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EXECUTIVE SUMMARY 
 

Fisheries agencies have requested that consideration be given to adding fish 
passage facilities to Keechelus Dam.  This study was commissioned to estimate the 
anadromous fish runs that could be sustained above Keechelus Dam if passage were 
restored.    
 
 We examined historical accounts of fish populations and present data on aquatic 
habitat features in the upper Yakima Basin to determine which anadromous salmonids 
were historically present and could now be supported in Keechelus Lake and its 
tributaries.  Sockeye salmon were the only anadromous fish specifically reported in 
historical accounts of Keechelus Lake and its tributaries. Coho salmon, chinook salmon, 
and steelhead were reported as historically present in the upper Yakima Basin in 
general, but neither their presence nor absence was mentioned in the Keechelus Basin.     
 

We compiled data on physical features of streams entering the reservoir to make 
determinations about which anadromous species would likely have been present, and to 
estimate the capacity of each stream to produce those species now.  We found that the 
four largest tributaries to the lake (Gold, Coal, Cold, and Meadow creeks) had flow and 
gradient that qualified them as candidates for producing anadromous salmonids.  
Watershed areas for these streams range from 13.5 km2 to 35.2 km2.  Mean flows in 
these streams drop to 10 cfs in Gold Creek and under 2 cfs in the others during August, 
and then increase as fall rains begin, generally in October.  The 2 miles of Gold Creek, 
below its confluence with Coal Creek, used to be the largest stream entering Keechelus 
Lake, but that channel was inundated by the reservoir, so the two streams now enter 
the reservoir separately.  Temperatures in the four candidate streams generally remain 
below 16°C in summer and drop to near 0°C by mid November, except in lower Gold 
Creek where fall temperatures remain above 2°C through November.   
 

We found that the flow and temperature regimes of the candidate streams would 
restrict the species that could be supported.  Low stream temperature in the fall would 
restrict successful coho spawning to only lower Gold Creek, but juveniles could rear in 
all four streams.   Small channel size and low fall flows would prohibit consistent 
spawning opportunities for chinook in any of the four streams.  Rainbow trout could 
spawn and rear in any of the four streams, but the availability of desirable rearing 
opportunities in Keechelus Reservoir, and perhaps the upper Yakima River, would favor 
an entirely freshwater life cycle.  We conclude that sockeye and coho salmon are the 
only anadromous salmonids that were historically or now could be supported in the 
Keechelus Basin.  

 
We evaluated three models for use in predicting the rearing capacity of 

Keechelus Reservoir for sockeye smolt production. We selected the euphotic zone 
depth (EZD) model that was developed from data on Alaskan lakes, some of which had 
limnological features similar to Keechelus Reservoir.  The EZD for Keechelus Reservoir 
is 5.6m, and the estimated capacity for sockeye, given the reservoir area at average 
September drawdown was 557,000 smolts.  We assume that half of this capacity would 
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be used by kokanee, and that 43% of juveniles would be entrained in the outlet during 
reservoir drawdown.  These factors would reduce smolt output to an estimated 159,000 
smolts.  

 
We estimated the capacity of the four candidate streams to produce coho smolts 

using used a model developed by the Oregon Department of Fish and Wildlife through 
13 years of research on coastal coho.  Coho production is heavily dependent on stream 
area in pools and backwater areas, such as beaver ponds.  We obtained measurements 
of all channel units in the four candidate streams, and estimated overall capacity for 
smolt production to be 21,829 smolts.  Additionally, we assumed coho smolts would be 
produced in Keechelus Reservoir and Gold Creek pond at densities similar to those 
found in large lakes (10 smolts/ha).   Reservoir and pond area added capacity for 
another 5831 smolts, making the overall estimate of coho smolt capacity for Keechelus 
Basin to be 27,660 smolts. 

 
We used life-history simulation models to estimate the run sizes that these smolt 

capacities would sustain, given the prevailing rates of mortality from harvest, and during 
migration both downstream as smolts and upstream as adults.  Under the present low 
harvest rates and low estimates of mortality during river passage, the predicted run size 
of sockeye that could be sustained into the Keechelus Basin was 455-1000 spawners.   
The simulations indicated that a coho population would not be sustainable, with run 
sizes declining to 5 adults through 34 years of simulation. The combination of a 
passage mortality (a type of harvest) of 73%, and recent harvest rates of 45% (ocean 
plus river) combine to equal an 88% mortality rate.  Even if survival rates through the 
lower Yakima could be improved by 20%, and ocean survival doubled, spawner 
escapement for the basin would still only reach 226 adults.  
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INTRODUCTION 
 
NEED AND PURPOSE 
 

The purpose of this project is to estimate the production potential for anadromous 
salmonids above Keechelus Dam. Fisheries agencies have requested that 
consideration be given to adding fish passage facilities to Keechelus Dam.  Engineering 
of fish passage facilities at this high head dam may be difficult, construction is likely to 
be expensive, and operational success of fish passage facilities is unknown.  Before 
addressing the engineering feasibility, cost, and effectiveness issues, it is desirable to 
estimate the potential fish production that could be achieved if full fish passage was 
restored.  

 
APPROACH 
 
 We followed a four stage approach to estimate the capacity of Keechelus 
Reservoir and its tributaries to support runs of anadromous salmonids.  In the first 
stage, we examined historical accounts of fish populations in the Yakima Basin to 
determine which species were historically present in Keechelus Lake and its tributaries.  
We could not fully confirm presence or absence of species in all accessible habitats, 
because historical observations of fish in and above Keechelus Lake were sparse. In 
the second stage of our analysis, we assembled data on lake and stream features and 
compared them to habitat requirements of anadromous salmonids to determine if it was 
likely that each species would have been present in the area.  After arriving at 
conclusions as to which species and life histories would have been present, we entered 
the third stage of analysis. In the third stage we estimated the carrying capacity of the 
reservoir and tributaries for each of the species that would have been present. 
Estimates were based on physical features of the reservoir and its tributaries 
 

Finally, given the estimates of carrying capacity in these streams to produce 
each species, we estimated the typical run size that might be expected under present 
conditions in light of mortality during downstream and upstream passage at four 
Columbia River dams, and harvest in the ocean, Columbia River and Yakima River.    
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BASIN DESCRIPTION 
 

The Keechelus Basin, located on the eastern slope of the Cascade Mountains in 
central Washington, is the smallest of three subbasins with reservoirs that form the 
headwaters of the Yakima River (Table 1). The Keechelus subbasin provides 21% of 
the annual runoff of the upper Yakima Basin, as measured at Cle Elum. The topography 
of the Keechelus Basin was formed by glaciation that created a broad, U-shaped valley 
overlain by glacial alluvium. The terminal moraine left by the glacier formed Keechelus 
Lake. 
 
Table 1. Hydrological data for Reservoirs of the upper Yakima River Basin (USBR 2000) 

Site 

Basin 
Size 
(km2) 

Active 
Capacity 

(acre feet) 

Annual 
Runoff 

(acre feet) 

Surface 
Area 

(acres) 
Elevation 

(feet) 
Keechelus 147 157,720 241,000 2,562 2,517 
Kachess 163 238,980 210,000 4,535 2,262 
Cle Elum 673 436,950 680,000 4,812 2240 

  
 

Anadromous fish passage into the lake was blocked in 1905 when a crib dam 
was built at the lake oulet to raise the lake level (Fulton 1970).  The current Keechelus 
Dam was built between 1913 and 1917, and the reservoir reached full operational 
height in 1920. The dam is a zoned, rolled earth fill structure 6,550 ft. long, 128 ft. high, 
and has a storage capacity of 157,800 acre-feet. Dam elevation is 2,525 feet. The 
original lake elevation of 2,454 ft. has now been raised 63 ft. to the current operating 
height of 2,517 feet (USBR 2001).  

 
The creation of Keechelus Dam altered the physical characteristics of the basin.   

The reservoir inundated the lower reaches of Meadow and Gold Creeks, which flowed 
though the low gradient valley bottom of the Keechelus Basin.  Before dam 
construction, Coal Creek flowed into Gold Creek about two miles above the lake at its 
northeast end, creating the largest channel flowing into Keechelus Lake.  At post-dam 
reservoir levels Gold and Coal creeks enter the reservoir at separate locations.  

 
Numerous tributaries flow into Keechelus Reservoir.  Stream sizes range from 

the many ephemeral tributaries to Gold Creek whose spring flows may reach 350cfs.   
Moving from the dam upstream along the west side of the reservoir there are five 
named tributaries and ten unnamed tributaries. The named tributaries are Meadow, 
Roaring, Cold, Mill, and Coal Creeks. Nine of unnamed tributaries are steep gradient  
(>30%), and provide no habitat for salmonids (Plum Creek Timber Co. 1997).  The 
named tributaries, plus one unnamed tributary (between Cold and Mill Creeks) that we 
will refer to as “West tributary”, may have suitable salmonid habitat. However, salmonid 
access is blocked by an abandoned railroad grade in all named and unnamed 
tributaries upstream (North) of Meadow Creek.  A barrier is formed by low flow depth 
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and the vertical height of the culvert outfall above the stream channel. Upstream of Cold 
Creek the railroad turns to the west and goes through a tunnel, and thus creates no 
barriers on any streams further north (Personal Communication, Tyler Patterson, USFS, 
Northbend RD June, 2001). 
 

On the east side of Keechelus Reservoir there are 18 unnamed tributaries that 
are steep gradient (>30%).  Many or all are ephemeral, and thus provide no habitat for 
salmonids (Plum Creek Timber Co. 1997). 
 

The named tributaries on the eastern shore are Resort, Wolfe, Rocky Run, and 
Gold Creeks. Resort Creek and the unnamed tributary next upstream from Resort 
Creek (East tributary) have less gradient and may have some potential suitable 
salmonid habitat. However, the length of such habitat is less than 0.5 km for each and 
flows may be ephemeral.  Wolfe and Rocky Run creeks are steep high-energy streams 
(gradient > 16%) that provide no habitat for anadromous salmonids. In stream reaches 
where gradient is greater than 6%, virtually all of the gravel that is available for 
spawning habitat is mobilized during periods of peak flow.  This mobilization disturbs 
redds resulting in high egg mortality (Montgomery et al. 1999). Fall spawning salmon 
populations are rarely found in streams with consistent gradients above 3% 
(Montgomery et al. 1999).    
 
The tributaries accessible to anadromous salmonids that contain suitable habitat based 
upon gradient, flow and access are Meadow, Coal, and Gold. The streams that may 
have suitable habitat but are blocked by culvert out-falls are Cold, West tributary, and 
Mill Creeks. Thomas (2001) identified Meadow, Cold, Coal and Gold creek as suitable 
for anadromous salmonids (Table 2). Our analysis of streams with potential to support 
anadromous salmonids will focus on these four streams. Identified by Thomas (2001) 
(Figure 2) 

 
The drainage sizes of Meadow, Cold, Coal and Gold range from 13.5km2 for 

Cold Creek to 35.2km2 for Gold Creek (Table 2) (Thomas 2001).  The length of suitable 
habitat in these streams ranges from 3.2 km to 11.4 km (Table 2) (Thomas 2001). 
Spring flows reach 340 cfs in Gold Creek, but summer low flows may range from 1cfs to 
15cfs in all four tributaries (Figure 1).  Gold Creek consistently has more flow than the 
other three tributaries.   
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Table 2. Characteristics of four streams with potential anadromous salmonid habitat as 

identified by Thomas (2001).  
 

Stream Drainage 
Basin Area 

Length of 
Suitable Habitat 

Meadow 21.8 km2 6.5 km 
Cold* 13.5 km2 3.2 km 
Coal 14.2 km2 4.2 km 
Gold 35.2 km2 11.4 km 

* Access blocked by step into a railroad grade culvert near mouth 
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Figure 1. 2000 Flow regimes for Keechelus tributaries. Data provided by Jeff Thomas, 

USFWS. 
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Figure 2.  Map of Keechelus basin and streams with potential salmon habitat. 
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METHODS 
 
HISTORICAL ACCOUNTS OF FISH 
 
 We reviewed information presented in early reports of state and federal fisheries 
agencies regarding anadromous fish presence in the upper Yakima and Keechelus 
Basins. The primary record of historical salmonid presence or absence in the Yakima 
Basin was Bryant and Parkhurst (1950). The information presented was based on 
surveys done from 1935 through 1947 by Hanavan, Baltzo, Whiteleather, Parkhurst, 
Morton, Bryant, Fulton, and Gangmark and some anecdotal accounts. Bryant and 
Parkhurst (1950) provided information for salmonid species on historical run size, run 
timing, spawner counts, passage restrictions, flow, and screening of diversions. 
Information on presence or absence of salmonids was described for the Yakima River, 
its tributaries, and Keechelus Reservoir, but the tributaries to Keechelus Reservoir were 
not mentioned. 
 
 Another useful source of historical salmonid distribution information in the 
Yakima Basin was Fulton (1970). The report gave general descriptions of spawner use 
and abundance of the Columbia River and its tributary streams and rivers. The Yakima 
River was covered only as a tributary to the Columbia River, and no information was 
provided on the Keechelus Basin. 
 
 We also used information in Robinson (1957), which described historical  
methods and sites of Indian fishing in the Yakima River from about 1850 to 1900. 
 
STREAMS FEATURES 
 
Existing Data   

To estimate coho smolt capacity, we needed data on channel unit types and their 
surface areas of the Keechelus Reservoir tributaries capable of supporting coho 
salmon. These data for Gold, Meadow and Cold creeks were obtained from the USFS, 
Wenatchee National Forest.  These data were from surveys conducted on Gold Creek 
in 1992, 1993 and 1998.  Surveys of Cold Creek and Meadow Creek took place in 1992 
and 1995 respectively.  All of the surveys were conducted in the summer during low 
flows.  No habitat data was available for Coal Creek.   
 
Reconnaissance Surveys 

On July 26, 2001 we performed a habitat typing survey of Coal Creek using 
methods adapted from the ODFW stream survey protocol (ODFW 1997). The protocol 
was designed to collect the information necessary to run the coho smolt capacity model 
described later in this report.  We began our survey at the mouth of Coal Creek, and 
ended approximately 50m upstream of the FS Road 9090 bridge.  We ended the survey 
at that location because the habitat no longer was suitable for coho rearing. The 
average gradient was increasing above 4%, little to no pool habitat was remaining, and 
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a short distance upstream the stream enters a channelized section following Interstate 
90 before entering a barrier culvert.   

 
We segmented Coal Creek into reaches based on changes in gradient and 

channel morphology.  Reaches were numbered sequentially upstream from the mouth.  
For each channel unit we recorded length, width, depth, substrate composition and 
gradient.  For each reach we recorded the active channel width.   
 
SMOLT CAPACITY MODELING 
 
Sockeye 

Several models have been developed for estimating the potential of a basin to 
produce sockeye salmon, and these models are based on the premise that capacity is 
limited by the rearing opportunities for juveniles in a lake.  Juvenile sockeye salmon rear 
almost exclusively in lakes where they feed on pelagic zooplankton.  Fish productivity, 
including sockeye, has been correlated to lake productivity in several studies (Oglesby 
1977; Liang et al. 1981; Mills and Schiavone 1982; Fee et. al. 1985 in Hume et. al. 
1996).  Lake productivity determines phytoplankton density, which determines the 
density of zooplankton on which sockeye feed. Thus, several studies have 
demonstrated a correlation between sockeye production and primary production in 
lakes.   
 

We evaluated three models for use in predicting the sockeye smolt rearing 
capacity of Keechelus Reservoir for sockeye smolt production.  One developed by Hyatt 
and Rankin (1999) used a relationship between total phosphorus concentration and fish 
biomass to estimate the sockeye smolt capacity of Osoyoos Lake in the southern 
interior of British Columbia.  A second method developed by Koenings and Burkett 
(1987) estimates smolt capacity based on the euphotic volume of a lake.  The model of 
Koenings and Burkett was based on the yield of sockeye smolts from a number of 
oligotrophic lakes in Alaska where growth of juvenile sockeye was density dependent.  
The numbers and biomass of smolts produced was highly correlated (P<0.005) to 
euphotic volume (EV), an index of aerial rates of photosynthesis (Figure 3).  They 
defined EV as the surface area times the euphotic zone depth (EZD), where the EZD is 
the depth to which 1% of the subsurface photosynthetically active radiation (PAR) (400-
700nm) penetrates.   
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Figure 3.  Relationship between euphotic volume and sockeye production in Alaskan 

Lakes (Koenings and Burkett 1987). 
 

Based on the same data as the euphotic volume (EV) model, Edmundson and 
Carlson (1999) developed the euphotic zone depth (EZD) model.  The EZD model uses 
a relationship between the euphotic zone depth, primary productivity and smolt biomass 
per surface area to predict the sockeye capacity of a lake (Figure 4).  Thus, these three 
models are based on three different predictor variables: total phosphorus concentration, 
euphotic volume, and euphotic zone depth.   
 

We selected the EZD model as the most appropriate for determining the sockeye 
smolt capacity of Keechelus Reservoir.  First, the total phosphorus model was 
eliminated, because it applied to eutrophic lakes, such as Lake Osoyoos.  Based on 
chlorophyll a concentrations (2.02mg/m3) Keechelus Reservoir is classified as 
oligotrophic (Mongillo and Faulconer 1982).  Mongillo and Faulconer (1982) found  
phosphorus use efficiency is relatively low in all of the Yakima reservoirs, including 
Keechelus.  These factors suggested use of the total phosphorus model would be 
inappropriate for Keechelus Reservoir.  
 
 The limnological similarities between Keechelus Reservoir and the major 
sockeye producing lakes of Alaska (USBR 2000) where the EV and EZD models were 
developed make the EV and EZD models reasonable choices for determining the smolt 
capacity of Keechelus Reservoir.  Euphotic zone depths of the Alaskan Lakes in the 
Koenings and Burkett study ranged from 1.1 to 21.5 m compared to the 10.6m in 
Keechelus Reservoir (Figure 4).  The chlorophyll-a concentration of Keechelus 
Reservoir (2.0 ug/L) falls within the range of the Alaskan lakes (0.4-3.3 ug/L) (Table 4).  
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Total phosphorus concentrations in Keechelus are higher than all but one of the 
Alaskan lakes (Table 4), but as discussed earlier, hypolymnetic discharge from 
Keechelus Reservoir reduces the efficiency at which this phosphorus is utilized.   

 
We chose to use the EZD model because it predicts biomass capacity of a lake 

rather than numbers of smolts.  Biomass capacity can be converted to varying smolt 
capacities depending on the average size of smolts.  The EV model, which predicts 
smolt numbers, assumes smolts will weigh 2g as is common in Alaskan lakes (Koenings 
and Burkett 1987, Hyatt and Rankin 1999), but 2g is smaller than the 6g size common 
for sockeye smolts in the Columbia Basin.  
 
 

 
Figure 4.  Relationship between euphotic zone depth (EZD) and mean daily primary 

production in Alaskan sockeye lakes (Koenings and Burkett 1987). 
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Table 3.  Limnological properties of the Alaskan Lakes used in development of the EZD 
and EV models and Keechelus Reservoir.  Data from Keechelus Reservoir 
derived from Mongillo and Faulconer (1982).  Data from Alaskan lakes derived 
from Koenings and Burkett (1987).   

 
   Chlorophyll Total 
Lake EZD (m) (ug/L) Phosphorus (ug/L) 
Keechelus 10.6 2.0 33.0 
Tustumena 1.1 1.3 42.1 
Crescent 8.1 1.1 6.6 
Packers 3.5 3.3 11.1 
McDonald 7.3 1.0 8.2 
Hugh Smith 5.5 2.0 4.8 
Falls 16.0 0.9 2.9 
Upper 
Russian 15.9 1.9 4.6 
Larson 9.7 1.0 6.9 
Eshamy 11.5 1.1 3.9 
Leisure 19.5 0.4 3.8 
Tokun 18.3 0.8 5.4 
Hidden 18.5 1.6 5.5 
Karluk 21.5 2.5 7.8 

 
 
Coho  
 
Stream Capacity 
 

We used a model developed by the Oregon Department of Fish and Wildlife 
(Solazzi et al. 1998), to estimate stream carrying capacity for coho salmon.  The model 
was developed and validated through 13 years of research on coastal streams in 
Oregon.  The model requires data on surface area of channel unit types in a stream and 
assigns juvenile coho densities to each unit type.  Most of the description of the model 
that follows was abstracted from the final summary report authored by Solazzi et al. 
(1998).  The model (referred to here as HLFM) has gone through several iterations, and 
the version we used was designated Version 5.0.  Typically, habitat requirements 
change for each life stage as coho grow.  The HLFM model recognizes five life stages: 
1) spawning and incubation, 2) spring fry, 3) summer parr, 4) winter presmolts, and 5) 
smolts.  Coho salmon generally smolt in the spring after one year in fresh water. 
 
 The HLFM model uses data on the area of habitat types classified by methods of 
Bisson et al (1982), (Table 4).  The capacity of a particular habitat type is the average 
density of coho salmon (number/m2) that would be expected to be supported by that 
type of habitat, and is specific to a given life stage. 
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Table 4. Stream habitat types used in the HLFM model.  From Solazzi et al. (1998). 
 
Habitat type Characteristics 
Riffles  
   Cascade A series of small steps of alternating small waterfalls and 

small pools. 
   Rapid A shallow reach of gradient >4% with high current velocity 

and considerable turbulence. 
   Riffle A shallow reach of gradient <4% with moderate current 

velocity and moderate turbulence. 
Glide A moderately shallow reach with an even flow and no 

pronounced turbulence. 
Pools  
   Trench pool A long, usually deep slot in a stable substrate (often bed 

ck). 
   Plunge pool A basin scoured by a vertical drop over a channel 

obstruction. 
   Lateral scour pool A scoured basin near the channel margin caused by flow 

being directed to one side of the stream by a partial 
channel obstruction. 

   Mid-channel scour 
pool 

A scoured basin near the center of the channel usually 
caused by a channel constriction or high gradient rapid 

   Dammed pool A pool impounded upstream from a complete or nearly 
complete channel blockage. 

   Alcove A slack water along the channel margin separated from 
the main current by stream banks or large channel 
obstructions such that it remains quiet even at high flows. 

   Beaver Pond A pool impounded by a beaver dam 
   Backwater pool An eddy or slack water along the channel margin 

separated from the main current by a gravel bar or small 
channel obstruction. 

 
 
 The HLFM is based on the concept of a habitat "bottleneck" (Hall and Field-
Dodgson 1981) that limits the number of individuals of a given species that a stream 
can support.  The model assumes that the bottleneck acts on numbers of fish through a 
spatial limitation.  The HLFM identifies the habitat bottleneck by simultaneously 
comparing the potential of the habitat of a stream for each life stage.  The model 
estimates the number of individuals that the stream can support at each life stage.  It 
then projects the population size through time to the smolt stage by using density-
independent survival rates.  The life stage that results in the lowest potential smolt yield 
is the critical life stage and the amount and type of habitat needed by that life stage is 
the limiting habitat. 
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 The carrying capacity of the stream is the size of a cohort after the bottleneck, 
minus losses due to density-independent processes occurring between the time of the 
bottleneck and the time that the fish leave the stream as smolts.  Once a bottleneck in 
habitat availability restricts the size of a cohort, subsequent mortality should be density-
independent only because the habitat required by subsequent life stages would, by 
definition, be in surplus.  Subsequent cohorts of coho salmon in Oregon will not result in 
density dependent mortality on the first cohort because as the second cohort emerges 
from the gravel, the first cohort is migrating to the ocean. 
 
 For each life stage except smolt, the model estimates the potential number of 
individuals that the stream can support (seasonal capacity).  This is the sum of the 
product of the surface area of each habitat type and the potential rearing density for that 
habitat type.  Rearing densities for each life stage (Table 5) were derived from the data 
of Nickelson et al. (1992c).  Density-independent survival rates that follow after the 
rearing bottleneck were derived from data of the Alsea Watershed Study (Chapman 
1965; Au 1972; Moring and Lantz 1975), except for winter pre-smolt to smolt, which was 
assumed to be 90%. 
  
Table 5. Rearing densities and density-independent survival rates used in the HLFM 

Version 5.0. 
 
 

 
 
 Solazzi et al. (1998) found that production capacity for coho in Oregon coastal 
streams was usually limited by winter habitat that supports pre-smolts, and in most 
remaining cases, was limited by summer habitat for parr rearing.  Accordingly, we 
assumed the same would be true in the Keechelus Basin, and we calculated the 
capacities for both summer parr and winter pre-smolts.   
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  The HLFM model requires data on habitat type and areas at winter flow to predict 
winter capacities. However, habitat surveys in the Keechelus Basin were performed 
during summer low flow.  Nickelson (1998) found that winter capacity could be predicted 
by multiple regression on stream features measured in the summer. Nickelson’s 
regression was based upon 74 stream reaches where habitats were surveyed both 
summer and winter (Nickelson 1998).  To account for different stream surface area 
sizes between winter and summer, the regression includes the active channel width and 
reach length during summer, and explains 80% of the variation in the estimated 
capacity for winter pre-smolts that would have been derived from actual winter 
measurements of habitat.  The predictive equation is: 
 
C= (0.4000-0.682logeW – 0.032G + 0.1030B + 0.2020L)2 
 
C = Predicted potential smolt density for each reach expressed as smolts/m2. 
W= Active channel width of reach 
G = Gradient measured as percent 
B = Number of beaver dams/km 
L = arc sine square root transformation of the percent of pool in the reach 
 
We used this equation to estimate winter capacity for the Keechelus tributaries.   
 
Lake Capacity 

 
We also needed to determine the rearing capacity for coho in Keechelus 

Reservoir and Gold Creek Pond.  Research documenting the quantitative effects of 
lakes and reservoirs upon rearing capacities of coho is limited.  In the Clackamas river 
basin in northwest Oregon, coho have been shown to rear in all three of the mainstem 
reservoirs (Korn et al. 1967).  During the spring, fry move from tributaries downstream 
to the reservoirs where they rear (Gunsolus and Eicher 1970).  Cramer and Cramer 
(1994) concluded the construction of reservoirs in the Clackamas basin increased 
juvenile rearing habitat and improved over winter survival, but they were unable to 
quantify the impact of the reservoirs upon rearing capacities.  We assume that 
Keechelus Reservoir would increase coho over-wintering capacity.   
 

Swales et al. (1988) studied habitat associations with overwintering juvenile coho 
in Long and Misty lakes.  These two lakes located in the Keogh river system on 
Vancouver Island, British Columbia are small shallow lakes with sedges and emergent 
grasses in littoral and sublittoral areas. They found a strong association of coho parr 
with shallow shoreline areas that had sedges and emergent grasses, and found some 
parr offshore and in mid-water areas. They concluded that because smaller lakes have 
a larger shoreline length to surface area ratio, coho densities would be higher in smaller 
lakes. Swales et al. (1998) points out evidence that supports this theory, with previous 
studies recording up to 4000 coho salmon/ha overwintering in small riverine ponds 
(Peterson 1982; Swales et al. 1988), compared with 200/ha in Long Lake.  In Great 
Central Lake in British Columbia (max depth 200m, surface area 51km2) Mason (1974) 
estimated a coho juvenile density of 10 smolts/ha.  
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Lakes have varying amounts of littoral and sublittoral area with submerged 

aquatic grasses and sedges providing cover. Keechelus Reservoir, however, differs 
from natural lakes in that the drawdown in the summer prevents growth of vegetative 
cover in areas that are littoral and sublittoral during the summer.  Because of this 
limitation in shallow water habitat of Keechelus Reservoir, we used the 10 smolts/ha 
derived from Great Central Lake (Mason 1974) to estimate the rearing capacity of 
Keechelus Reservoir. 
 

It is likely that Gold Creek Pond could provide similar rearing habitat as 
Keechelus Reservoir.  Despite the surface area to shoreline area ratio of Gold Creek 
Pond being closer to that of a beaver pond than a large lake, the shoreline habitat 
structure which ultimately determines the coho density is more like that of a large lake. 
Because Gold Creek Pond was originally a gravel pit, it has very little to no shoreline 
habitat structure.  Therefore, we applied the same smolt density of 10 smolts/ha to Gold 
Creek Pond that we applied to Keechelus Reservoir.  Capacity estimates of Keechelus 
and Gold Creek Pond were based on September surface areas of 575 and 80 hectares 
respectively.     
 
RUN SIZE SIMULATIONS 
 
 We used a life-history simulation model to estimate the escapement and harvest 
that could be achieved if anadromous fish passage were restored to the Keechelus 
Basin. Additionally, we used the model to simulate run sizes for a range of productivities 
(recruits/spawner) and harvest rates, because these parameters are not fixed, but 
typically vary over time.  The model incorporates parameters for mortality of sockeye 
and coho as they migrate through the Yakima, as they pass Columbia River dams, both 
as smolts migrating downstream and as adults migrating upstream, and as they are 
captured in river and ocean fisheries, 
 
Model Structure 
 
 The simulation model was structured to follow key steps in the life history of coho 
and sockeye salmon, and the rearing capacities estimated by the smolt capacity models 
were used to develop stock-recruitment curves for the model.  The model described 
here was adapted from Cramer and Witty (1998) who developed it to evaluate the 
feasibility of reintroducing sockeye and coho salmon into the Grande Ronde Basin. 
 
The model begins with the number of adults that survive to spawn.  The number of parr 
or subyearlings that these spawners produce in the next generation is predicted 
according to a Ricker stock-recruitment function. We refer to “parr” and “underyearling” 
as juveniles in the fall of the first year of life for coho and sockeye respectively. Some 
parr and underyearlings suffer mortality over winter and the rest become smolts the next 
spring.  Smolts are assigned a survival rate to the time that they become harvestable 
adults (sockeye age 4, coho age 3) in the ocean (ocean recruits).  The survival rate 
from smolt to ocean recruit is intended to reflect survival in the absence of harvest and 
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main-stem dams, so that mortality from these factors can be added in as separate steps 
in the model.   
 
Parameter Values 
 
 We treated density-dependent survival in freshwater from spawning until smolting 
in three stages.  First, we developed a Ricker function to reflect survival from spawner 
to parr or underyearling.  The next spring they become “smolts” as they start their 
seaward migration.  Second we utilized the habitat carrying capacity predicted for 
sockeye by the EZD model and for coho by the HLFM model to calculate the spawner 
capacity from the predicted smolt capacity.  Finally, we assigned an overwinter survival 
rate from parr or underyearling to smolt. 
 

Spawner to Parr/Underyearling 
 

Because spawner-recruit functions are not typically calculated from the spawner 
to the parr or underyearling stage, we began by drawing on spawner-to-adult data, and 
then back-calculated the abundance at the parr or underyearling stage.  We assumed 
the relationship between parent spawners (P) and the number of their offspring 
recruited into the ocean fishery (R) was approximated by a Ricker stock-recruitment 
curve: 
              R = αPe(-ßP)  (1) 
where  α = slope at the origin (maximum recruits per spawner) 
   ß = 1/(Spawners needed for maximum recruitment) 
 
Alternatively, the Ricker equation can be expressed as: 
 
  R = Pea(1-P/Pr)    (2) 
 
where, 
  a = ln(α) 
  Pr = Number of parents at the level of replacement (the level where R = P)  
 
We introduce this additional form of the function, because it is useful for estimating the 
value of ß for Keechelus Basin, based on the estimated smolt capacity of that basin.  
We can estimate smolt capacity, which can be converted to the maximum achievable 
number of recruits, Rm, by applying the expected smolt-to-adult survival rate.  We 
assume that smolt-to-adult survival rate is not influenced by density dependence.   
 
 The following is how the Ricker ß parameter can be estimated from parr or 
underyearling capacity.  Ricker (1975) demonstrated that the maximum number of 
recruits, Rm, is given by: 
    
  Rm = (ea-1)(Pr)/a   (3) 
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If we can obtain an independent estimate of  α from a comparable population, then we 
can substitute a = ln( α) into equation (3) and we can substitute the estimated parr  or 
underyearling carrying capacity (converted to adult recruits) for Rm in equation (3), so 
that we can solve for Pr.  Once we have solved for Pr, it can be shown that, 
 
  ß = a/Pr    (4) 
 
 so we can solve for ß.  For the Keechelus Basin, this yields: 
  Sockeye  ß = 1.2 x 10-3 

  Coho ß = 1.2 x 10-3 

 
 The values of  α and ß reflect the units of measure applied to P and R.  In the 
case we use,  α  is in units of parr or underyearling per spawner and  β is units of 
1/spawners.  If R is expressed in terms of parr or underyearlings, α will be substantially 
greater than if  α is expressed in terms of adults in the ocean.  
  

The parameter α represents the number of recruits (R) per parent spawner (P), 
and thus is a measure of stock productivity.  No estimates of the α parameter are 
available for the indigenous Yakima River stock of sockeye or coho.  For sockeye we 
utilized Columbia river run sizes and spawner escapement above Priest Rapids dam 
from 1938-1998 to calculate an α=7.34.  Recruits were defined as Zone 1-5 landings 
plus counts at Bonneville.  Escapement at Priest Rapids, less 25% mortality before 
spawning was used as the estimate of spawners.  All Columbia River sockeye stocks 
home to streams above Priest Rapids dam.  Chapman et al. (1990) recommended that 
25% be used as a provisional estimate of pre-spawning mortality of adults.  We 
assumed that all adult recruits returned four years after spawning.   

 
To estimate the Ricker α value cited above, we regressed ln(recruits/spawner) on 

spawners to estimate parameter “a” (Figure 5).  From an a=1.99 we used the equation 
a=ln(α) to calculate α=7.3.   A histogram plotting the frequency of recruits per spawner 
from 1938-1998 shows that in most years, recruits per spawner falls below 7 (Figure 6).  
This indicates that the estimate of α = 7.3 is appropriate, because it represents 
maximum recruits per spawner when density interactions are minimal.    
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Figure 5.  Regression of ln(Recruits/Spawners) on spawners used to estimate the α  
parameter of the stock-recruitment curve for sockeye salmon.  Data are from 
counts of sockeye passing Priest Rapids Dam as described above.   
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Figure 6.  Histogram of recruits/spawner from 1938-1998 for sockeye in the Columbia 

River Basin passing over Priest Rapids dam.   
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With coho we assumed productivity was approximated by the α = 6.7 estimated 

for Oregon coastal coho (ODFW 1982) (Table 6).  That value excluded jacks from the 
count of adults and the recruits were age 3 adults in the ocean before fishing began.  
Note that passage mortality is deducted after recruitment is calculated, so the use of a 
Ricker value comparable to coastal coho can be applied to the Columbia River.  After 
passage mortality is deducted for each dam (the mortality estimate is actually the 
average for a river segment from one dam to the next and includes both the natural and 
dam-related mortality), the net recruits per spawner for an upriver stock (such as in the 
Yakima River) is far less than that for a lower Columbia or coastal stock.  

 
Parr/Underyearling-to-Smolt Survival Rates 

 
 We estimated that overwinter survival for parr or underyearling to smolt the 
following spring averages 30%, based on data for spring chinook juveniles in the Snake 
River Basin (Table 6).  We used data on spring chinook because we could not find 
suitable data for coho and sockeye in the Columbia Basin east of the Cascades.  
Petrosky (1990) used PIT tagged chinook to estimate overwinter survivals of 26% in the 
upper Salmon River and 31% in the Crooked River (tributary of the South Fork 
Clearwater).  Fast et al. (1991) estimated overwinter survival for juvenile spring chinook 
in the Yakima River Basin to range from 22% to 49%.  Lindsay et al. (1986) estimated 
overwinter survival of spring chinook parr in the John Day River averaged 30% during 3 
years of study.   
 

Smolt-to-Adult Survival Rate  
 
 We assumed that smolt-to-adult survival rate, if no dams were in place, would 
average 3.9% for sockeye and 5% for coho (Table 6).  The estimate for sockeye came 
from Chapman and Hillman (Draft 2000) who assumed a smolt to adult survival rate of 
0.5%-2% for Lake Chelan.  We took the mean value of 1.25% from this range.  This 
estimate of smolt to adult survival rate included any mortality incurred from downstream 
and upstream passage as well as harvest mortality.  We back-calculated from 1.25% 
using a downstream dam passage mortality of 10% per dam and an upstream mortality 
of 5% per dam for seven dams as well as a harvest rate of 4.2% to arrive at the smolt-
to-adult survival rate of 3.9%.    
   

The coho smolt-to-adult survival rate of 5% was about the median survival from 
smolt to age 3 recruitment for 16 broods of coho from Cowlitz Salmon Hatchery (Cramer 
1996) on the lower Columbia where there are no dams to pass.  Although 5% was 
about the median survival, survival ranged widely between broods from a low of 0.2% to 
a high of 10%.   
 

Keechelus to McNary Survival Rate 
 Although our models accounted for mortality for both juveniles and adults as they 
passed each dam, we still needed to include a factor for migration survival of smolts 
between Keechelus Reservoir and McNary Dam.  The smolt survival rate for wild 
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yearling coho migrating from the Keechelus basin to McNary dam was estimated from 
PIT tag detections of wild yearling chinook migrating through the lower Yakima River.   
Wild spring chinook migrating through the Yakima River from Roza to McNary in 2000 
had a survival index of 52% (Neeley 2000).  This was the highest survival index out of 
10 releases.  Hatchery spring chinook in the same group had a survival rate of 31%.  
Early release hatchery coho at Easton in 2000 had a survival index of 28% to McNary 
Dam (Neeley 2000).  Based on these estimates, we assumed an optimistic Keechelus 
to McNary survival rate of 50% for both sockeye and coho smolts (Table 6).   
  

Mortality of Smolts During Dam Passage  
We assumed passage-related losses per dam averaged 10% under current 

conditions (Table 6).  This mortality rate was only applied to the mainstem Columbia 
dams.  Mortality from dams in the Yakima river was accounted for in the Keechelus-to-
McNary survival rate.  The net survival past four Columbia River dams was 66%.  Our 
assumption is based on data for spring chinook, because there is little data on sockeye 
and coho survival during passage of Columbia River dams (most coho are produced 
below Bonneville Dam).  Raymond (1988) used 15% loss per dam for yearling chinook 
to adjust his smolt-to-adult survival data between years in which there were different 
numbers of dams in the migratory pathway. However, recent studies have 
demonstrated that mortality of fish passing through the turbines and through the 
reservoirs is less than previously thought.  Anderson et al. (1996) summarize the 
findings from recent studies with PIT tags and inflatable balloon tags to estimate 
mortality of juveniles through various passage routes.  The mortality of yearling chinook 
through turbines averaged over six studies was 10% for standard operating conditions.  
Mortality over the spill or through the bypass systems was estimated at 2%, based on 
all available studies.  Recent PIT tag studies of chinook smolt survival through the 
Snake River have indicated that total mortality is generally about 10% from the tailrace 
of one project to the tailrace of the next, and most of this mortality can be accounted for 
in dam passage itself (Muir et al. 1995). 
 

Harvest Rate  
 Harvest of sockeye in the ocean is negligible (WDF 1990).  Since 1989, when 
sockeye were listed as an endangered species, harvest in the Columbia River has been 
minimal.  No harvest occurs in Zones 1-5, and tribal catch has averaged only 4.2% of 
the total run since 1989 (ODFW, WDFW 2000).  Consequently, we set a baseline in 
river harvest rate of 4.2% for sockeye (Table 6).  
 
 Ocean harvest rate of coho off of Oregon and Southern Washington averaged 
12% in the period 1994-2000 (PFMC 2001)(Figure 7).  The Pacific Fishery Management 
Council Amendment 13 stipulates that ocean harvest rates for coho will remain at less 
than 15% until spawning escapement increases sharply, and that even after population 
recovery, harvest rates will be limited to 35% or less.  Thus, future harvest rates on 
Columbia Basin coho are likely to fall within the lower range of harvest rates 
experienced in recent years.  We simulated ocean harvest rates of 15% to represent a 
conservative harvest rate that would help maximize Keechelus spawner production 
(Table 6). 
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The in-river harvest rate of coho in zones 1-5 (downstream from Bonneville 

Dam), based on total catch and the estimated minimum in river run, averaged 70% from 
1984 to 1988 but dropped to an average of 36% between 1994 and 1999 (Figure 7).  
Consequently, we modeled in-river harvest at 35% (Table 6).  The future of in-river 
harvesting above Bonneville Dam (Zone 6 fisheries) is unknown, but is also likely to be 
restricted to minimal levels because of endangered species concerns for other upriver 
runs of salmon and steelhead.   
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Figure 7.  Proportion of adult coho that were estimated to have been harvested in the 

ocean (top graph) and in the Columbia River (bottom graph) during 1970-
1999.  Ocean harvest rates were estimated from the Oregon Production Index 
(PFMC 2001).  River harvest rates were calculated for early run coho based 
on landings and run size reported by WDFW and ODFW (2000). 

 



 27

Mortality of Adults During Upstream Passage  
 
 We used a mortality rate of 5% per dam for adults migrating upstream.  
Chapman et al. (1991) reviewed estimates of inter-dam loss and concluded 95% 
survival per dam was the most reasonable estimate for spring Chinook (Table 6).  This 
per-dam survival rate gave a total survival rate of 81.4% over the four Columbia River 
dams.  We assumed survival of sockeye and coho would be similar. 
 
Table 6.  Baseline parameters used in sockeye and coho run size simulation modeling. 

Sockeye 
Smolt carrying capacity 100,000 – 200,000 
Underyearling-to-smolt survival 30% 
Smolt-to-adult survival (Pre-dam) 3.9% 
Keechelus-to-McNary survival 50% 
Smolt passage mortality per dam 10% 
Ricker α (max. ocean adults/spawner) 7.32 
Ricker ß (from underyearling capacity)  1.2 x 10-3 

% Remaining fish reaching maturity 100% 
Ocean Harvest Rate 0% 
River Harvest Rate 4.2% 
Upstream passage mortality per dam 5% 
Yakima Sport Harvest Rate 0% 
Yakima Tribal Harvest Rate 0% 

Coho 
Smolt carrying capacity 27,660 
Parr-to-smolt survival 30% 
Smolt-to-adult survival (Pre-dam) 5% 
Keechelus-to-McNary survival 50% 
Smolt passage mortality per dam 10% 
Ricker α (max. ocean adults/spawner) 6.7 
Ricker ß (from parr capacity)  1.2 x 10-3 

% Remaining fish reaching maturity 100% 
Ocean Harvest Rate 15% 
River Harvest Rate 35% 
Upstream passage mortality per dam 5% 
Yakima Sport Harvest Rate 5% 
Yakima Tribal Harvest Rate 15% 
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RESULTS 

 
SALMON DISTRIBUTION  
 
Historical Observations 
 

Sockeye historically existed in Cle Elum, Kachess, and Keechelus Lakes (Fulton 
1970, Bryant and Parkhurst 1950). Steelhead, chinook and coho historically were 
present in many streams of the upper Yakima Basin (Fulton 1970, Bryant and Parkhurst 
1950, and Thomas 2001). We use “upper Yakima Basin” to refer to the basin above 
Ellensburg. The upstream limit of historically recorded distribution in the Yakima Basin 
for steelhead and chinook salmon was the Kachess River, and for coho salmon was 
Taneum Creek (Fulton 1970, Bryant and Parkhurst 1950).  The historical presence of 
these salmonid species in the upper Yakima Basin in general is well documented, but is 
not specifically described in the Keechelus Basin.  Figure 8 is a map of the upper 
Yakima Basin, which displays the relative location of the streams and reservoirs 
discussed in this section of the report.  

 
Sockeye 
 

Reports have established the existence of a sockeye population in the Keechelus 
basin prior to construction of Keechelus Dam.  Fulton (1970) reported that Keechelus 
was among four lakes in the upper Yakima Basin that prior to blockage by dams had 
good runs of sockeye salmon.  Additionally, Bryant and Parkhurst (1950) reported that 
before inundation by Keechelus Reservoir two small lakes which once existed where 
Keechelus Reservoir now exists supported a sockeye population.   
 
Coho  
 

While several accounts note the existence of coho in the upper Yakima, we were 
unable to find any specific reference to a coho population in Keechelus Lake or its 
tributaries. Fast et al. (2001) concluded that coho were present in all perennial low 
gradient streams in the upper Yakima Basin including Manastash, Taneum, Big and 
Cabin Creeks.  Bryant and Parkhurst (1950) stated that Umptanum and Taneum 
Creeks, both tributaries to the upper Yakima, supported good runs of coho salmon.  
Also, Fulton (1970) reported historical runs of coho salmon the in upper Yakima Basin 
including the mainstem Yakima, Cle Elum, and Kachess Rivers as well as Taneum and 
Umptanum Creeks. These authors did not document the upstream limits of coho 
presence, and did not mention Keechelus Lake or its tributaries.  The absence of any 
mention of coho in the Keechelus Basin casts doubt that they were present, but we 
continued with the next stage of our analysis to determine if present stream features 
would be suitable for coho spawning and rearing. 
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Figure 8.  Map of upper Yakima Basin. 
    
Spring Chinook 
 

Like coho, the historical existence of chinook in the upper Yakima is well 
documented, but their presence in the Keechelus Basin is not.  Bryant and Parkhurst 
(1950) stated that chinook spawned in Cle Elum River above Cle Elum Lake, the 
Kachess River, and in Teanaway Creek and its tributaries. Fast et al. (2001) concluded, 
based on ecological similarities of watershed size (129.5 - 233.1 km2), stream structure, 
precipitation, and flow that several of the tributaries below Keechelus Lake supported 
chinook runs.  These tributaries included Manastash, Taneum, Big, and Cabin Creeks.  
It is likely chinook used the lower reaches of these creeks as well as the main stem 
Yakima River.  However, Fast et al. 2001, concluded that spawning by spring chinook 
stopped at Keechelus Lake. As with coho, we continued with the next stage of our 
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analysis for chinook to determine if stream features would make it possible for chinook 
to spawn and rear there.  
 
Steelhead 
 

Reports of steelhead presence are inconsistent and are complicated by the great 
variation in life history strategies exhibited by resident and anadromous rainbow.  There 
is confusion in historical reports over whether accounts of O. mykiss signify the 
sightings of anadromous, resident, fluvial or adfluvial life-history forms. Bryant and 
Parkhurst (1950) reported runs of steelhead in Iron Creek, Big Creek, the Cle Elum 
River above Cle Elum Lake, and the Kachess River.  In the same report, these authors 
state of Taneum Creek, “The stream has native trout, but salmon and steelhead runs 
have never been reported.”  Taneum Creek enters the Yakima River (Figure 8) between 
Cle Elum and Ellensburg. In his discussion of timing of the Yakima River salmon runs 
Robinson (1957) states “Steelhead trout seemed to be in the river throughout the year.” 
The observations by Robinson who was studying Indian fishing, is not specific regarding 
geographic location in the Yakima Basin, and likely applies to the lower basin where 
adult summer steelhead held through fall and winter before spawning in the spring.  
 
Compatibility with Habitat Features 
 
Sockeye 

 
Sockeye are somewhat unique among pacific salmon in that they are pelagic 

feeders and the juvenile life history is typically tied to lakes where they rear for one or 
more years, feeding principally on zooplankton.  Columbia River stocks of sockeye  
smolts migrate to sea in the spring, generally May, after one full year of freshwater 
rearing (Burgner 1991).  Columbia River sockeye spend 2 winters at sea before 
returning to spawn at age 4 (Gangmark and Fulton 1951). Small proportions of the fish 
return after 1 or 3 winters at sea.  Adults are small, averaging 4 lb in the Columbia River 
(ODFW & WDF 1988).  Adults migrate upstream in mid-summer to their nursery lake 
and generally hold in the lake for 1-2 months before moving onto the spawning grounds.  
Adults spawn in inlet and outlet streams and on gravel beaches of the lake where 
upwelling occurs.  The Columbia River is the southern boundary of sockeye distribution. 
 

In addition to the anadromous life history, sockeye commonly exhibit a life history 
of rearing to maturity in lakes.  This form is known as kokanee.  Most lakes that support 
sockeye populations also have kokanee populations, but the relative abundance of the 
two forms varies dramatically between lakes.  Kokanee also mature in 4 years where 
growth is adequate to reach 20-35 cm, but where growth is slow maturity may be 
delayed several years. 

 
The presence of a self-sustaining population of kokanee in Keechelus Reservoir  

suggests conditions are suitable for sockeye salmon. Kokanee from Keechelus 
Reservoir have been observed spawning in Gold Creek (Eric Anderson WDFW, and 
Jeff Thomas USFWS, personal communication, June 2001).  The existing reservoir 
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shoreline-bank is composed of fine sediments and tree stumps. (Jeff Thomas, Personal 
Communication, USFWS, June 2001). Lakeshore spawning is not likely to be 
successful under present conditions due to lack of suitable spawning gravels.  In 
addition, the fluctuating reservoir elevation between spawning season and time of 
emergence could inhibit egg survival.  Reservoir draw down from maximum operating 
height of 2,510 feet can be as much as 100 feet in the fall.  We conclude that sockeye 
would spawn in Gold Creek, and we assume that spawning area would not limit the 
sockeye populations. 
 
Coho 

 
To determine if the basin is capable of supporting a coho run we examined 

several physical factors that determine whether coho will be present or absent.  These 
included whether there is sufficient flow for migration, whether the temperature profile 
fits that required by coho, and whether the stream gradient falls within the range of 
preference for coho.   

 
The tributaries to Keechelus Reservoir are relatively small with mean summer 

flows typically under 5cfs in all but Gold Creek, and mean autumn flows ranging from 
about 10cfs in Coal Creek to 50cfs in Gold Creek, and no flow in numerous ephemeral 
tributaries (see Figure 1).  Of specific concern then, is the question of whether there is 
sufficient flow for upstream migration in spawning season.  Additional concern is the 
existence of shallow braided channels where these creeks join the lake.  In braided 
channels, the depth of riffles determines whether fish can successfully pass upstream 
(Mosley 1982).  

 
Successful upstream migration may prove impossible in streams where the body 

size of the adult salmon is too large for the amount of available flow (EA 1992).  
Thompson (1972) identified the minimum depth for upstream migration of coho as 
18cm.  Since riffles are typically shallower than other units we compared Thompson’s 
minimum depth criteria to the average depth of riffles on a reach by reach basis in 
Keechelus tributaries.  The habitat surveys conducted by the USFS and S.P. Cramer 
and Associates from which the average riffle depth was obtained took place in mid to 
late summer when flows were at their lowest levels.  It should be expected that depths 
would be somewhat greater when coho migration occurs due to fall rains.  In all reaches 
where we expect coho to have access and suitable spawning habitat, the average riffle 
depth for that reach is either near, or above 18 cm (Table 7).  Thus, we conclude that 
adult coho could enter these streams in most years. 
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Table 7. Average riffle depths for each reach of surveyed streams in the Keechelus 
Basin. The minimum depth criteria for upstream coho migration as set by 
Thompson (1972) is 18 cm.   

a. Lower end of reach 3 had subsurface flow at time of survey, and thus no habitat measurements 
were taken. 

b. Not accessible due to railroad culvert grade creating a barrier just above mouth of creek. 
    

    Mean Riffle 
Stream Reach Depth (cm) 
Gold 1 31 
  2 47 
  3a 25 
  4 53 
  5 39 
  6 42 
Coal 1 18 
  2 25 
  3 17 
  4 16 
Meadow 1 27 
  2 18 
Coldb 1 17 
  2 41 

 
After confirming accessibility to Keechelus tributaries for coho spawners, we 

determined if the temperature profiles of the tributaries were suitable for coho. The 
maximum lethal temperature for coho in the rearing stage is 26°C (Bjornn and Reiser 
1991).  The risk of exceeding the maximum temperature limits of coho is minimal 
because average monthly temperatures in the Keechelus tributaries rarely exceed 
16°C, (Figure 9).  Extreme cold temperatures in tributaries to Keechelus Reservoir could 
cause egg mortality by mid-November. Beacham and Murray (1990) present data 
showing that coho salmon eggs are best adapted among pacific salmon for survival in 
cold waters.  Coho had the lowest temperature at which a 50% mortality rate of 
embryos occurred (1°C).  Temperatures drop to 1°C or less in mid-November in 
Meadow, Cold, Coal, and upper Gold Creeks (Figure 9). Earliest spawning of coho in 
the Columbia Basin is in mid October, so high embryo mortality of 50% would be likely 
in these streams. Only lower Gold Creek appears to have suitable temperatures for 
coho spawning. 

 
For each stream we determined a point at which potential distribution of 

spawning and rearing would end. For Gold Creek we ended distribution at the end of 
reach two, which ends at the confluence with the Gold Creek Pond outlet channel.  
Above this point the creek commonly has only subsurface flow in the summer and 
regains surface flow from fall rains, generally in October (Craig 1997).  We concluded 
that this dewatering coupled with low stream temperatures in the fall created an 
upstream limit of spawner migration. Coho migration typically happens when water 
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temperatures are 7.2-15°C (Sandercock 1991).  The preferred temperature range for 
spawning is 4.4-9.4°C (Bjornn and Reiser 1991).  In Gold Creek temperatures drop 
below 7°C in late September to early October (Figure 9), so we reason that coho 
migration and spawning would have been limited to early in the fall and in lower stream 
reaches for successful spawning and egg  and embryo survival.   
 

In Coal Creek, the upstream limit of likely spawner distribution occurred at the 
end of reach four, 50 m upstream from the FS road 9090 bridge.  The habitat above this 
point was poor quality spawning and rearing habitat due to an increasing gradient 
(4+%), channelized streambed, absence of pool type habitat, and lack of adequate 
depth and sufficient flow for upstream adult migration. We did not extend coho 
spawning distribution into Mardee Lake, because it is unlikely that flows in the channel 
from Mardee Lake to Coal Creek are ever large enough for an adult salmon to navigate 
the channel upstream into the beaver complex and its tributaries.  Flows at the time of 
survey were estimated at 0.1 cfs. Mardee Lake is a beaver complex about 11 acres in 
area. No spawning substrate is available in the complex. 
 

In Meadow Creek, a series of falls, including a 3 meter falls approximately 7.3km 
upstream from Keechelus Reservoir; represent the limit of habitat available to upstream 
migration. 
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Figure 9. 2000 Temperature profiles for the Keechelus tributaries. Data   provided by 
Jeff Thomas, USFWS. 

 
Table 8.  Mean November temperature and average 7-day minimum for the last week of 

November in the four major tributaries to Keechelus Reservoir in the Upper 
Yakima system.  Temperatures in Celsius. 

 
  Mean November Avg. 7-day Min. 
Stream Temperature (11/24-11/31) 
Coal 1.8 0.0 
Cold 1.7 0.0 
Meadow 1.9 0.3 
Upper Gold 2.3 0.0 
Lower Gold 4.5 2.4 

 
 

Gradient plays a large role in survival of eggs and embryos through its effect on 
bed mobility and depth of scour.  Steep (>3%) and low-gradient (<3%) channels 
fundamentally differ in the extent of bed mobility and depth of scour during typical bed-
mobilizing events (Montgomery et al. 1999).  In low gradient reaches, only a portion of 
the gravel thickness is scoured, so eggs buried deeper than typical scour depth would 
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not suffer mortality.  Fall spawning species such as coho are only successful in low 
gradient channels because high flows in winter and early spring tend to scour redds in 
high gradient streams (Montgomery et al. 1999).  There are several low gradient 
reaches of accessible tributaries to Keechelus Reservoir where gradients including 
much of Gold and Coal Creek as well as the lowest reach of Meadow Creek (see Table 
13).   

 
In light of the fact that coho have been present historically in the upper Yakima 

Basin, and present conditions fit the presence profile for coho, we conclude it is possible 
that coho could successfully use Keechelus Reservoir and lower reaches of Gold, Coal 
and Meadow Creeks.  
 
Spring Chinook 
 

When addressing the potential existence of spring chinook in the Keechelus 
tributaries is inhibited by the channel size and temperature regimes of those tributaries. 
The challenge that salmon face when selecting a specific spawning site is to choose 
gravels in a location where intragravel flow will provide ample oxygen to the eggs, and 
yet the gravel is of sufficient size and located in a hydraulic setting where they can resist 
scour during typical high flow events (Cramer 2001).  Chinook have the largest egg size 
of salmonids (Rounsefell 1957), and smallest surface area to volume ratio resulting in 
the necessity to spawn in areas with consistently high oxygen conditions (Healey 1991).  
Such conditions are more likely to be found in higher velocity, larger substrate areas. 
Thus, it is necessary for chinook to spawn in larger substrates than other salmonids due 
to their large egg size. The net result of the gravel size and velocity preferences by 
chinook, coupled with avoidance of bed scour, is that chinook tend to spawn in large 
channels with low gradient (Reiser and Bjornn 1979).   

 
In the Blackwater River Basin that drains the eastern slopes of the Cascade 

Mountains in central British Columbia, Porter et al. (2000) examined reach level 
features where chinook spawning was present or absent.  Chinook salmon were 
present in 40% of streams in the basin, and Porter et al. were able to correctly classify 
86% of reaches that lacked chinook salmon, based on watershed measurements, 
maximum stream temperature, and bank full width.  Streams with chinook averaged 
2,492 km2 in area and had a stream gradient of 1.2% while those without chinook were 
smaller, averaging 773 km2  in area and had a stream gradient of 1.9%.  The watershed 
areas of tributaries to Keechelus Reservoir (see Table 2) are only 0.5 to 1.4% of the 
typical drainage sizes that supported chinook in the Blackwater Basin.  Since the 
creation of Keechelus Reservoir, the largest channel section of Gold Creek (Gold and 
Coal Creek combined) has been inundated.  This would have historically been the 
largest channel and lowest gradient section in the Keechelus Basin. We conclude that 
Keechelus Reservoir and its tributaries would not support runs of spring chinook, 
because of  the lack of a large stream channel, coupled with the lack of evidence that 
spring chinook have ever been present in the Keechelus Basin. 
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Steelhead 
 

The temperature and hydrological regimes present in the upper Yakima Basin 
indicate that O. mykiss above Keechelus Lake would have been resident rather than 
anadromous. Attempts to establish steelhead with hatchery stocking in the upper 
Yakima have faired poorly because the fish fail to outmigrate McMichael et al. (1999). 
  

Where summer conditions are consistently favorable for growth and survival of 
rainbow trout, local conditions are likely to give rise to populations of resident trout that 
are larger than juvenile steelhead, and that will displace juvenile steelhead. McMichael 
et al. (1999) reported from studies in the Yakima River that agonistic interactions were 
substantial between individual O. mykiss, regardless of whether they were resident or 
anadromous, and that the larger individuals were behaviorally dominant in over 80% of 
contests observed, regardless of resident or anadromous origin.  Historical  accounts 
indicate that resident rainbow were present in the upper basin, as they are today Bryant 
and Parkhurst (1950). Therefore larger residents would be likely to displace steelhead 
juveniles.   
 

Both the temperature regime and space limitations dictate whether an O. mykiss 
population would be resident or anadromous in a particular stream reach. Data on 
relationships of growth to temperature and on observed parr migrations give us clues on 
what the environmental threshold might be.  Optimum growth rates in a natural stream 
setting were generally found when temperatures were 11-15°C. Further, observations of 
rainbow trout behavior within a stream where a continuous temperature gradients 
occurs have shown that trout will move to cooler areas when temperature exceeds 18°C 
(Baltz et al. 1987). The combination of these observations indicates that streams with 
temperatures consistently averaging 11-15°C during summer and rarely exceeding 
18°C would give O. mykiss little reason to migrate, and a resident life history would be 
the expected outcome.  In streams where temperatures are consistently above or below 
the 11-15°C during the summer, O. mykiss would be stimulated to eventually migrate in 
search of better growth opportunities.  That migration would end either in Keechelus 
Reservoir or in the Yakima River where temperatures within the optimum range can be 
found. 
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Figure 10.  Temperature regimes for the separate zones of anadromous and resident 

types of O. mykiss within the Yakima, Deschutes, and Willamette river basins. 
The warm section in each of these streams produces steelhead while the cold 
section produces resident rainbow. Date from Cramer and Beamesderfer 
(2002). 
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In addition to the consideration of temperature regime as a stimulus to migrate, 
the size of stream also plays a role in the stimulus to migrate.  Studies by Leider et al. 
(1986) of Gobar Creek and by Bjornn (1978) of Big Springs Creek demonstrated that 
most steelhead smolts resulting from spawn in those streams actually completed their 
rearing in a larger channel downstream.  Low flows in summer were typically about 300 
cfs in the Kalama River where parr from Gobar Creek grew to be smolts.  If we look at 
examples of resident trout streams for the minimum stream size in which fluvial adults 
typically reside, we find they are always connected to a large river (>1,000 cfs low flow) 
with temperatures not exceeding the optimum range.  We conclude that channels with 
mean base flow somewhere in the range of 500 cfs or greater and mean August 
temperatures <16°C are needed for a basin to support predominantly resident rather 
than anadromous rainbow trout.  These larger channels are apparently necessary to 
supply enough habitat to satisfy the depth and velocity preferences of large trout. 
 

The evidence just described indicates that streams accessible to anadromous 
fish, but having predominantly resident O. mykiss populations, are distinctive in their 
substantial stream flows and cool temperatures during summer, or their connection to 
such a stream.  All subbasins populated with resident rainbow (even though access for 
steelhead is open) are connected to a large river  (>1,000 cfs base flow) with monthly 
mean temperatures in summer under 15ºC (i.e. Yakima, Metolius, and McKenzie 
Rivers). These large rivers also support spring chinook in the main rearing area for adult 
rainbow.  The large river apparently satisfies the most demanding needs for space, food 
and temperature preferences of larger rainbow trout.  Cramer and Beamsderfer (2002) 
used evidence such as that just summarized to develop the following information profile 
(Table 9) to distinguish streams where O. mykiss would be predominantly resident from 
those where they would be predominantly anadromous. 
 

We conclude from the profile in table 11 and the evidence we have cited that 
temperature and flow profiles for the upper Yakima and Keechelus Basins would 
produce non-anadromous O. mykiss.  Due to low flows in the Keechelus tributaries, it is 
likely that many O. mykiss would emigrate as juveniles to seek better rearing habitat. 
These fish would find ample opportunity to grow to maturity in Keechelus Reservoir or in 
the main stem Yakima River. Mean August temperatures at Cle Elum are 15.4º C, 
(Figure 11) and flows during summer exceed 1000cfs (Figure 12).  The Yakima River is 
regarded as the premier rainbow trout stream fishery in Washington.  
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Table 9. Stream key for residency vs. anadromy for O. mykiss.  From Cramer and 
Beamesderfer (2002). 

 
Stream Key for Anadromy or Residency 

Resident O. mykiss streams: 
 

Streams draining to a river with summer base flow >500 cfs and mean 
August temperature of 10 - 15ºC.  Migratory habits of rainbow in the 
tributary network of the main river would be expected as follows:  

 A.  Tributaries with August temp > 15ºC.  Rainbow fluvial to main river  
 B.  Tributaries with summer base flow < 150 cfs.  Rainbow fluvial to main 
river 

C.  Tributaries with August temp <15ºC, and summer base flow > 150 cfs.  
Rainbow rearing through adulthood, with some fluvial to main river. 
D.  Tributaries with August temp >15ºC or flows < 150 cfs may produce 
steelhead if abundance of competitors in main stem is high and average 
survival during smolt migration to the ocean is high.  

 
Anadromous O. mykiss streams: 
 All other streams, most with mean August temperature > 15ºC  

Theoretically, there could be a zone of overlap between resident and 
anadromous populations, but environmental gradients are sharp enough 
that we found no clear examples of such overlap zones in the basins 
where both types occur.  
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Figure 11.  Temperature regime for Upper Yakima River near the city of Cle Elum 

(1987-2001).  Data derived from USBR hydromet station. 

Fl
ow

 (
cf

s)

0

500

1000

1500

2000

2500

3000

3500

4000

SE
P

JA
N

FE
B

M
A
R

A
PR

M
A
Y

JU
N

JU
L

A
U
G

O
CT

N
O
V

D
EC

 
 
Figure 12.  Flow regime for Upper Yakima River near the city of Cle Elum (1986-2000).  

Data derived from USBR hydromet station. 
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Attempts to establish steelhead in streams with strong populations of resident 
rainbow have failed.  Attempts by the Oregon Department of Fish and Wildlife to 
establish steelhead in the McKenzie and Middle Fork Willamette basins continued for 
two decades, but have recently been because of to the lack of natural reproduction from 
these fish.  Both of those streams continue to support acclaimed rainbow trout fisheries 
supported by natural production. Similarly, attempts to establish steelhead in the upper 
Yakima Basin have failed.  McMichael et al. (1999) found that 26% to 39% of hatchery 
steelhead smolts released in the upper river did not emigrate even from the study area 
in the Teanaway River (a Yakima tributary) during the first month after release.  Stream 
temperatures some years did not exceed 8°C until June 1, and these low temperatures 
may have suppressed migratory tendencies (McMichael et al 1999).  Only 1.9% to 2.6% 
of smolts released were estimated to have passed Prosser Dam (234 km downstream) 
in 3 of the 4 years studied, while a high of only 24.9% passed Prosser Dam in 1993.  
These findings further support our conclusion that O. mykiss populations in the 
Keechelus Basin would not be anadromous.   

 
CAPACITY FOR SOCKEYE AND COHO SALMON 
 
 Given our conclusion that the Keechelus Basin would support sockeye and coho 
salmon, we next describe the process used to estimate the capacity of the basin to 
produce these species.  First, we describe the run sizes that have been constructed 
from rough historical accounts, and then we describe estimates of carrying capacity that 
we derived from measured physical features of the Keechelus Basin. 
 
Historical Accounts of Abundance: 

Robinson (1957) predicts from the number of Native American fishing camps on 
the Yakima River the total salmon run, all species included, was about 500,000 fish 
before 1847. Based on an estimated Native American population, and catch and 
consumption per families at fish camps, he calculated an annual harvest of 160,000 
salmon. From this he reasoned the run size would have been between 480,000 and 
500,000. The reasoning by Robinson for using three times the catch rate to calculate 
the run size is not explained.  
 

Robinson’s (1957) estimate of run size can only be regarded as very rough at  
best, but for comparative purposes, we carried that estimate forward to determine what 
it would indicate about the magnitude of coho and sockeye runs in the Keechelus Basin.  
Robinson (1957) stated that sockeye were “very abundant,” but made no attempt to 
estimate relative abundances of different species. As sockeye were apparently the most 
abundant species, let us assume that 50% of the run of salmon in the Yakima basin was 
sockeye. There were four lakes that had wild sockeye: Bumping, Cle Elum, Kachess, 
and Keechelus. There appears to be little historical data from which to calculate the 
relative contribution of each lake. Because these lakes are relatively similar in terms of 
size, elevation and climate zone, we will assume that each lake contributed 25% or 
62,500 sockeye to the run (Figure 13). Again this is a maximum number and does not 
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take into account ocean conditions, natural variation in run size from year to year, and is 
prior to lower Columbia harvest impacts. 
 

The remaining 250,000 would then represent the number of spring, summer, and 
fall chinook, coho salmon, and steelhead.  Fast et al. (2001) puts forth two methods 
through which they determined the proportion of salmonid run (minus sockeye) 
composed by coho as 20% and 30% (Table 10).  If we take the average of these two 
estimates we can assume coho produced 25%, or 62,500 of the 250,000 remaining fish 
entering the Yakima Basin.    
 
Table 10. Estimated Yakima River salmon run size and relative species composition.  

Estimates exclude sockeye run. 

Source Chinook Steelhead Coho Total % Coho 
Kreeger & McNeil (1993)  152,800 20,800 44,000 217,600 20 
Fast et al. (2001) 300,000 43,000 150,000 493,000 30 
 
The size of the Yakima River Basin is 15,900km2 of which the Keechelus basin 
comprises only 140km2 or 0.88%.  If we assume coho uniformly distributed throughout 
the Yakima basin, and that 0.88% of the Yakima basin coho run came from the 
Keechelus basin, historic coho runs from Keechelus would have been approximately 
550 adults (Figure 13). 
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Figure 13.  Estimation method for historic run sizes of coho and sockeye in the Yakima 

and Keechelus basins. 
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Capacity Modeling 
 
Sockeye 

 
Total Capacity 

We used the Euphotic Zone Depth (EZD) model (Edmundson and Carlson 1999) 
to estimate sockeye smolt carrying capacity, so we began with available data on EZD 
for Keechelus Reservoir.  Secchi depth measurements taken by the USBR at three sites 
on Keechelus Reservoir in the summers of 1998-2001 were used to calculate euphotic 
zone depth (EZD).   Secchi measurements ranged from 4.0m to 7.3m, with a median of 
5.6m and were obtained without a Secchi disc scope (Table 11).   

 
The EZD was estimated from the median Secchi depth reading of 5.6m as 

follows: 
 

2.23+1.49*ZSD = EZD 
 
where ZSD = secchi depth (Koenings and Burkett 1987).  We calculated smolt biomass 
by substituting the EZD into the equation developed by Edmundson and Carlson (1999): 
 

ln(smolt biomass (kg/km2)) = 5.45 + 0.095*EZD 
 

Next we established an appropriate smolt size, and determined the reservoir 
elevation (and corresponding surface area) to calculate capacity.  We used a smolt 
mass of 6.2g because the average size of sockeye smolts in the Wenatchee Basin, 
(adjacent to the Yakima Basin) is 6.2g (Hyatt and Rankin 1999).   
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Table 11.  Secchi depth readings for three Keechelus Reservoir sites from the summers 
of 1998-2001.  Data obtained from Steve Hiebert, USBR.   

DATE Station Secchi EZD 
8/5/98 1 5.5 10.425 
8/5/98 2 6.5 11.915 
8/5/98 3 7.3 13.107 
6/2/99 1 4 8.19 
6/2/99 2 4.6 9.084 
6/2/99 3 4.6 9.084 
7/7/99 1 4.7 9.233 
7/7/99 2 5.1 9.829 
7/7/99 3 5.1 9.829 

8/10/99 1 5.6 10.574 
8/10/99 2 7.1 12.809 
8/10/99 3 6.6 12.064 
5/2/00 1 5.5 10.425 
5/2/00 2 5.9 11.021 
5/2/00 3 5 9.68 
8/9/00 1 4.3 8.637 
8/9/00 2 5.7 10.723 
8/9/00 3 5 9.68 

9/26/00 1 6.5 11.915 
9/26/00 2 6.7 12.213 
6/19/01 1 6 11.17 
6/19/01 2 6.1 11.319 
6/19/01 3 6 11.17 

 
 
The reservoir elevation and thus the surface area change significantly throughout 

the course of the year.  We used the surface area as of September 30 to calculate smolt 
capacity because it is during this time of year that reservoir area and volume would be 
near their lowest level.  USBR hydromet records indicate the end of September mean 
storage level from 1920-2000 is 40,300 acre-feet which translates to a surface area of 
1,370 acres (Personal Communication, Quentin Kreuter, USBR July, 2001).                      
Using the above described equations and variables; the EZD model predicted a 
sockeye smolt capacity of 557,000 for Keechelus reservoir.   
 

Competition Adjustment 
 

A kokanee population already exists in Keechelus Reservoir.  Kokanee are 
potential competitors with sockeye for spawning grounds and forage, especially since 
several year classes of kokanee will exist in the reservoir at any given time (Burgner 
1991). The effects of this competition on their respective populations are difficult to 
predict.  We assumed that the competition between kokanee and sockeye would have 
equal impacts on each population and that the sockeye smolt capacity for the reservoir 
would be reduced by 50% to 279,000.   
 

JHubble
Highlight
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Entrainment Adjustment 
 

One of the main factors that may cause the rearing potential of a reservoir to be 
less than that of a lake is the presence of additional mortality in the form of entrainment. 
Mongillo and Faulconer (1980) and Mongillo and Faulconer (1982) examined the 
relationship between reservoir level and kokanee catch in Rimrock and Keechelus 
Reservoirs.  They found that in Rimrock Reservoir where entrainment was known to 
occur, there was a correlation between end of September reservoir storage and angler 
catch per effort for kokanee the following season.  No physical proof of entrainment 
existed at Keechelus, so they ran the same regression for Keechelus Reservoir and 
found a high correlation (r = 0.69) between catch rate and reservoir volume indicating 
that entrainment was occurring (Figure 14).  They concluded entrainment of kokanee 
into the reservoir outflow caused a reduced population and reduced recreational catch 
of kokanee the next year.  Their data shows that harvest dropped by 65% as end of 
September reservoir volume dropped from 90,000 acre-feet to 10,000 acre-feet (Figure 
14).  We assumed the population would drop the same percentage for that reservoir 
drop, and we interpreted the percentage of population drop to be the percentage of the 
population entrained.   
 
The mechanism through which loss of capacity through entrainment will occur is 
unclear.  Entrainment losses may be compensatory and occur in such a manner that 
they merely replace a loss of capacity that would otherwise occur due to a reduction in 
euphotic volume.  Conversely, losses may be additive, and losses due to entrainment 
could be in addition to losses that would occur due to density dependent competition for 
forage and cover.  We have assumed this mortality would be additive.  The end of 
September storage volume is highly variable with an average of approximately 38,000 
acre-feet (Figure 15). That average draw-down corresponds to an entrainment mortality 
of 43% (Figure 16).  An entrainment mortality range of 21-64% (20th to 80th percentile of 
end of September storage levels from 1920-2000) yields a Keechelus Reservoir smolt 
capacity range of 100,000 to 220,000 in most years. Average entrainment of 43% would 
result in a smolt capacity of 159,000.  Refer to Table 12 for a complete list of variables 
and equations used to calculate and adjust the sockeye smolt rearing capacity of 
Keechelus Reservoir. 
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Figure 14.  Kokanee catch the following fishing season regressed upon September end-

of-month volume for Keechelus Reservoir.  Data obtained from Mongillo and 
Faulconer (1982).  
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Figure 15. Frequency histogram of historic Keechelus Reservoir storage levels as of 

September 30 (1920-2000).  Data from USBR hydromet station. 
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Figure 16. Predicted entrainment rate of kokanee in Keechelus Reservoir based upon 

end of September reservoir storage. Minimum, average, and maximum 
storage levels are derived from USBR hydromet data. 
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Table 12.  List of variables and equations used to calculate and adjust the sockeye 

smolt rearing capacity of Keechelus Reservoir.   
VARIABLES 
Median Secchi Depth                             = 5.6m      
Avg. Reservoir Surface Area as of 9/30 = 1370 acres    
Smolt size                                              = 6.2g       
20th Percentile Entrainment Rate          = 21%     
Mean Entrainment Rate                         = 43%      
80th Percentile Entrainment Rate          = 64%     
         
EQUATIONS 
Equation 1:  Secchi Depth to EZD     
EZD = 2.23+1.49*ZSD       
10.57 = 2.23+1.49*5.6       
         
Equation 2:  EZD to Sockeye Smolt Biomass Capacity   
ln(smolt biomass (kg/km2) = 5.45 + 0.095*EZD    
6.45 = 5.45+0.095*10.57      
         
Equation 3:  Sockeye Smolt Biomass Capacity to Smolt Numbers 
Smolt Capacity = Smolt biomass/smolt size*surface area    
556,841 smolts = e6.45(6.2g)/1370acres     
         
Equation 4:  Smolt Number Adjustment via Kokanee Competition 
Adjusted Capacity = Smolt Capacity * Mortality from kokanee competition 
279,000 smolts = 557,000* 0.5      
         
Equation 5:  Smolt Number Adjustments via Entrainment Rates 
Final Capacity = Smolt Capacity*(1-Entrainment rate)   
20th Percentile 279,000*(1-.21) = 220,000   
Mean  279,000*(1-.43) = 159,000   
80th Percentile 279,000*(1-.64) = 100,000    
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Model limitations 
 

Capacity for sockeye production may also be influenced, to an unknown degree 
by the abundance of other fish species in the reservoir.  The reservoir has resident 
populations of bull trout, burbot, pygmy whitefish and northern pikeminnow (Bonar et al. 
1997, Hallock and Mongillo 1998).  It is highly likely that sockeye smolts will be preyed 
on, but we have no information on the extent of predation.  Any predation occurring 
before the capacity bottleneck (Sept. 30) would have no effect on the capacity of the 
reservoir, however, predation after the bottleneck would reduce the capacity.   

 
One of the concerns with the model is that in Alaska where the model was 

developed, EZD correlates positively with photosynthetic rate (PR) due to water clarities 
affected by glacial or organic stain. In British Columbia and some North American lakes 
EZD is negatively correlated with PR (Shortreed et al. 2000).  This could lead to an 
overestimation of smolt capacity for Keechelus reservoir.  Also, the model is based on 
the assumption that the system is rearing limited.  Since Keechelus is oligotrophic, it is 
likely it would be rearing limited, but the potential exists for it to be spawning ground 
limited in which case model outputs would return an artificially high estimate. 
 
COHO 
 

As previously stated the HLFM identifies the habitat bottleneck by simultaneously 
comparing the rearing potential of the habitat of a stream for each life stage. The life 
stage that results in the lowest potential smolt yield is the critical life stage and the 
amount and type of habitat needed by that life stage is the limiting habitat. We applied 
the model by calculating summer and winter rearing capacities on a reach-by-reach 
basis for Coal, Meadow and Gold Creeks, and the outlet channel for Gold Creek pond.  
Capacity was calculated for Cold Creek, but the results were left out of the final capacity 
estimation because of a barrier created by a step into a railroad grade culvert near the 
mouth of the creek.  Although we concluded that coho would only spawn in lower Gold 
Creek, we have allowed for the possibility that juveniles would migrate into and rear in 
other streams. For each reach, we used the lowest capacity out of the summer and 
winter calculations as the limiting factor for rearing capacity as specified by Solazzi et al. 
(1998). We assumed migration to off-channel habitats in winter comes only from the 
parr capacity within that reach during summer.   
 

Access to the off-channel habitat of Mardee Lake is blocked from Coal Creek by 
low flows in the summer and a one meter bedrock step where the lake’s access channel 
enters Coal Creek.  Low flows and the bedrock step prevent the possibility of upstream 
migration by parr in the summer.  The elimination of Mardee Lake as summer rearing 
habitat caused summer capacity to be limiting in reach 4 of Coal Creek.  Even though 
pre-smolts may have access to Mardee Lake in the fall when flows increase, we did not 
calculate winter capacity for Mardee Lake, because the summer stream habitat in reach 
4 of Coal Creek is limiting.  
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In all but reach 2 of Gold Creek and reach 4 of Coal Creek, over-winter habitat was 
determined to be the limiting habitat factor (Table 13).  The population bottleneck occurs 
in summer in these two reaches because off-channel habitat, in the form of beaver 
ponds, is accessible during the winter. Therefore summer rearing habitat is the limiting 
factor.  Most of the stream reaches suitable for coho spawning or rearing are dominated 
by riffle habitats (Table 14).  Winter rearing densities for coho in pools are more than 
10-fold greater than in riffles (see Table 5), and lower Gold Creek and Coal Creek had 
the highest percentage of pool habitats (Table 14). The total capacity for the streams 
was calculated as 21,829 smolts, and the capacity of Keechelus and Gold Creek pond 
was estimated as 5,831 smolts, based on surface area and 10 smolts/hectare, for a 
total Keechelus Basin production capacity of 27,660 coho smolts.   
 

We estimated Gold Creek would only provide capacity for coho rearing in 
reaches 1 and 2 (below Gold Creek Pond) in most years.  Flows in reach three go 
entirely sub-surface in the summer and prevent access to upstream areas by adults.  
However, a series of years or summers with above average precipitation may open 
access for coho spawners to utilize reaches further upstream in Gold Creek.  Even if 
coho could access all reaches up to the barrier bedrock cascade 9.6km upstream, and 
eggs could survive the cold temperatures, Gold Creek could only produce an additional 
2,447 smolts (Table 13).   
 

The effect of availability of off-channel rearing habitat upon coho populations 
becomes clear when looking at the model predictions on a reach by reach basis.  Reach 
2 of Gold Creek, which contains substantial off-channel habitat in the form of beaver 
ponds, has a predicted smolt capacity of 17,247 smolts, or 62% of the production of the 
entire basin (Table 13).   
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Table 13.   Summary of habitat characteristics and coho smolt capacity estimates for 
Keechelus tributaries capable of supporting coho.  Shaded rows are reaches 
for which capacities were not factored into the final smolt capacity estimate for 
the basin due to lack of stream access.  Habitat data for Meadow, Gold, and 
Cold Creeks provided by the Wenatchee National Forest, USFS.  

 
   Depth (m)  Smolt Capacity 
Stream Reach 

Length 
(m) 

Width 
(m) Riffle Pool Gradient Summer Winter 

Meadow  1 4,936 6.1 0.27 0.76 2.75 7,031 1,853 
  2 2389 4.2 0.18 0.72 4.30 2,834 894 
  Total 7,325 5.5 0.24 0.75 3.26 7,031 2,748 
Gold 1 572 6.0 0.31 1.00 0.50 2,410 397 
  2 2040 6.4 0.47 0.98 0.75 17,427 27,003 
 Total 2,612 6.3 0.43 0.98 0.70 19,657 27,400 
  3 2071 3.8 0.25 0.80 2.25 4,375 725 
  4 1200 7.7 0.53 1.40 1.00 2,301 92 
  5 1353 5.4 0.39 0.87 1.00 1,788 1,403 
  6 2422 5.0 0.42 0.77 1.50 3,689 227 
Pond Outlet 1 300 5.0 NA NA 1.00 263 34 
  Total 300 5.0 NA NA 1.00 263 34 
Coal 1 286.2 7.4 0.18 -- 1.80 257 98 
  2 141.6 5.4 0.25 0.82 1.70 733 127 
  3 387.7 6.1 0.17 0.88 1.50 1051 130 
  4 766.6 5.7 0.16 0.58 2.20 868 217 
  Total 1582 6.1 0.18 0.73 1.90 2909 573 
Cold 1 430 1.8 0.17 -- -- 58 -- 
  2 3804 4.0 0.41 0.81 -- 3,854 -- 
  Total 4234 3.9 0.40 0.81 -- 3,912 -- 
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Table 14. Percent composition by surface area of each unit type in the Keechelus 

Reservoir tributaries. Habitat data for Meadow, Gold, and Cold Creeks 
provided by the Wenatchee National Forest, USFS.   

   % Composition (by surface area) 
Stream Reach Pool Riffle Glide Beaver 
Meadow 1 13.1 86.9 -- -- 
  2 16.7 81.5 -- -- 
  Total 13.1 86.9 -- -- 
Gold 1 32.6 28.2 39.2 0.0 
  2 17.2 12.8 41.9 41.0 
  3 27.5 58.8 13.7 0.0 
  4 11.1 77.1 11.9 0.0 
  5 6.3 78.4 15.3 0.0 
  6 8.6 75.4 16.0 0.0 
  Total 15.5 51.8 12.7 12.7 
Pond Outlet 1 5.0 85.0 10.0 0.0 
  Total 5.0 85.0 10.0 0.0 
Coal 1 0.0 89.4 10.5 0.0 
  2 80.0 16.9 0.0 0.0 
  3 30.5 61.4 8.0 0.0 
  4 9.1 79.1 6.3 0.0 
  Total 24.2 72.6 7.2 0.0 
Cold 1 -- 100.0 -- -- 
  2 14.8 78.5 1.0 -- 
  Total 14.8 83.7 1.0 -- 

 
Simulation Modeling Run Sizes  
 
 We completed our simulations under several different scenarios for both species.  
We initially created a baseline simulation which utilized the current and most likely 
survival rates for each life stage.  We subsequently modified the baseline conditions to 
simulate scenarios with increased and decreased survival from the baseline conditions. 
 
Sockeye 
 
 For each simulation (see  
Table 15), we determined the equilibrium run size by running the simulation 34 years 
into the future.  After this length of simulation, run sizes had stabilized at the equilibrium 
value.  The model was run for a range of sockeye smolt capacities based upon the 20th 
and 80th percentile entrainment rates, (100,000 and 220,000 respectively) yielding a 
range of possible spawner escapements. Equilibrium run size to the Keechelus Basin 
for the 20th and 80th percentile smolt outputs would be 455 and1000 spawners 
respectively (Table 16).  
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Table 15.  Descriptions and survival rates used in six iterations of the sockeye life-

history simulation model. 
 

  Harvest Upstream Yakima Harvest 
Model 
Run Description 

Keechelus 
to McNary 
Mortality 

Downstream 
Mortality/  

Dam Ocean River
Mortality/ 

Dam Sport Tribal 
Alpha 

Multiplier 
1 Baseline 50% 10% 0% 4.2% 5% 0% 0% 1.0 
2 Improved Alpha 50% 10% 0% 4.2% 5% 0% 0% 2.0 
3 Improved alpha, 

Improved 
Survival to 
McNary  

30% 10% 0% 4.2% 5% 0% 0% 2.0 

4 Improved alpha, 
Increased 
harvest 

50% 10% 0% 10.0% 5% 0% 15% 2.0 

5 Decreased 
alpha 

50% 10% 0% 4.2% 5% 0% 0% 0.5 

 
Table 16.  Recruits, harvest, escapement and percent of spawner capacity achieved for 

six iterations of the sockeye life-history simulation model.  Descriptions and 
survival rates used in each model run are listed in Table 15.   

 
  Results from 100,000 Smolts 

Model Run Recruits Zone 1-6 Catch Return Spawners % Capacity 
1 583 24 455 63 
2 1,226 51 956 132 

3 1,535 64 1,198 165 

4 1,274 127 794 110 
5 61 3 48 7 
 Results from 220,000 Smolts 

Model Run Recruits Zone 1-6 Catch Return Spawners % Capacity 
1 1,282 54 1,000 63 
2 2,697 113 2,105 132 
3 3,377 142 2,635 165 
4 2,802 280 1,746 110 
5 135 6 105 7 

 



 55

The model does not take into account mortality, with the exception of harvest, 
encountered in the Yakima system during upstream migration.  Timing of sockeye entry 
into the Yakima River is important because fish entering after late June are likely to 
encounter lethal temperature barriers. Sockeye migration past McNary presently peaks 
in early July (Figure 17). It can be assumed that entry into the Yakima system would 
peak at nearly the same time.  Allen and Meekin (1973) reported that sockeye entry into 
the Okanogan River (leading to Osoyoos Lake) was delayed when water temperatures 
exceeded 21oC, and prespawning mortality was substantial in some years.  Average 
temperatures in the lower Yakima exceed 21oC throughout much of July and August 
(Figure 18), overlapping with a large portion of the sockeye migration through the lower 
Yakima.  

  
 According to the Okanogan study (Allen and Meekin 1973) sockeye may be able 
to successfully migrate through the lower Yakima during August by waiting for periods 
of reduced temperature.  Sockeye are also likely to overcome high river temperatures 
by locating areas of cool groundwater seepage where they can hold temporarily.  
Berman and Quinn (1991),found from radio tagging studies in the Yakima River that 
adult chinook were able to maintain body temperatures up to 12.5oF lower than the river 
temperature and averaged 4.5oF lower by holding in cool water seepages (paper 
presented at the Oregon American Fisheries Society meeting 1991). We conclude that 
high river temperatures are likely to delay migration and cause prespawn mortality in 
some years, but sockeye should be able to overcome these problems as they have in 
the Okanogan River. 
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Figure 17.  Timing of coho adults and smolts passing McNary Dam.  Based on 10 year 

averages as derived from University of Washington online data (2001).   
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Figure 18.  Mean temperatures and flow in the lower Yakima River. Derived from USBR 

hydromet station near Prosser, WA. 
 
Coho 
 
 The simulations indicated that a coho population will not sustain itself by natural 
production alone at the expected levels of passage survival and harvest rate.  After 
running the model for a 34 year cycle at the baseline mortality rates, escapement to the 
Keechelus Basin was predicted to be 5 adults. The combination of a passage mortality 
(a type of harvest) of 73%, and recent harvest rates of 45% combine to equal an 88% 
harvest rate in the “baseline” scenario (Table 16).  The calculated harvest rate that 
would produce maximum sustainable yield (MSY) at the expected stock productivity 
( α = 6.7) is about 70% (ODFW 1982).  Even if survival rates through the lower Yakima 
could be improved to 70%, and recruits/spawner (α) doubled, spawner escapement for 
the basin would still only reach 226 adults (Table 16 and 17).  These conditions could 
likely be viewed as a best possible scenario with the basin operating at maximum smolt 
production capacity.  It is likely that such an increase in recruits/spawner (α) would be 
accompanied by increased harvest rates, making a spawner escapement of 226 a 
highly unlikely prospect. Reductions in survival in any stage of the life cycle over 
baseline conditions would result in the extinction of coho in the Keechelus basin (Table 
16, Table 17).  It should also be noted that no mortality was assumed for the upstream 
migration from McNary Dam aside from harvest rates.  Any mortality from passage 
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through the Yakima River is unaccounted for, but will likely play a role in further 
reducing escapement at Keechelus. 
 
 This first stage of simulations indicates it is unlikely that natural production of 
coho can be self sustaining under present conditions.  Although stock productivity is 
likely to increase in years of high ocean survival, it is likely to decrease in years of low 
ocean survival. Therefore, these simulations indicate that reestablishment of naturally 
reproducing coho in the streams of Keechelus Basin is likely to fail.  
  
 Model scenario 6 (Table 16, Table 17) shows that by doubling the smolt capacity 
of Keechelus and retaining baseline conditions, the spawner escapement at Keechelus 
still only totals 9.   This indicates the main factor determining whether Keechelus can 
support coho is survival of smolts and adults while migrating from and to the basin, not 
the habitat within the basin.  
 
Table 17.  Descriptions and survival rates used in six iterations of the coho life-history 

simulation model.    

 
 

 Keechelus to Harvest Upstream Yakima Harvest  
Model 
Run Description 

McNary 
Mortality 

Downstream
/Dam 

Mortality Ocean River 
Mortality/

Dam Sport Tribal
Alpha 

adjustment
1 Baseline 50% 10% 15% 35% 5% 5% 15% 1.0 
2 Improved 

Alpha 
50% 10% 15% 35% 5% 5% 15% 2.0 

3 Improved 
alpha, 
Improved 
Survival to 
McNary 

30% 10% 15% 35% 5% 5% 15% 2.0 

4 Improved 
alpha, 
Increased 
harvest 

50% 10% 20% 40% 5% 5% 15% 2.0 

5 Decreased 
alpha, no 
Yakima 
Harvest 

50% 10% 15% 35% 5% 0% 0% 0.5 

6 Doubled smolt 
capacity 

50% 10% 15% 35% 5% 5% 15% 1.0 
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Table 18.  Recruits, harvest, escapement and percent of spawner capacity achieved for 

six iterations of the coho life-history simulation model.  Descriptions and 
survival rates used in each model run are listed in (Table 17) 

  Age 3 Ocean  Columbia
Yakima 
Sport 

Yakima 
Tribal Return 

Natural 
Spawning 

Model Run Recruits Catch Mature Catch Catch Catch Spawners %Capacity 
1 13 2 11 4 0 1 5 2% 
2 362 54 307 108 8 23 131 47% 

3 622 93 529 185 14 40 226 80% 

4 293 59 235 94 6 16 92 33% 

5 0 0 0 0 0 0 0 0% 

6 26 4 22 8 1 2 9 2% 
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