed natural fluctuation. We estimated redd capacity for each study site by dividing the
amount of spawning area modeled at each of the three flows by 70 m%. We input the redd capacity estimates for the study sites into
the equation for a stratified random sample to make three estimates of redd capacity for all 106 known spawning sites. The
estimates ranged between 2,446 and 2,570 redds. We conclude that the Snake River can support the 1,250 redds needed to satisfy
Endangered Species Act de-listing criteria. However, annual surveys should be conducted to eventually determine if recruitment

efficiency is affected by density 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, Dauble and Geist 2000). Spawning habitat
loss is one factor for the imperiled status of many
anadromous salmonid stocks. The development
of recovery plans for imperiled stocks sometimes
requires estimating the number of redds that ex-
isting or lost habitat can carry (hereafter, redd ca-
pacity). This was the case with Snake River fall
chinook salmon (Oncorhynchus tshawytscha), a
stock that was listed as threatened under the En-
dangered Species Act (ESA) in 1992 (National
Marine Fisheries Service 1992).

Snake River fall chinook salmon were displaced
from the historic spawning area near Marsing,
Idaho (Groves and Chandler 1999) by the con-
struction of Brownlee, Oxbow, and Hells Can-
yon dams (Figure 1). By 1975, Lower Granite,
Little Goose, Lower Monumental, and Ice Har-
bor dams impounded the lower 224 km of the
Snake River leaving ~173 km of riverine spawn-

ing habitat between Hells Canyon Dam and the
upper end of Lower Granite Reservoir (hereaf-
ter, the Snake River)(Figure 1). An estimate of
redd capacity was needed to help define a recov-
ery goal to match the remaining habitat. Few
empirical data were available when the recovery
plan was drafted, however, and biologists relied
heavily on professional judgement to establish a
proposed recovery goal of 2,500 adults (National
Marine Fisheries Service 1995). The recovery goal
equates to a redd capacity of 1,250 assuming an
equal sex ratio for spawners.

While the Snake River fall chinook salmon
recovery plan was being developed, we began to
study spawners and their habitat. Water flow from
Hells Canyon Dam was also stabilized at approxi-
mately 260 m*/s during the spawning and incu-
bation seasons to prevent redd de-watering (Groves
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
of the Snake River. We also discuss the suitability
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Figure 1. The Snake River including the locations of the upper, middle, and lower reaches, and the historic spawning area near
Marsing (approximate rkm 685), major tributaries, dams, and U. S. Geological Survey gaging stations. The locations
referenced by number are: 1) Brownlee Dam; 2) Oxbow Dam; 3) Hells Canyon Dam; 4) Upper Reach Snake River; 5)
Site 311.5; 6) Middle Reach Snake River; 7) Anatone, Washington; 8) Lower Reach Snake River; 9) Lower Granite
Reservoir; 10) Lower Granite Dam; 11) Little Goose Dam; 12) Lower Monumental Dam; and 13) Ice Harbor Dam.
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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 the Snake River, we
refer 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 discharge. The volume of water flow-
ing through the upper reach is controlled by releases
of water from the Hells Canyon Dam (Groves and
Chandler 1999). The Imnaha, Salmon, and Grande
Ronde Rivers (Figure 1) provide additional water
to the lower reach of the Snake River and cause
natural flow fluctuation during spawning.

Between 1986 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 defined 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 Maps

From 1991 to 1994, we selected five known spawn-
ing sites for study in the upper reach and seven in
the lower reach. We did not select any study sites
in the middle reach because of low spawner use
from 1991 to 1994. We established one primary
transect (Figure 2) at 11 of our study sites to rep-
resent the habitat used by fall chinook salmon
spawners. Three primary transects were established
at the largest and most complex study site at river
km (rkm) 266.5. The locations of the 14 primary
transects were surveyed using an electronic total
station.

We also established numerous supplemental
transects at approximately 15-m intervals upstream
and downstream of primary transects to bound
the spawning habitat. We used an 8 mm video
camera positioned 1.2 m above the ground to record
substrate above the water line along each primary
and supplemental transect. Mean long-axis diam-
eter of the dominant substrate was assessed visu-
ally in water less than 0.6-m deep. We used an
underwater video camera to tape substrate im-
ages 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-
surement locations and channel elevations were
surveyed using the total station. We determined the
mean long-axis diameter of the dominant substrate
in each video image (Groves and Chandler 1999).

We made bathymetric maps of each study site
(Figure 2) by inputting the substrate measurement
and channel elevation locations into AutoCAD®
and Softdesk® mapping software. These maps
included the distribution of substrate with long-
axis diameters ranging from 2.6 to 15.0 cm (here-
after, spawning substrate patches) and the loca-
tions of redds we surveyed between 1991 and 1994,

Estimating 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 acoustic Doppler current
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 m?¥/s; lower reach = 290 to 430 m?%/s). We
also collected stage-discharge data (Bovee and
Milhous 1978) over a wide range of flows (upper
reach 260 to 1,190 m3/s; lower reach 280 to 1,300
m?/s). All velocity calibration data were collected
during periods of stable flow.

We calibrated the hydraulic model IFG-4
(Milhous et al. 1984) to allow the simulation of
mean water column velocity at the verticals over
the spawning substrate patches at each study site.
Velocity adjustment factors were calculated by
dividing the simulated flow by the calculated flow
to assess model fit. All of the velocity adjustment
factors fell in the range of 0.8 to 1.2 indicating
IFG-4 fit the data (Bovee and Bartholow 1995).
We used stage-discharge regressions developed
for the IFG-4 data decks (Milhous et al. 1984) to
simulate water depth at the verticals over the spawn-
ing substrate patches at each study site. Depth
was simulated by subtracting the surveyed chan-
nel elevation at each vertical from the predicted
water surface elevation.

Estimating Spawning-Area-per-Redd

The IFG-4 model typically represents the stream
bed in the form of rectangles called “cells”
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Figure 2. The study site at rkm 311.5 including the location of the spawning substrate patch, primary transect,
verticals, cell boundaries, and fall chinook salmon redds.
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(Milhouse et al. 1984). We used vertical spacing
to determine the width of each cell (Figure 2).
We determined cell length two ways. For 11 of
the primary transects we based cell length on the
maximum distance redds were located up and
downstream of the transect (Figure 2). We sur-
veyed one or two redds at the primary transects
representing three of our upstream sites, although
the substrate patches at these 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 of the spawning substrate
in each cell by using AutoCAD® and Softdesk®
mapping 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
occurred the year we surveyed the maximum
number of redds 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 from 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 cells with spawning substrate were con-
sidered to be suitable for spawning if the simu-
lated depths ranged 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?) for each study
site by summing the area of spawning substrate
in the cells that 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.

Estimating Redd Capacity

We simulated water depth and mean water col-
umn velocity for sites in the upper reach of the
Snake River under the stable flow regime (i.e.,
260 m?/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 flows of 280, 400, and 520 m?/s. This range
included the minimum and maximum daily mean

flows observed in the lower reach during our study.
We estimated redd capacity for each site at each
simulation flow by dividing spawning area by the
minimum value of spawning-area-per-redd cal-
culated as described in the previous section of
methods. Finally, we estimated redd capacity with
a95% confidence interval for all 106 known spawn-
ing sites in the upper and lower reaches by input-
ting the redd capacity estimates of the 12 study
sites into the equation for a stratified random sample
(Krebs 1999).

Results

Spawning area estimates for the 12 study Snake
River sites ranged from 601 to 13,239 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 m? as the area required by spawners to con-
struct a redd.

Spawning area estimated for the study sites
under the stable flow regime ranged from 601 to
1,234 m? in the upper reach, and from 773 to 13,239
m? in the lower reach (Table 2). Redd capacity
ranged from 9 to 20 for study sites in the upper
reach, and from 11 to 189 for study sites in the
lower reach (Table 2). Estimated spawning area
and redd capacity increased for the lower reach
sites at tkm 245.2 (up 21 redds), tkm 266.5 (up 2
redds), tkm 267.8 (up S redds), and rkm 267.9
(up 3 redds) as the simulation flow increased from
280 to 520 m?*/s (Table 2).

The information required for estimating the
redd capacity of the 106 known spawning sites
in the upper (n = 78) and lower (n = 28) reaches
of the Snake River is given in Table 2. The three
estimates of redd capacity were 2,44611,439 (upper
reach flow = 260 m?/s; lower reach flow = 280
m?/s), 2,558+1,427 (upper reach flow = 260 m*/
s; lower reach flow =400 m%/s), and 2,570%+1,421
(upper reach flow = 260 m%/s; lower reach flow =
520 m¥/s).

Discussion

Assumptions and Limitations

We assumed that redd capacity increases as spawn-
ing area increases. A correlation analysis between
spawning area and maximum redd count would
test this assumption. Gallagher and Gard (1999)
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TABLE 1. Estimates of spawning area (SA) per redd (SA/redd) for 12 fall chinook salmon spawning sites along the upper and
lower reaches of the Snake River based on the flow (m*/s) during spawning the year the haximum number of redds
were counted at each site.

Site Simulation SA Maximum redd SA per redd
(rkm) Year flow (m%/s) (m?) count (m?)
Upper reach
311.5 1992 261 662 5 132
3117 1993 270 601 1 601
312.3 1994 262 1,234 5 247
349.6 1993 270 1,366 2 683
3528 1994 262 665 2 333
Lower reach
245.2 1992 380 3,077 7 440
259.0 1993 411 773 11 70
2613 1991 465 4,977 20 249
266.5 1993 411 13,239 30 441
267.0 1993 411 1,735 4 434
267.8 1993 411 1,412 6 235
267.9 1993 411 1,262 14 90

TABLE 2. Estimates of redd capacity for 12 fall chinook salmon spawning sites along the upper and lower reaches of the Snake
River based a stable flow of 260 m*/s in the upper reach, and a range of flows in the lower reach of 280, 400, and 520
m'/s. The statistics for estimating total redd capacity for the 106 known spawning sites in the upper (n = 78) and lower
reaches (n = 28) are also given.

Spawning area (m?) Redd capacity
by flow (m%/s) by flow (m%/s)
Site
(rkm) 260 280 400 520 260 280 400 520
Upper reach
311.5 662 — — — 9 — - —
311.7 601 — — — 8 — — —
3123 1,234 —_— — — 18 — — —
349.6 1,142 — — — 20 —_ — —_
3528 664 — —_ — 10 — — —
n 5
Sample mean 13.2
Sample variance 28.7
Lower reach
245.2 — 1,876 3,387 3,387 — 27 48 48
259.0 — 773 773 773 —_ 11 11 11
261.3 — 4,977 4,977 4,977 — 71 71 71
266.5 — 13,105 13,239 13,239 — 187 189 189
267.0 — 1,735 1,735 1,735 — 25 25 25
267.8 — 1,067 1,412 1,412 — 15 20 20
267.9 — 1,262 1,262 1,475 — 18 18 21
n 7 7 7
Sample mean 50.6 54.7 55.0

Sample variance 4,022.0 3,948.3 5913.0

reported a significant correlation between chinook
salmon spawner density and an estimate of spawn-
ing area called weighted usable area (Bovee 1982).
We did not conduct a correlation analysis because
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spawner number was critically low, thus the ma-
jority of the study sites was under utilized. Fall
chinook salmon redds counted during aerial sur-
veys increased from 41 in 1991 to 255 in 2000



(Garcia et al. 2001). We may have an opportu-
nity to validate our redd capacity estimates if adult
fall chinook salmon escapement to the Snake River
continues to increase.

We equated the recovery goal of 2,500 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 fall chinook salmon spawners was inadequate
for our modeling because it is limited to small
samples of carcasses collected haphazardly dur-
ing spawning surveys. However, the Washington
Department of Fish and Wildlife propagates hatch-
ery Snake River fall chinook that are phenotypi-
cally and genetically similar to wild fish (Bugert
et al. 1995, Marshall et al. 2000). The sex ratio
observed for spawners at this hatchery between
1988 and 1996 averaged 0.7 females to 1.0 males
(Mendel et al. 1992, 1996). We useda 1.0to 1.0
ratio to simplify our analysis, and to add a mea-
sure of conservatism to our redd capacity esti-
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 of non-study sites. We sampled
approximately 10% of the known spawning sites,
which we believe represented the spawning habitat
at non-study sites. However, redd capacity within
study sites was variable as shown by the relatively
wide 95% confidence intervals on our redd ca-
pacity estimates. We recommend studying addi-
tional sites if future research opportunities become
available.

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

We did not report redd capacity estimates for
extreme flow conditions because data were not
available to fit the stage-discharge regression re-
quired to run IFG-4. Within the range of flows
modeled, we found that redd capacity decreased
moderately in the lower reach of the Snake River

as flow decreased. This suggests that the amount
of spawning area might limit redd construction
at some low flow level, which in turn could have
a temporal effect on production by reducing the
number of returning spawners 4 to 5 yr later. Stage-
discharge data collection under drought condi-
tions would increase modeling opportunities,
thereby providing a better understanding of how
low flow affects redd capacity.

Redd Capacity

We reviewed the literature at the onset of our study
to understand the problems others have encoun-
tered when estimating redd capacity. To our knowl-
edge there are no peer-reviewed papers on this
topic. Bjornn and Reiser (1991) reviewed unpub-
lished data that clearly showed the potential for
overestimating redd capacity when spawning area
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 for spawning (i.e., spawning area), and on
the area required for a pair of spawning fish (i.e.,
spawning-area-per-redd).

We modified the Instream Flow Incremental
Methodology (Bovee 1982) to estimate spawn-
ing area. Although widely applied by biologists,
this method can grossly overestimate spawning
area (Shrivell 1989). Using Shrivell (1989) for
guidance, we made conservative estimates of
spawning area by: 1) studying sites known to be
used by spawners; 2) calculating spawning area
based on the actual shape of the wetted spawning
substrate patch rather than the rectangular shape
of cells; and, 3) determining cell length using the
location of redds or short stretches of habitat with
relatively homogenous depths, velocities, substrate,
and channel contours.

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 varies in
response to stream size, spawn timing, and spawner
density. For comparison, Swan (1989) reported
spatial requirements ranging from 21.7 to 75.2
m?redd. Burner (1951) proposed that female fall
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 of conservatism 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 from 2,466 to 2,570 un-
der the stable flow regime. The actual carrying
capacity of the Snake River for fall chinook salmon
redds (or the “best estimate™) might be higher
because our method was conservative. For example,
the estimates of redd capacity would have ranged
from 7,875 to 8,283 if we divided spawning area
by the 21.7 m? per redd reported by Swan (1989)
instead of 70 m2.

Management Implications

In light of our redd capacity estimates, we be-
lieve that the Snake River can support 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 de-listing criteria of 1,250 redds.
We acknowledge that the 95% lower confidence
limits on our redd capacity estimates show that
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