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Executive Summary 

Hatchery steelhead provide valuable angling opportunities and can be used to supplement 
natural-origin populations but may also pose risks to natural-origin populations. As a 
result, the proportion of hatchery-origin spawners (pHOS) is often monitored as a measure 
of genetic and ecological interactions between hatchery-origin and natural-origin 
steelhead. We used observations of hatchery- and natural-origin spawners during 
spawning ground surveys (winter steelhead) and snorkel surveys (summer steelhead) to 
develop estimates of pHOS for steelhead populations in the Washington State portion of the 
lower Columbia River.  Three models were used to estimate pHOS: 1) a multivariate state-
space model fit to the count data using a logit link function and a binomial response using 
STAN rstan, 2) a Generalized Additive Model fit to the count data using a logit link function 
and a binomial response where a thin plate spline is fit independently to each population’s 
data using the R package mgcv, and 3) method of moment estimates where pHOS is 
calculated annually using the count data from each watershed for each population in years 
data are available. Results from each method were compared to determine the most 
appropriate estimates to report. The multivariate state-space model produced the most 
robust estimates. The five-year mean pHOS (spawn years 2019-23) was within Mitchell Act 
Biological Opinion (MA BiOp) standards for all populations except for Washougal Winter 
Steelhead and pHOS was unknown for Salmon Creek Winter Steelhead. Estimates for 
Kalama and NF Toutle winter run populations are reported both for below-dam 
subpopulations as well as the whole populations. Results currently exclude populations 
within the Cowlitz and Lewis basins for which estimates are developed as part of other 
reporting processes associated with dam operator licenses. Our results suggest that actions 
to reduce pHOS (gene banks, reductions in hatchery plants, changes in release locations of 
hatchery plants, and changes to recycling protocols) appear to have largely achieved pHOS 
targets identified in the MA BiOp.   
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Introduction 
Pacific Salmon and steelhead (Oncorhynchus spp.) play a significant role in providing 
recreational and commercial opportunities across the Pacific Rim (Mahnken et al. 1998), 
supporting indigenous cultures (Garibaldi and Turner 2004; Noble et al. 2016) and 
contributing to the economic well-being of rural communities. As wild populations have 
declined in abundance, hatchery-produced salmon and steelhead have become essential for 
sustaining harvestable fisheries in many areas (Mahnken et al. 1998; Naish et al. 2007). 

One of the earliest and largest efforts to enhance recreational and commercial fisheries 
using hatchery-produced salmon and steelhead took place in the Columbia River. Hatchery 
production in the lower Columbia River (LCR) began with Chinook Salmon (Oncorhynchus 
tshawytcha) on the Clackamas River in 1876 (Myers et al. 2006). The 1938 Mitchell Act, 
passed by the U.S. Congress to mitigate declines in Columbia River salmon and steelhead 
populations due to habitat loss, triggered a significant expansion of hatchery production 
(NOAA 2016). This led to the establishment of new hatchery facilities and increased 
production of salmon and steelhead throughout the region by the mid-20th century 
(Mahnken et al. 1998). 

In recent decades, extensive research has focused on hatchery-produced salmon and 
steelhead (i.e., fish hatched and reared until ocean-ready juvenile migrant stage in 
captivity, hereafter “hatchery-origin”) and their interactions with naturally-produced 
salmon and steelhead (i.e., fish born in the natural environment, hereafter “natural-origin”). 
These studies have identified both the benefits generated by hatcheries and the 
conservation risks posed to natural-origin populations (Naish et al. 2007). Several studies 
have identified that hatchery spawners reduced fitness when reproducing in natural 
environments compared to their natural-origin counterparts (Araki et al. 2008; Chilcote et 
al. 2011; Christie et al. 2014) and interbreeding between hatchery- and natural-origin 
spawners can reduce the overall fitness of a population (Ford 2002). Concerns over the 
conservation status of natural-origin populations and the risks associated with hatcheries 
have led to a shift in policy focus, aiming to balance fishery augmentation benefits with 
negative conservation consequences. 

The Washington Department of Fish and Wildlife initiated measures in the early 2000s to 
minimize interactions between hatchery- and natural-origin salmon and steelhead. The 
Statewide Steelhead Management Plan, approved by the Washington Fish and Wildlife 
Commission in 2008, outlined various policies, strategies, and actions (WDFW 2008), 
including the implementation of steelhead gene banks (i.e., rivers where no hatchery 
releases occur and wild steelhead populations are largely protected from the effects of 
hatchery programs) as a recovery strategy. Multiple gene banks were established in the 
lower Columbia River region by the mid-2010s, including those in the Grays, North Fork 
Toutle/Green, East Fork Lewis, and Wind rivers. Subsequently, with the release of the 
Mitchell Act Biological Opinion (MA BiOp) in 2017, additional measures were implemented 
to reduce hatchery- and natural-origin interactions. These measures included 
discontinuing the release of out-of-ESU stocks for hatchery programs (e.g., Chambers Creek 
Winter Steelhead), developing early-timed hatchery winter steelhead from local stocks 
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(e.g., Kalama Early Winter Steelhead), eliminating segregated programs in favor of 
integrated hatchery programs (e.g., Kalama summers), and establishing standards for the 
proportion of hatchery-origin spawners (pHOS) in several basins within the LCR. In this 
report, we develop census pHOS (defined as the number of hatchery-origin spawners 
divided by the total number of spawners, hereafter referred to as pHOS) estimates for all 
MA BiOp summer and winter steelhead populations in the Washington State portion of the 
LCR. 

Methods 

Field Methods: Summer Steelhead Snorkel Surveys 

Summer steelhead populations in the Wind, Kalama, East Fork Lewis, and Washougal rivers 
were monitored using a Viable Salmonid Population (VSP, McElhany 2000) framework 
where a mark-resight methodology was implemented. During the first sampling event, fish 
were captured, tagged, had biological data and samples collected, and were released back 
to the river. Tagged fish were allowed to mix with untagged fish for several weeks to 
months before a downstream snorkel was conducted for the second sampling event, where 
tagged and untagged steelhead were enumerated along with adipose fin clip status. 

A diverse suite of methods were used to capture steelhead for the first sampling event. The 
preferred method was a fish trap at a hatchery facility or fish ladder as they provided more 
representative tagging. Fish ladder traps were used on the Kalama River at Kalama Falls 
Hatchery (17.3 rkm), on the Wind River at Shipherd Falls (3.4 rkm), and on the Washougal 
River at Washougal Salmon Hatchery (32.4 rkm) (Figure 1). Tagging occurs from the 
arrival of the first summer steelhead in the spring and continues until the snorkel event. 
However, other methods, such as seining and hook-and-line angling, were used when no 
permanent infrastructure was available to trap steelhead. This was the case in the 
Washougal River prior to hatchery infrastructure upgrades that took place in 2013 and 
continues to be the case in the East Fork Lewis River. Seining efforts on the East Fork Lewis 
River were typically conducted below Horseshoe Falls (47.5 rkm) (Figure 1) and usually 
began in late June or early July as a function of stream flows and fish numbers. Seining 
involved the use of a 61-meter long by 3.7-meter deep, 6.4 mm mesh cotton net to target 
and capture returning adults. A secondary methodology using hook-and-line angling was 
used during years of low abundance on the East Fork Lewis River (2015 and 2016) to get 
more fish tagged. Hook and line angling used common recreational fishing gear.  

Once captured, all adult fish were transported using rubber knotless landing nets and 
handled without gloves. All adipose-intact fish were anesthetized using either 
electronarcosis (Kalama River) or a buffered solution of Tricaine methane sulfonate, 
commonly known as Tricaine-S or MS-222 (Washougal, Wind, and East Fork Lewis rivers). 
Adipose-clipped fish were not anesthetized except on the Kalama River. Biological data 
were collected from both adipose-intact and adipose-clipped fish including fork length (to 
the nearest 0.5 cm), sex, fin clips, dorsal fin condition, and the presence of any marine 
mammal scars or other injuries. Genetic tissue from the caudal fin and six scales were 
collected. Adult fish (≥45 cm) were tagged with external T-bar anchor tags (e.g., Floy® 
tags).  Each fish received two tags, one on each side of the dorsal fin, applied near the 
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posterior of the dorsal fin. Once tagged, fish were released back into the area where they 
were captured to distribute at their own volition.  

The second sampling event consisted of downstream snorkel surveys to enumerate and 
categorize all steelhead observed. The snorkel area included all areas known to contain 
non-negligible numbers of holding summer steelhead in these watersheds, thereby 
satisfying the assumption of equal capture probability for tagged and untagged steelhead. 
The snorkel area was divided into reaches that vary in length but are generally 3-6 kms. 
Each reach was surveyed by two or three snorkelers floating downstream, headfirst, 
parallel to one another. Observed steelhead were categorized as 1.) tagged adipose intact, 
2.) untagged adipose intact, 3.) untagged adipose missing, 4.) untagged unknown adipose 
presence, and 5.) unknown tag presence and unknown adipose presence. In early years, 
hatchery steelhead were tagged and released, so there was a sixth category; tagged and 
adipose absent. 

For all steelhead, adipose fin clip status was recorded (clipped, intact, unknown), which 
provided a basis for estimating pHOS. Washougal, Wind, EF Lewis snorkel areas have in 
almost all cases been closed to all fishing, or at least to steelhead retention, so snorkel-
based pHOS estimates did not need to be corrected for harvest removals. In the Kalama, 
pHOS estimates from snorkels may be positively biased due to harvest of hatchery 
steelhead occurring between the September snorkel and spawning, although this harvest is 
generally limited and the bias is thought to be limited, particularly in recent years.  

Summer steelhead snorkel mark-recapture methods do not directly enumerate spawner 
abundance because summer steelhead spawn months after surveys conclude. On the EF 
Lewis and Washougal late timed summer steelhead entering the basin after snorkels are 
assumed to be offset by pre-spawning mortality, making the mark-recapture estimates an 
unbiased estimate of total spawner abundance. On the Kalama and Wind rivers, basin-
specific methods have been developed to adjust mark-resight snorkel estimates to estimate 
spawner abundance that factor in fishing mortality, pre-spawn mortality, and late entering 
summer steelhead after the snorkel event. 

Field Methods: Winter Steelhead Spawning Ground Surveys 

VSP monitoring (McElhany 2000) of winter steelhead populations was largely 
accomplished by conducting spawning ground surveys. Surveys were conducted in 13 
watersheds and involved walking and rafting to enumerate live and dead steelhead and 
their redds. Additionally, fish ladder traps (NF Toutle and upper Kalama) were used to 
obtain a census count of spawners and collect biological data. 

Spawning ground surveys occurred from September through June. Surveys were salmon-
focused from October through January but all steelhead encountered were enumerated and 
sampled. These salmon-focused surveys generally occurred weekly and employed two 
distinct sampling frames; census index surveys, which occurred in the lower part of the 
basins (e.g.; the same area is covered each year and is designed to be a census of the 
spawning area for the species of interest) and Generalized Random Tessellation-Stratified 
(GRTS) surveys in areas not covered by indexes (e.g.; spatially representative coverage of 
spawning grounds for the species of interest but not a census of the spawning distribution). 
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Together these provided a representative sample of watersheds that are used by steelhead 
for spawning. From January to June, surveys switched to a steelhead-focused study design. 
Survey sections were selected non-randomly and range from 0.16 – 16.1 km in length and 
were categorized as index, supplemental, and exploratory. Index sections were surveyed 
regularly with the intent to complete a survey every 21 days. Supplemental surveys were 
additional areas outside the index areas that are only surveyed during the peak period of 
spawning which is typically April – May. Exploratory sections were additional areas of 
interest outside the index and supplemental sections where spawning activity may be 
occurring but are only surveyed on an ad hoc basis as a function of time and personnel 
resources.  

All live salmonids were identified to species based on physical characteristics unique to 
each species (Crawford et al. 2007).  These live salmon counts by species were further 
categorized by the following: 1.) spawners or holders, 2.) live tag status (tagged, untagged, 
or unknown), and 3.) adipose fin clip status (missing, present, or unknown).  Salmonids 
were identified as a holder if it was observed in an area not considered spawning habitat, 
such as pools or large cobble and boulder riffles (Parken et al. 2003).  Salmonids were 
classified as spawners if they were on redds, observed in spawning habitat, or not classified 
as holders.  Live tag status was identified as having a T-bar anchor tag that were inserted 
adjacent to the posterior edge of the dorsal fin.  Live observations were recorded as either 
live tagged, untagged, or unknown.  Salmonids were also identified as having an adipose fin 
clip present, missing, or unknown to provide additional data to develop pHOS estimates. 

Redds were recorded following the protocols of Gallagher et al. (2007).  All new maiden 
redds were flagged and their location (latitudinal and longitudinal coordinates) were 
recorded electronically. New maiden redds had to contain three criteria for it to be 
considered a redd: 1) color change from the surrounding substrate as evidence of some 
type of disturbance to the stream bed, 2) the presence of a depression in the substrate 
approximately 15-25 cm in depth that has been excavated as a result of the female 
steelhead moving rocks and debris with their tail, and 3) the presence of a tailings pile 
downstream of the excavated depression. Status of all redds on subsequent surveys was 
recorded as Still Visible (SV) or Not Visible (NV). A redd was classified as “still visible” if it 
would have been observed and identified without the flagging present. Characteristics 
include good color change still being present, minor presence of fine sediment buildup or 
detritus and debris in the depression, minor erosion of the edges of the depression creating 
a chamber of what would normally be a sharp crisp edge to the depression. If a redd did not 
meet the SV criteria, it was recorded as NV. Characteristics include redds that have lost 
their color change, significant erosion has occurred to eliminate the edges of the 
depression, and significant debris and sediment has settled into the depression.  

All carcasses recovered were identified to species and sampled for biological data and 
samples. Data collected included fork length, sex, fin clips, carcass condition (live, fresh, 
slight decay, decayed, very decayed, skeleton), gill color, the presence of any marks and/or 
tags, and coded-wire tag (CWT) status. If a CWT was present, the snout was collected. Six 
scale samples were collected, a genetic tissue sample was taken, and the tail was then cut 
off to visually ID the fish as having already been sampled on a previous survey which 
prevents duplicate counting and sampling. 
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Data were collected using iForm software via Apple iPads. All survey header (e.g., date, 
time, location, and samplers) and fish observations were captured electronically while in 
the field. All biological data from scale cards were also captured in the iPad with only the 
physical scale samples stored on the hard copy of the scale card. 

Like summer steelhead snorkel survey counts of adipose clipped and intact steelhead, 
counts of live and dead winter steelhead by clip status were used to estimate pHOS. 

 
Figure 1. Map of steelhead field sampling methods including dam sites and tagging sites, 
steelhead distribution model, and Distinct Population Segments for the lower Columbia 
River region.  

 

Analytical Methods 

The proportion of hatchery-origin spawners 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 may be estimated by dividing the total 
abundance of hatchery-origin spawners 𝐻𝐻𝐻𝐻𝐻𝐻 by the total spawner abundance 𝑇𝑇𝑇𝑇𝑇𝑇. 
However, origin (hatchery or natural) is frequently unknown for the majority of the 
population because the fish themselves are unobserved during surveys, or the fish are 
observed but their clip status is not. Both groups were excluded from the analysis, which 
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therefore relies on the assumption that the probability of observing clip status was 
independent of clip status itself. Assuming simple random sampling, 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 may be 
estimated using a binomial distribution from a subsample of the population where origin is 
known: 

𝐻𝐻𝐻𝐻𝐻𝐻 ∼ 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝑇𝑇𝑇𝑇𝑇𝑇,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) 

A maximum likelihood estimate (MLE) may be obtained using the method of moments 
(MOM) as: 

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝� =
𝐻𝐻𝐻𝐻𝐻𝐻

𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑁𝑁𝑁𝑁𝑁𝑁
 

This estimator is asymptotically unbiased and provides a good estimate of 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 with 
sufficient sample sizes. However, for populations lacking capture locations like dams and 
fish ladders, observations of live and dead spawners permitting the identification of origin 
may be severely limited with very small sample sizes and some years with no observations. 
This results in very “noisy” estimates of 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 using the MLE and binomial estimators 
above. 

However, if one has multiple years of data and/or multiple populations, estimates of 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
may be improved by using estimators that exploit the non-independence of consecutive 
annual datasets (e.g., that composition of spawers may be correlated over time, facilitating 
temporal smoothing models). We employed two such estimators. 

First, we used a multivariate state space random walk (SSRW), fit with a logit link function, 
where pHOS followed the follow process model: 

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡,1:𝑝𝑝 = 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖�𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙�𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡−1,1:𝑝𝑝� + 𝜖𝜖𝑡𝑡,1:𝑝𝑝� 

where process errors 𝜖𝜖 are estimated as: 

𝜖𝜖𝑡𝑡,1:𝑝𝑝 ∼ 𝑀𝑀𝑀𝑀𝑀𝑀(0,𝛴𝛴) 

And 𝛴𝛴 is decomposed via LDL Cholesky decomposition into a lower left triangular 
correlation matrix 𝐿𝐿 containing among-population correlations in process errors, and a 
diagonal matrix consisting of the population specific process error standard deviations 𝜎𝜎𝑝𝑝. 

The likelihood was given by: 

𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡,𝑝𝑝 ∼ 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏�𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡,𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡,𝑝𝑝� 

The model was estimated in a Bayesian framework using Rstan in R (R Core Team 2017, 
V2.21.8; Stan Development Team 2023) and thus the following priors were used. 

The population-specific process error standard deviations were estimated hierarchically 
with an among population mean 𝜎𝜎𝑚𝑚𝑚𝑚 and unit-normal population-specific random effects 
𝛾𝛾𝑝𝑝 which were scaled by multiplication with the among-population standard deviation in 
process error standard deviations 𝜎𝜎𝜎𝜎 . 
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𝜎𝜎𝑝𝑝 = 𝑒𝑒𝑙𝑙𝑙𝑙𝑙𝑙(𝜎𝜎𝑚𝑚𝑚𝑚)+𝛾𝛾𝑝𝑝𝜎𝜎𝜎𝜎  

The lower left triangular correlation matrix was given a Lewandowski-Kurowicka-Joe (LKJ) 
distribution with one degree of freedom: 

𝐿𝐿 ∼ 𝐿𝐿𝐿𝐿𝐿𝐿(1) 

The among population mean process error standard deviation 𝜎𝜎𝑚𝑚𝑚𝑚 was given a half unit-
normal prior: 

𝜎𝜎𝑚𝑚𝑚𝑚 ∼ 𝑁𝑁(0,1)[0,∞] 

and the among population standard deviation in process error standard deviations was 
given a half unit-normal prior: 

𝜎𝜎𝜎𝜎 ∼ 𝑁𝑁(0,1)[0,∞] 

Finally, to initialize the process model, the first state was given an uninformative flat prior: 

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡=1,1:𝑝𝑝 ∼ 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(1,1) 

The complete model code is reprinted below in Appendix C. 

We also fit a Generalized Additive Model (GAM) using the mgcv package in R (R Core Team 
2017, v1.8-34; Wood 2011). In this case we used the same binomial likelihood for the 
response variable as in the state-space approach: 

𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡,𝑝𝑝 ∼ 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏�𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡,𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡,𝑝𝑝� 

but the predictions on the logit link scale were estimated using a spline on spawn year: 

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡,𝑝𝑝 = 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖�𝑠𝑠(𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦, 𝑏𝑏𝑏𝑏 = 𝑝𝑝,𝑘𝑘 = 4,𝑚𝑚 = 1, 𝑏𝑏𝑏𝑏 = 𝑝𝑝𝑝𝑝)� 

where 𝑠𝑠 is the operator for the spline, by 𝑝𝑝 indicates the independent fitting of the splines 
for each population, and 𝑘𝑘 indicates the number of knots where -1 indicates that the 
number of knots for the spline will be chosen automatically by Generalized Cross-
validation (GCV), and 𝑏𝑏𝑏𝑏 is the spline basis function type which was set to basis splines, and 
𝑚𝑚 is the penalty order which was set to 1 for first order smoothing. 

Weighting subpopulation estimates to obtain population estimates of pHOS 

For the Kalama and NF Toutle populations, spawning ground surveys only cover a portion 
of the spawning habitat, whereas adult trap counts provide a census count of the 
remainder of spawners (above Kalama Falls Hatchery and the Toutle Sediment Retention 
Structure (SRS)). For the NF Toutle winter steelhead population, pHOS above the SRS is 
zero due to the management decision to not put hatchery winter steelhead upstream of the 
Toutle SRS. Therefore, we calculated the total proportion of spawners that occurred above 
and below the SRS based on annual abundance estimates for the two areas reported in 
WDFW’s Salmon Population Indicators (SPI) database in each year and used those 
proportions (Table A1) as the weights for the annual pHOS estimates for the subpopulation 
below the SRS (Table A2) and the known pHOS value of zero above the SRS to obtain a 
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weighted average for each year. The same approach was used for the Kalama River where 
pHOS was zero above Kalama Falls Hatchery for winter steelhead because of the 
management decision to not pass any hatchery winter steelhead upstream of the falls. The 
proportions of total spawners above and below the falls were used as weights with the 
pHOS estimates above and below the falls to obtain a population level estimate of pHOS. 

Results 
All three methods (SSRW, GAM, and MOM) produced estimates of pHOS. The high number 
of clip status observations from snorkel surveys resulted in summer steelhead populations 
estimates being well-aligned between the three methods. However, for winter steelhead, 
observations of clip status from spawning ground surveys were limited in most 
populations and years due to the low number of carcasses recovered and live fish observed. 
This made MOM estimates less reliable year to year as we were not able to generate 
estimates for ~25% of winter steelhead population and year combinations as they had no 
observations (Table B1). Both GAM and SSRW methods allowed us to generate estimates 
for populations and years with no direct observations by “borrowing” information from 
adjacent years and watersheds. SSRW estimates were closer to the MOM estimates in 
comparison to GAM estimates (Figure 2) and required no choices of hyperparameters 
(number and location of knots, penalty order, spline basis function). For these reasons, we 
have chosen to report the state space random walk (SSRW) estimates as our “best” 
estimates in WDFW databases until or unless further evaluation suggests better fit for 
alternative smoothers like the GAM estimates. 

For winter steelhead populations, pHOS was variable across populations. Populations or 
subpopulations with the lowest pHOS were the SF Toutle (five-year mean of 0.1%), EF 
Lewis (five-year mean of 0.5%), and Grays/Elochoman (0.7%) while Washougal (five-year 
mean of 54.5%), Elochoman/Skamokawa (five-year mean of 48.2%), and Kalama below 
Kalama Falls Hatchery (KFH) (five-year mean of 21.9%) had the highest levels of pHOS 
(Table 1). Estimates of pHOS using a five-year mean were within MA BiOp standards for all 
winter steelhead populations except for Washougal Winter Steelhead. The proportion of 
hatchery-origins spawners is unknown for the Salmon Creek Winter Steelhead population 
as no monitoring occurred there. 

For summer steelhead populations, the pHOS was lowest in the Wind (five-year mean of 
0.3%) while the Kalama had the highest (five-year mean of 25.3%) (Table 1). Estimates of 
pHOS using a five-year mean was within MA BiOp standards for all summer steelhead 
populations except for Kalama Summer Steelhead.  
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Figure 2. Comparison of methods used to generate annual estimates of the proportion of 
hatchery-origin spawners for each steelhead population (or subpopulation for Kalama 
below KFH and NF Toutle Green R.).  
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Table 1. Five-year mean estimates of proportion of hatchery-origin steelhead spawners by 
population. Three estimates are provided: 1) results from the state space random walk 
model (“SSRW”), 2) results from the GAM analysis (“GAM”), and 3) results from method of 
moment estimates (“MOM”). Italics and indentation indicate subpopulation estimates. 
Estimates that exceed Mitchell Act standards are bolded. 

Population 

5-year Mean Estimates of Proportion of Hatchery-Origin Spawners (Spawn 
Years 19-23) 

SSRW GAM MOM MA standard 

Coweeman (winter) 1.0% 5.5% 0% 5.0% 

EF Lewis (winter) 0.5% 0.0% 0.0% NA 

Elochoman/Skamokawa (winter) 48.2% 51.2% 47.3% NA 

Grays/Chinook (winter) 0.7% 0.0% 0.0% NA 

Kalama (winter) 2.6% 2.0% 4.3% 5.0% from Seg.1/ 

        Kalama Below KFH (winter) 21.9% 11.3% 53.1% NA2/ 

Lower Gorge (winter) 3.4% 6.0% 6.3% NA 

Mill Abernathy Germany Coal (winter) 11.4% 6.0% 16.7% NA 

NF Toutle (winter) 2.9% 3.5% 23.3% 5.0% 

       NF Toutle Green R. only (winter) 5.0% 5.4% 4.9% NA2/ 

Salmon Creek (winter) NA NA NA 5.0% 

SF Toutle (winter) 0.1% 0.5% 0.0% 5.0% 

Upper Gorge (winter) 1.3% 6.0% 0.0% NA 

Washougal (winter) 54.5% 57.9% 46.0% 5.0% 

EF Lewis (summer) 0.8% 0.3% 1.0% NA 

Kalama (summer) 25.3% 26.8% 25.6% 5% from Seg.1/ 

Washougal (summer) 1.1% 1.5% 1.1% 5.0% 

Wind (summer) 0.3% 0.4% 0.2% NA 

1/ pHOS limits on the Kalama in the MA BiOp are 5% from segregated stocks. For Kalama summer runs, all production is 
integrated. For winter runs, this standard is met. For summer runs, pHOS is above this standard, however all production 
is integrated. Methods have not yet been developed to identify what proportion of pHOS for Kalama summer steelhead is 
from in-basin integrated stocks vs. out of basin strays but it is assumed that the vast majority is from in-basin programs, 
and therefore the standard of 5% from segregated stocks (which are not produced in-basin) is currently assumed to be 
met. 
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2/Mitchell Act pHOS standards are not provided for subpopulations and is instead provided for the corresponding full 
populations. 

Discussion 

The dual objective of recovering ESA-listed populations while maintaining hatchery 
production for productive and valuable fisheries is reliant on limiting hatchery influence in 
wild populations. The MA BiOp establishes pHOS standards to ensure compliance for MA-
funded hatchery operations. We used data from both snorkel surveys and spawning ground 
surveys to develop annual estimates of pHOS and compared three different analytical 
approaches (SSRW, GAM, and MOM) to determine the most robust method.  

When using data from snorkel surveys, the three different analytical methods yielded 
similar results due to the large number of observations of clip status. In comparison, when 
using data from spawning ground surveys, pHOS estimates from the three models were 
more sensitive to model selection due to data sparseness. Similarly, the precision of our 
pHOS estimates was substantially lower when relying solely on spawning ground surveys 
(e.g., most winter steelhead populations) in comparison to snorkel surveys (e.g., all 
summer steelhead populations). Both of the more complex models (SSRW and GAM) 
provided methods of smoothing interannual variability in pHOS estimates due to small 
samples sizes. This was particularly useful when analyzing observations from spawning 
ground surveys to make annual estimates.  However, the raw method of moments 
estimates differed little from smoothing model estimates when generating five-year means. 

Overall, actions to reduce pHOS (e.g., gene banks, reductions in hatchery plants, changes in 
release locations of hatchery plants, and changes to recycling protocols) appear to have 
largely achieved targeted pHOS standards under the MA BiOp. While pHOS levels are 
higher than the MA BiOp pHOS standards for Washougal winter steelhead, the program is 
proposed to transition in both size and broodstock source to address this issue. 

For Kalama summer steelhead, the five-year mean pHOS was higher than the goal 
identified in the MA BiOp (<5.0% from segregated stocks). However, the pHOS standard in 
the BiOp standard is specifically identified for hatchery spawners from segregated 
programs. The Skamania stock summer steelhead program in the Kalama River was 
eliminated with issuance of the MA BiOp but we still had returning adults from that 
program through spawn year 2020. As a result, we still saw pHOS levels exceeding 35-40% 
through spawn year 2019 then saw a substantial drop in the years following spawn year 
2019. Methods have not yet been developed to identify what proportion of pHOS for 
Kalama summer steelhead is from in-basin integrated stocks vs. out of basin strays but it is 
assumed that the vast majority is from in-basin programs, and therefore the standard of 
5% from segregated stocks (which are not produced in-basin) is currently assumed to be 
met. The Hatchery Scientific Review Group (HSRG) recommended a pHOS standard of less 
than 30% for primary populations with integrated hatchery programs (Paquet 2011); a 
standard that is currently being met for this population. 

The proportion of hatchery-origin spawners was higher than 5% in one primary Coast 
stratum population (Mill/Abernathy/Germany/Coal). However, there are no established 
pHOS standards in the MA BiOp for the SW Washington DPS (Grays, 
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Skamokawa/Elochoman, and MAG) as that DPS is not federally listed. The sunsetting of the 
USFWS conservation hatchery program a few years back on MAG is expected to result in 
lower pHOS relative to the past 5-year average on MAG.  
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Appendices 

Appendix A. Weighting subpopulation estimates to obtain total pHOS estimates. 

Table A1. Estimates of the number of total winter steelhead spawners in two subpopulation 
areas of the NF Toutle: 1) the Green River and tributaries below the Toutle Sediment 
Retention Structure, 2) the entire NF Toutle including areas above and below the SRS, and 
3) the proportion spawning in the Green River and tributaries below the Toutle Sediment 
Retention Structure. 

Spawn Year Population Green R. Only NF Toutle 
Total 

Prop in 
Green R.  

1985 NF Toutle (winter) 1,942 1,942 1.0 
1986 NF Toutle (winter) NA NA NA 
1987 NF Toutle (winter) 1,008 1,008 1.0 
1988 NF Toutle (winter) 777 777 1.0 
1989 NF Toutle (winter) 321 339 0.947 
1990 NF Toutle (winter) 216 254 0.850 
1991 NF Toutle (winter) 271 375 0.723 
1992 NF Toutle (winter) 110 427 0.258 
1993 NF Toutle (winter) 211 321 0.657 
1994 NF Toutle (winter) 321 377 0.851 
1995 NF Toutle (winter) 436 610 0.715 
1996 NF Toutle (winter) 271 502 0.540 
1997 NF Toutle (winter) 331 514 0.644 
1998 NF Toutle (winter) 118 254 0.465 
1999 NF Toutle (winter) 180 309 0.583 
2000 NF Toutle (winter) 311 549 0.566 
2001 NF Toutle (winter) 481 666 0.722 
2002 NF Toutle (winter) 451 779 0.579 
2003 NF Toutle (winter) 1,098 1,508 0.728 
2004 NF Toutle (winter) 642 891 0.721 
2005 NF Toutle (winter) 222 388 0.572 
2006 NF Toutle (winter) 592 894 0.662 
2007 NF Toutle (winter) 410 570 0.719 
2008 NF Toutle (winter) 536 632 0.848 
2009 NF Toutle (winter) 830 912 0.910 
2010 NF Toutle (winter) 256 510 0.502 
2011 NF Toutle (winter) 254 451 0.563 
2012 NF Toutle (winter) 266 390 0.682 
2013 NF Toutle (winter) 426 478 0.891 
2014 NF Toutle (winter) 310 587 0.528 
2015 NF Toutle (winter) 922 1,546 0.596 
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Table A1. Continued. 
Spawn 
Year Population Green R. Only NF Toutle 

Total 
Prop in 

Green R. 
2016 NF Toutle (winter) 816 1,142 0.715 
2017 NF Toutle (winter) 290 367 0.790 
2018 NF Toutle (winter) 466 652 0.715 
2019 NF Toutle (winter) 112 214 0.523 
2020 NF Toutle (winter) 154 321 0.480 
2021 NF Toutle (winter) 268 352 0.761 
2022 NF Toutle (winter) 330 555 0.595 
2023 NF Toutle (winter) 258 384 0.672 
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Table A2. Estimates of the number of total winter steelhead spawners in two subpopulation 
areas of the Kalama River: 1) the upper Kalama above Kalama Falls Hatchery, 2) the entire 
Kalama River including areas above and below KFH, and 3) the proportion spawning above 
Kalama Falls Hatchery. 

Spawn Year Population Kalama R. 
Above KFH 

Kalama R. 
Total 

Prop Above 
KFH 

1977 Kalama (winter) 946 1,020 0.927 
1978 Kalama (winter) 1,615 1,681 0.961 
1979 Kalama (winter) 521 572 0.911 
1980 Kalama (winter) 1,347 1,444 0.933 
1981 Kalama (winter) 2,770 2,925 0.947 
1982 Kalama (winter) 1,108 1,200 0.923 
1983 Kalama (winter) 874 939 0.931 
1984 Kalama (winter) 2,007 2,090 0.960 
1985 Kalama (winter) 1,067 1,138 0.938 
1986 Kalama (winter) 2,532 2,620 0.966 
1987 Kalama (winter) 1,794 1,889 0.950 
1988 Kalama (winter) 2,135 2,227 0.959 
1989 Kalama (winter) 769 825 0.932 
1990 Kalama (winter) 756 803 0.941 
1991 Kalama (winter) 1,288 1,378 0.935 
1992 Kalama (winter) 2,847 2,993 0.951 
1993 Kalama (winter) 1,155 1,248 0.925 
1994 Kalama (winter) 916 996 0.920 
1995 Kalama (winter) 1,315 1,406 0.935 
1996 Kalama (winter) 1,606 1,677 0.958 
1997 Kalama (winter) 505 555 0.910 
1998 Kalama (winter) 425 471 0.902 
1999 Kalama (winter) 490 543 0.902 
2000 Kalama (winter) 829 907 0.914 
2001 Kalama (winter) 938 1,035 0.906 
2002 Kalama (winter) 1,377 1,493 0.922 
2003 Kalama (winter) 1,719 1,815 0.947 
2004 Kalama (winter) 2,156 2,400 0.898 
2005 Kalama (winter) 1,784 1,856 0.961 
2006 Kalama (winter) 1,560 1,724 0.905 
2007 Kalama (winter) 910 1,050 0.867 
2008 Kalama (winter) 668 750 0.891 
2009 Kalama (winter) 940 1,029 0.914 
2010 Kalama (winter) 865 948 0.912 
2011 Kalama (winter) 560 627 0.893 
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Table A2. Continued. 

Spawn Year Population Kalama R. 
Above KFH 

Kalama R. 
Total 

Prop Above 
KFH 

2012 Kalama (winter) 955 1,042 0.917 
2013 Kalama (winter) 730 836 0.873 
2014 Kalama (winter) 853 942 0.906 
2015 Kalama (winter) 1,085 1,189 0.913 
2016 Kalama (winter) 1,083 1,181 0.917 
2017 Kalama (winter) 617 682 0.905 
2018 Kalama (winter) 535 583 0.918 
2019 Kalama (winter) 138 202 0.683 
2020 Kalama (winter) 442 464 0.953 
2021 Kalama (winter) 269 303 0.888 
2022 Kalama (winter) 730 792 0.922 
2023 Kalama (winter) 548 558 0.982 
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Appendix B. The raw data and annual pHOS estimates for each method for winter steelhead 
based on spawning ground surveys and for summer steelhead based on snorkel surveys. 

Table B1. Raw data and proportion of hatchery-origin spawner estimates by population 
and spawn year. Three estimates are provided: 1) results from the state space random 
walk model ("SSRW") and associated 95% credible intervals, 2) results from the 
generalized additive model (GAM) analysis ("GAM") and associated 95% credible intervals, 
and 3) results of method of moment estimates ("MOM"). 

Population Spawn 
Year 

pHOS   Observations Gear 
Type 

SSRW   GAM   MOM  NOS HOS 

Mean L 95 
CI 

U 95 
CI   Mean L 95 

CI 
U 95 
CI   Mean      

Coweeman (winter) 2011 0.040 0.002 0.266   0.062 0.042 0.092   0.000   3 0 Stream 
Survey 

Coweeman (winter) 2012 0.037 0.002 0.252   0.063 0.043 0.091   0.000  1 0 Stream 
Survey 

Coweeman (winter) 2013 0.043 0.004 0.291   0.064 0.043 0.094        

Coweeman (winter) 2014 0.046 0.005 0.234   0.065 0.041 0.100        

Coweeman (winter) 2015 0.057 0.008 0.193   0.066 0.039 0.108   0.118  15 2 Stream 
Survey 

Coweeman (winter) 2016 0.033 0.004 0.140   0.065 0.040 0.103   0.000  5 0 Stream 
Survey 

Coweeman (winter) 2017 0.023 0.002 0.125   0.063 0.043 0.090   0.000  3 0 Stream 
Survey 

Coweeman (winter) 2018 0.017 0.001 0.122   0.061 0.044 0.082   0.000  1 0 Stream 
Survey 

Coweeman (winter) 2019 0.014 0.001 0.105   0.059 0.043 0.079   0.000  2 0 Stream 
Survey 

Coweeman (winter) 2020 0.011 0.000 0.093   0.057 0.039 0.082   0.000  3 0 Stream 
Survey 

Coweeman (winter) 2021 0.009 0.000 0.087   0.055 0.034 0.088   0.000  2 0 Stream 
Survey 

Coweeman (winter) 2022 0.008 0.000 0.088   0.053 0.029 0.095   0.000  13 0 Stream 
Survey 

Coweeman (winter) 2023 0.008 0.000 0.097   0.051 0.024 0.105   0.000  2 0 Stream 
Survey 

EF Lewis (winter) 2007 0.044 0.001 0.377   0.007 0.000 1.000   0.000  2 0 Stream 
Survey 

EF Lewis (winter) 2008 0.044 0.002 0.375   0.809 0.006 1.000        

EF Lewis (winter) 2009 0.047 0.002 0.388   0.685 0.009 0.998        

EF Lewis (winter) 2010 0.041 0.002 0.328   0.529 0.014 0.989        

EF Lewis (winter) 2011 0.042 0.003 0.295   0.367 0.021 0.941        

EF Lewis (winter) 2012 0.041 0.004 0.253   0.230 0.027 0.761   0.000  3 0 Stream 
Survey 

EF Lewis (winter) 2013 0.053 0.006 0.285   0.133 0.029 0.446   0.333  2 1 Stream 
Survey 

EF Lewis (winter) 2014 0.040 0.005 0.219   0.073 0.016 0.274   1.000  0 1 Stream 
Survey 
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Table B1. Continued.  

Population Spawn 
Year 

pHOS   Observations 

Gear 
Type 

SSRW   GAM   MOM  
NOS HOS 

Mean L 95 
CI 

U 95 
CI   Mean L 95 

CI 
U 95 
CI   Mean   

EF Lewis (winter) 2015 0.025 0.003 0.099   0.039 0.005 0.262   0.000  20 0 Stream 
Survey 

EF Lewis (winter) 2016 0.015 0.001 0.062   0.003 0.000 0.819   0.000  15 0 Stream 
Survey 

EF Lewis (winter) 2017 0.010 0.001 0.052   0.000 0.000 1.000   0.000  11 0 Stream 
Survey 

EF Lewis (winter) 2018 0.007 0.000 0.046   0.000 0.000 1.000   0.000  13 0 Stream 
Survey 

EF Lewis (winter) 2019 0.006 0.000 0.048   0.000 0.000 1.000   0.000  4 0 Stream 
Survey 

EF Lewis (winter) 2020 0.005 0.000 0.048   0.000 0.000 1.000   0.000  5 0 Stream 
Survey 

EF Lewis (winter) 2021 0.004 0.000 0.049   0.000 0.000 1.000   0.000  14 0 Stream 
Survey 

EF Lewis (winter) 2022 0.004 0.000 0.055   0.000 0.000 1.000   0.000  6 0 Stream 
Survey 

EF Lewis (winter) 2023 0.004 0.000 0.067   0.000 0.000 1.000   0.000  1 0 Stream 
Survey 

Elochoman/Skamokawa 
(winter) 2012 0.091 0.009 0.362   0.007 0.001 0.044   0.000  3 0 Stream 

Survey 

Elochoman/Skamokawa 
(winter) 2013 0.085 0.011 0.316   0.019 0.005 0.068   0.000  2 0 Stream 

Survey 

Elochoman/Skamokawa 
(winter) 2014 0.108 0.024 0.316   0.051 0.022 0.115   0.000  2 0 Stream 

Survey 

Elochoman/Skamokawa 
(winter) 2015 0.123 0.045 0.264   0.131 0.065 0.249   0.136  19 3 Stream 

Survey 

Elochoman/Skamokawa 
(winter) 2016 0.172 0.062 0.362   0.211 0.109 0.368   0.250  6 2 Stream 

Survey 

Elochoman/Skamokawa 
(winter) 2017 0.196 0.070 0.382   0.260 0.158 0.395   0.000  7 0 Stream 

Survey 

Elochoman/Skamokawa 
(winter) 2018 0.319 0.150 0.537   0.316 0.219 0.431   0.286  5 2 Stream 

Survey 

Elochoman/Skamokawa 
(winter) 2019 0.450 0.288 0.627   0.378 0.283 0.482   0.550  9 11 Stream 

Survey 

Elochoman/Skamokawa 
(winter) 2020 0.435 0.258 0.626   0.444 0.338 0.555   0.308  9 4 Stream 

Survey 

Elochoman/Skamokawa 
(winter) 2021 0.588 0.398 0.768   0.512 0.379 0.643   0.765  4 13 Stream 

Survey 

Elochoman/Skamokawa 
(winter) 2022 0.433 0.215 0.661   0.580 0.411 0.731   0.143  6 1 Stream 

Survey 

Elochoman/Skamokawa 
(winter) 2023 0.502 0.230 0.775   0.645 0.438 0.808   0.600  2 3 Stream 

Survey 

Grays/Chinook (winter) 2008 0.127 0.003 0.685   0.065 0.000 0.989   0.000  1 0 Stream 
Survey 

Grays/Chinook (winter) 2009 0.161 0.006 0.739   0.080 0.000 0.975        

Grays/Chinook (winter) 2010 0.146 0.008 0.691   0.098 0.001 0.946        

Grays/Chinook (winter) 2011 0.134 0.010 0.651   0.120 0.002 0.888        
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Table B1. Continued.  

Population Spawn 
Year 

pHOS   Observations 

Gear 
Type 

SSRW   GAM   MOM  
NOS HOS 

Mean L 95 
CI 

U 95 
CI   Mean L 95 

CI 
U 95 
CI   Mean   

Grays/Chinook 
(winter) 2012 0.125 0.012 0.590   0.146 0.008 0.783        

Grays/Chinook 
(winter) 2013 0.166 0.024 0.583   0.176 0.026 0.629   0.000  1 0 Stream 

Survey 

Grays/Chinook 
(winter) 2014 0.168 0.046 0.550   0.211 0.077 0.463   1.000  0 1 Stream 

Survey 

Grays/Chinook 
(winter) 2015 0.177 0.082 0.319   0.251 0.135 0.419   0.235  26 8 Stream 

Survey 

Grays/Chinook 
(winter) 2016 0.055 0.009 0.141   0.001 0.000 0.986   0.000  19 0 Stream 

Survey 

Grays/Chinook 
(winter) 2017 0.027 0.002 0.091   0.000 0.000 1.000   0.000  18 0 Stream 

Survey 

Grays/Chinook 
(winter) 2018 0.015 0.000 0.071   0.000 0.000 1.000   0.000  12 0 Stream 

Survey 

Grays/Chinook 
(winter) 2019 0.012 0.000 0.077   0.000 0.000 1.000   0.000  2 0 Stream 

Survey 

Grays/Chinook 
(winter) 2020 0.008 0.000 0.069   0.000 0.000 1.000   0.000  5 0 Stream 

Survey 

Grays/Chinook 
(winter) 2021 0.006 0.000 0.070   0.000 0.000 1.000   0.000  4 0 Stream 

Survey 

Grays/Chinook 
(winter) 2022 0.006 0.000 0.068   0.000 0.000 1.000   0.000  10 0 Stream 

Survey 

Grays/Chinook 
(winter) 2023 0.005 0.000 0.085   0.000 0.000 1.000        

Kalama (winter) 2007 0.050 0.014 0.098   0.062 0.015 0.114   0.067    
Stream 
survey 
and 
Trap 

Kalama (winter) 2008 0.036 0.008 0.077   0.002 0.000 0.090   0.000    
Stream 
survey 
and 
Trap 

Kalama (winter) 2009 0.030 0.007 0.064   0.003 0.000 0.068       
Stream 
survey 
and 
Trap 

Kalama (winter) 2010 0.028 0.006 0.061   0.006 0.000 0.066       
Stream 
survey 
and 
Trap 

Kalama (winter) 2011 0.031 0.006 0.070   0.012 0.001 0.077   0.000    
Stream 
survey 
and 
Trap 

Kalama (winter) 2012 0.025 0.006 0.056   0.015 0.002 0.058   0.000    
Stream 
survey 
and 
Trap 

Kalama (winter) 2013 0.049 0.013 0.098   0.037 0.009 0.086       
Stream 
survey 
and 
Trap 

Kalama (winter) 2014 0.041 0.016 0.073   0.040 0.017 0.068   0.094    
Stream 
survey 
and 
Trap 

 

22



Table B1. Continued.  

Population Spawn 
Year 

pHOS   Observations 

Gear Type SSRW   GAM   MOM  
NOS HOS 

Mean L 95 
CI 

U 95 
CI   Mean L 95 

CI 
U 95 
CI   Mean   

Kalama (winter) 2015 0.043 0.020 0.067   0.050 0.023 0.073   0.055    Stream 
survey and 
Trap 

Kalama (winter) 2016 0.031 0.011 0.058   0.046 0.022 0.067       Stream 
survey and 
Trap 

Kalama (winter) 2017 0.028 0.007 0.059   0.041 0.020 0.065   0.000    Stream 
survey and 
Trap 

Kalama (winter) 2018 0.020 0.005 0.047   0.026 0.011 0.048       Stream 
survey and 
Trap 

Kalama (winter) 2019 0.065 0.016 0.147   0.070 0.021 0.167   0.040    Stream 
survey and 
Trap 

Kalama (winter) 2020 0.010 0.002 0.026   0.007 0.001 0.024   0.000    Stream 
survey and 
Trap 

Kalama (winter) 2021 0.026 0.004 0.075   0.011 0.001 0.056   0.112    Stream 
survey and 
Trap 

Kalama (winter) 2022 0.018 0.002 0.057   0.005 0.000 0.039       Stream 
survey and 
Trap 

Kalama (winter) 2023 0.010 0.003 0.017  0.008 0.002 0.016  0.018    
Stream 
survey and 
Trap 

Kalama below KFH 
(winter) 2007 0.373 0.104 0.733   0.465 0.111 0.858   0.500  2 2 Stream 

Survey 
Kalama below KFH 

(winter) 2008 0.326 0.075 0.708   0.020 0.000 0.822   0.000  1 0 Stream 
Survey 

Kalama below KFH 
(winter) 2009 0.343 0.076 0.741   0.036 0.000 0.790        

Kalama below KFH 
(winter) 2010 0.319 0.068 0.701   0.064 0.002 0.755        

Kalama below KFH 
(winter) 2011 0.294 0.060 0.658   0.110 0.006 0.721   0.000  2 0 Stream 

Survey 
Kalama below KFH 

(winter) 2012 0.302 0.068 0.671   0.183 0.022 0.691   0.000  1 0 Stream 
Survey 

Kalama below KFH 
(winter) 2013 0.390 0.103 0.774   0.289 0.073 0.679        

Kalama below KFH 
(winter) 2014 0.437 0.166 0.774   0.425 0.177 0.717   1.000  0 1 Stream 

Survey 

Kalama below KFH 
(winter) 2015 0.488 0.225 0.763   0.572 0.267 0.831   0.625  3 5 Stream 

Survey 
Kalama below KFH 

(winter) 2016 0.378 0.132 0.702   0.555 0.264 0.812        

Kalama below KFH 
(winter) 2017 0.295 0.078 0.620   0.432 0.213 0.681   0.000  1 0 Stream 

Survey 
Kalama below KFH 

(winter) 2018 0.241 0.059 0.572   0.317 0.136 0.579        
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Table B1. Continued.  

Population Spawn 
Year 

pHOS   
Observation

s 
Gear 
Type SSRW   GAM   MOM  

NOS HOS 
Mean L 95 

CI 
U 95 
CI   Mean L 95 

CI 
U 95 
CI   Mean   

Kalama below KFH (winter) 2019 0.205 0.050 0.465   0.221 0.067 0.527   0.125  7 1 Stream 
Survey 

Kalama below KFH (winter) 2020 0.207 0.038 0.549   0.148 0.029 0.505   0.000  2 0 Stream 
Survey 

Kalama below KFH (winter) 2021 0.231 0.033 0.664   0.096 0.011 0.498   1.000  0 1 Stream 
Survey 

Kalama below KFH (winter) 2022 0.233 0.024 0.726   0.061 0.004 0.498        

Kalama below KFH (winter) 2023 0.219 0.016 0.751   0.038 0.002 0.501   1.000  0 2 Stream 
Survey 

Lower Gorge (winter) 2013 0.040 0.003 0.211   0.060 0.046 0.077   0.000  5 0 Stream 
Survey 

Lower Gorge (winter) 2014 0.042 0.005 0.197   0.060 0.046 0.077        

Lower Gorge (winter) 2015 0.048 0.007 0.186   0.060 0.046 0.077   0.000  9 0 Stream 
Survey 

Lower Gorge (winter) 2016 0.054 0.011 0.179   0.060 0.046 0.077   0.200  4 1 Stream 
Survey 

Lower Gorge (winter) 2017 0.054 0.014 0.147   0.060 0.046 0.077   0.059  16 1 Stream 
Survey 

Lower Gorge (winter) 2018 0.052 0.013 0.146   0.060 0.046 0.077   0.067  14 1 Stream 
Survey 

Lower Gorge (winter) 2019 0.052 0.010 0.178   0.060 0.046 0.077   0.250  3 1 Stream 
Survey 

Lower Gorge (winter) 2020 0.036 0.006 0.135   0.060 0.046 0.077   0.000  9 0 Stream 
Survey 

Lower Gorge (winter) 2021 0.032 0.004 0.159   0.060 0.046 0.077        

Lower Gorge (winter) 2022 0.027 0.002 0.145   0.060 0.046 0.077   0.000  2 0 Stream 
Survey 

Lower Gorge (winter) 2023 0.025 0.002 0.127   0.060 0.046 0.077   0.000  12 0 Stream 
Survey 

Mill/Abernathy/Germany/Coal 
(winter) 2007 0.062 0.005 0.381   0.060 0.046 0.077   0.000  1 0 Stream 

Survey 
Mill/Abernathy/Germany/Coal 

(winter) 2008 0.068 0.006 0.350   0.060 0.046 0.077   0.000  2 0 Stream 
Survey 

Mill/Abernathy/Germany/Coal 
(winter) 2009 0.068 0.007 0.334   0.060 0.046 0.077        

Mill/Abernathy/Germany/Coal 
(winter) 2010 0.074 0.010 0.316   0.060 0.046 0.077        

Mill/Abernathy/Germany/Coal 
(winter) 2011 0.082 0.013 0.292   0.060 0.046 0.077   0.333  2 1 Stream 

Survey 
Mill/Abernathy/Germany/Coal 

(winter) 2012 0.072 0.012 0.243   0.060 0.046 0.077   0.000  5 0 Stream 
Survey 

Mill/Abernathy/Germany/Coal 
(winter) 2013 0.071 0.013 0.236   0.060 0.046 0.077   0.000  2 0 Stream 

Survey 
Mill/Abernathy/Germany/Coal 

(winter) 2014 0.076 0.019 0.217   0.060 0.046 0.077   0.250  3 1 Stream 
Survey 

Mill/Abernathy/Germany/Coal 
(winter) 2015 0.060 0.018 0.144   0.060 0.046 0.077   0.053  36 2 Stream 

Survey 
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Table B1. Continued.  

Population Spawn 
Year 

pHOS   
Observation

s 
Gear 
Type SSRW   GAM   MOM  

NOS HOS 
Mean L 95 

CI 
U 95 
CI   Mean L 95 

CI 
U 95 
CI   Mean   

Mill/Abernathy/Germany/Coal 
(winter) 2016 0.063 0.015 0.182   0.060 0.046 0.077   0.000  5 0 Stream 

Survey 
Mill/Abernathy/Germany/Coal 

(winter) 2017 0.071 0.013 0.242   0.060 0.046 0.077   0.000  1 0 Stream 
Survey 

Mill/Abernathy/Germany/Coal 
(winter) 2018 0.086 0.015 0.312   0.060 0.046 0.077   0.000  1 0 Stream 

Survey 
Mill/Abernathy/Germany/Coal 

(winter) 2019 0.098 0.016 0.340   0.060 0.046 0.077   0.000  2 0 Stream 
Survey 

Mill/Abernathy/Germany/Coal 
(winter) 2020 0.125 0.021 0.412   0.060 0.046 0.077   0.500  1 1 Stream 

Survey 
Mill/Abernathy/Germany/Coal 

(winter) 2021 0.131 0.020 0.429   0.060 0.046 0.077   0.333  2 1 Stream 
Survey 

Mill/Abernathy/Germany/Coal 
(winter) 2022 0.108 0.014 0.410   0.060 0.046 0.077   0.000  2 0 Stream 

Survey 
Mill/Abernathy/Germany/Coal 

(winter) 2023 0.106 0.011 0.435   0.060 0.046 0.077   0.000  2 0 Stream 
Survey 

NF Toutle (winter) 2007 0.043 0.002 0.262   0.039 0.021 0.073   0.000    
Stream 
survey 
and 
Trap 

NF Toutle (winter) 2008 0.049 0.003 0.307   0.046 0.024 0.089       
Stream 
survey 
and 
Trap 

NF Toutle (winter) 2009 0.056 0.004 0.337   0.052 0.029 0.090       
Stream 
survey 
and 
Trap 

NF Toutle (winter) 2010 0.031 0.003 0.165   0.030 0.018 0.047       
Stream 
survey 
and 
Trap 

NF Toutle (winter) 2011 0.034 0.003 0.161   0.034 0.023 0.052   0.000    
Stream 
survey 
and 
Trap 

NF Toutle (winter) 2012 0.040 0.005 0.174   0.043 0.029 0.063   0.000    
Stream 
survey 
and 
Trap 

NF Toutle (winter) 2013 0.062 0.010 0.226   0.058 0.040 0.085   0.000    
Stream 
survey 
and 
Trap 

NF Toutle (winter) 2014 0.042 0.010 0.131   0.036 0.023 0.054       
Stream 
survey 
and 
Trap 

NF Toutle (winter) 2015 0.060 0.023 0.122   0.042 0.025 0.068   0.083    
Stream 
survey 
and 
Trap 

NF Toutle (winter) 2016 0.051 0.017 0.119   0.049 0.031 0.078   0.038    
Stream 
survey 
and 
Trap 
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Population Spawn 
Year 

pHOS   Observations 

Gear 
Type 

SSRW   GAM   MOM  
NOS HOS 

Mean L 95 
CI 

U 95 
CI   Mean L 95 

CI 
U 95 
CI   Mean   

NF Toutle (winter) 2017 0.048 0.011 0.148   0.052 0.036 0.074   0.000    Stream 
survey 
and Trap 

NF Toutle (winter) 2018 0.040 0.008 0.140   0.045 0.033 0.061   0.000    Stream 
survey 
and Trap 

NF Toutle (winter) 2019 0.030 0.005 0.118   0.031 0.023 0.043       Stream 
survey 
and Trap 

NF Toutle (winter) 2020 0.027 0.005 0.095   0.027 0.018 0.040   0.069    Stream 
survey 
and Trap 

NF Toutle (winter) 2021 0.037 0.005 0.142   0.041 0.025 0.067   0.000    Stream 
survey 
and Trap 

NF Toutle (winter) 2022 0.028 0.005 0.092   0.031 0.016 0.056   0.031    Stream 
survey 
and Trap 

NF Toutle (winter) 2023 0.025 0.003 0.117  0.045 0.032 0.062  0.000    
Stream 
survey 
and Trap 

NF Toutle Green River 
only (winter) 2007 0.060 0.003 0.364   0.055 0.029 0.101   0.000  2 0 Stream 

Survey 

NF Toutle Green River 
only (winter) 2008 0.058 0.003 0.362   0.055 0.028 0.105        

NF Toutle Green River 
only (winter) 2009 0.062 0.005 0.370   0.057 0.032 0.099        

NF Toutle Green River 
only (winter) 2010 0.062 0.005 0.329   0.059 0.036 0.094        

NF Toutle Green River 
only (winter) 2011 0.060 0.006 0.286   0.061 0.040 0.092   0.000  1 0 Stream 

Survey 

NF Toutle Green River 
only (winter) 2012 0.058 0.008 0.255   0.063 0.043 0.092   0.000  2 0 Stream 

Survey 

NF Toutle Green River 
only (winter) 2013 0.069 0.012 0.253   0.065 0.044 0.095   0.000  2 0 Stream 

Survey 

NF Toutle Green River 
only (winter) 2014 0.080 0.019 0.249   0.068 0.044 0.103        

NF Toutle Green River 
only (winter) 2015 0.100 0.038 0.204   0.070 0.042 0.114   0.139  31 5 Stream 

Survey 

NF Toutle Green River 
only (winter) 2016 0.071 0.023 0.166   0.069 0.043 0.108   0.053  18 1 Stream 

Survey 

NF Toutle Green River 
only (winter) 2017 0.060 0.014 0.187   0.066 0.046 0.094   0.000  4 0 Stream 

Survey 

NF Toutle Green River 
only (winter) 2018 0.056 0.011 0.196   0.063 0.046 0.085   0.000  2 0 Stream 

Survey 

NF Toutle Green River 
only (winter) 2019 0.057 0.009 0.225   0.060 0.044 0.081        

NF Toutle Green River 
only (winter) 2020 0.056 0.010 0.199   0.057 0.039 0.083   0.143  6 1 Stream 

Survey 

NF Toutle Green River 
only (winter) 2021 0.049 0.007 0.186   0.054 0.033 0.088   0.000  2 0 Stream 

Survey 
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Table B1. Continued.  

Population Spawn 
Year 

pHOS   Observations 

Gear 
Type 

SSRW   GAM   MOM  
NOS HOS 

Mean L 95 
CI 

U 95 
CI   Mean L 95 

CI 
U 95 
CI   Mean   

NF Toutle Green River 
only (winter) 2022 0.046 0.008 0.154   0.051 0.027 0.094   0.053  18 1 Stream 

Survey 

NF Toutle Green River 
only (winter) 2023 0.040 0.005 0.176   0.049 0.023 0.102   0.000  4 0 Stream 

Survey 

SF Toutle (winter) 2010 0.002 0.000 0.108   0.014 0.000 1.000   0.000  1 0 Stream 
Survey 

SF Toutle (winter) 2011 0.002 0.000 0.086   0.008 0.000 0.998        

SF Toutle (winter) 2012 0.002 0.000 0.076   0.004 0.000 0.962   0.000  2 0 Stream 
Survey 

SF Toutle (winter) 2013 0.002 0.000 0.060   0.002 0.000 0.903   0.000  4 0 Stream 
Survey 

SF Toutle (winter) 2014 0.002 0.000 0.049   0.001 0.000 0.964   0.000  1 0 Stream 
Survey 

SF Toutle (winter) 2015 0.002 0.000 0.049   0.001 0.000 0.996   0.000  18 0 Stream 
Survey 

SF Toutle (winter) 2016 0.002 0.000 0.046   0.001 0.000 0.995   0.000  2 0 Stream 
Survey 

SF Toutle (winter) 2017 0.002 0.000 0.046   0.001 0.000 0.967   0.000  2 0 Stream 
Survey 

SF Toutle (winter) 2018 0.002 0.000 0.056   0.001 0.000 0.883   0.000  4 0 Stream 
Survey 

SF Toutle (winter) 2019 0.001 0.000 0.059   0.002 0.000 0.842   0.000  2 0 Stream 
Survey 

SF Toutle (winter) 2020 0.001 0.000 0.064   0.003 0.000 0.931        

SF Toutle (winter) 2021 0.001 0.000 0.068   0.004 0.000 0.990   0.000  3 0 Stream 
Survey 

SF Toutle (winter) 2022 0.001 0.000 0.079   0.006 0.000 0.999   0.000  2 0 Stream 
Survey 

SF Toutle (winter) 2023 0.001 0.000 0.100   0.010 0.000 1.000        

Upper Gorge (winter) 2018 0.016 0.000 0.450   0.060 0.046 0.077   0.000  2 0 Stream 
Survey 

Upper Gorge (winter) 2019 0.016 0.000 0.463   0.060 0.046 0.077   0.000  1 0 Stream 
Survey 

Upper Gorge (winter) 2020 0.013 0.000 0.531   0.060 0.046 0.077        

Upper Gorge (winter) 2021 0.013 0.000 0.571   0.060 0.046 0.077        

Upper Gorge (winter) 2022 0.013 0.000 0.614   0.060 0.046 0.077        

Upper Gorge (winter) 2023 0.012 0.000 0.650   0.060 0.046 0.077        

Washougal (winter) 2007 0.038 0.001 0.277   0.000 0.000 0.007   0.000  2 0 Stream 
Survey 

Washougal (winter) 2008 0.039 0.002 0.251   0.000 0.000 0.011   0.000  2 0 Stream 
Survey 

Washougal (winter) 2009 0.037 0.002 0.235   0.000 0.000 0.015        
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Population Spawn 
Year 

pHOS   Observations 

Gear 
Type 

SSRW   GAM   MOM  
NOS HOS 

Mean L 95 
CI 

U 95 
CI   Mean L 95 

CI 
U 95 
CI   Mean   

Washougal (winter) 2010 0.048 0.003 0.247   0.001 0.000 0.021   0.000  1 0 Stream 
Survey 

Washougal (winter) 2011 0.050 0.004 0.253   0.003 0.000 0.029        

Washougal (winter) 2012 0.056 0.006 0.225   0.006 0.001 0.040   0.000  5 0 Stream 
Survey 

Washougal (winter) 2013 0.055 0.007 0.212   0.016 0.004 0.059   0.000  5 0 Stream 
Survey 

Washougal (winter) 2014 0.086 0.017 0.281   0.041 0.017 0.096        

Washougal (winter) 2015 0.110 0.036 0.256   0.098 0.044 0.206   0.167  15 3 Stream 
Survey 

Washougal (winter) 2016 0.127 0.040 0.274   0.166 0.079 0.318   0.000  12 0 Stream 
Survey 

Washougal (winter) 2017 0.247 0.099 0.506   0.228 0.130 0.368   0.500  1 1 Stream 
Survey 

Washougal (winter) 2018 0.363 0.210 0.546   0.304 0.200 0.433   0.400  12 8 Stream 
Survey 

Washougal (winter) 2019 0.385 0.163 0.656   0.392 0.277 0.520   0.000  2 0 Stream 
Survey 

Washougal (winter) 2020 0.497 0.273 0.727   0.488 0.349 0.630   0.625  3 5 Stream 
Survey 

Washougal (winter) 2021 0.516 0.274 0.743   0.585 0.409 0.742   0.286  5 2 Stream 
Survey 

Washougal (winter) 2022 0.673 0.417 0.870   0.676 0.462 0.835   0.889  1 8 Stream 
Survey 

Washougal (winter) 2023 0.652 0.303 0.898   0.755 0.510 0.901   0.500  1 1 Stream 
Survey 

EF Lewis (summer) 1996 0.719 0.662 0.772   0.792 0.755 0.824   0.718  67 171 Snorkel 
Survey 

EF Lewis (summer) 1997 0.743 0.696 0.788   0.691 0.657 0.724   0.748  82 244 Snorkel 
Survey 

EF Lewis (summer) 1998 0.600 0.520 0.682   0.569 0.541 0.597   0.592  51 74 Snorkel 
Survey 

EF Lewis (summer) 1999 0.560 0.478 0.645   0.438 0.413 0.463   0.571  51 68 Snorkel 
Survey 

EF Lewis (summer) 2000 0.359 0.282 0.441   0.314 0.287 0.343   0.333  84 42 Snorkel 
Survey 

EF Lewis (summer) 2001 0.520 0.438 0.600   0.323 0.300 0.348   0.541  62 73 Snorkel 
Survey 

EF Lewis (summer) 2002 0.365 0.322 0.411   0.335 0.316 0.355   0.365  290 167 Snorkel 
Survey 

EF Lewis (summer) 2003 0.256 0.231 0.283   0.348 0.332 0.364   0.254  796 271 Snorkel 
Survey 

EF Lewis (summer) 2004 0.363 0.334 0.395   0.360 0.347 0.373   0.365  574 330 Snorkel 
Survey 

EF Lewis (summer) 2005 0.399 0.368 0.430   0.373 0.360 0.386   0.401  538 360 Snorkel 
Survey 

EF Lewis (summer) 2006 0.319 0.278 0.360   0.386 0.371 0.400   0.314  337 154 Snorkel 
Survey 
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Year 

pHOS   Observations 

Gear 
Type 

SSRW   GAM   MOM  
NOS HOS 

Mean L 95 
CI 

U 95 
CI   Mean L 95 

CI 
U 95 
CI   Mean   

EF Lewis (summer) 2007 0.445 0.396 0.497   0.399 0.380 0.417   0.451  196 161 Snorkel 
Survey 

EF Lewis (summer) 2008 0.398 0.357 0.441   0.399 0.379 0.420   0.396  299 196 Snorkel 
Survey 

EF Lewis (summer) 2009 0.522 0.483 0.558   0.371 0.355 0.388   0.527  330 367 Snorkel 
Survey 

EF Lewis (summer) 2010 0.276 0.233 0.321   0.344 0.330 0.357   0.270  279 103 Snorkel 
Survey 

EF Lewis (summer) 2011 0.244 0.211 0.281   0.317 0.305 0.330   0.246  425 139 Snorkel 
Survey 

EF Lewis (summer) 2012 0.165 0.139 0.193   0.292 0.279 0.305   0.160  578 110 Snorkel 
Survey 

EF Lewis (summer) 2013 0.357 0.323 0.393   0.268 0.254 0.282   0.364  462 264 Snorkel 
Survey 

EF Lewis (summer) 2014 0.178 0.145 0.216   0.245 0.229 0.261   0.169  354 72 Snorkel 
Survey 

EF Lewis (summer) 2015 0.281 0.250 0.313   0.224 0.206 0.242   0.286  542 217 Snorkel 
Survey 

EF Lewis (summer) 2016 0.143 0.114 0.174   0.136 0.124 0.149   0.146  403 69 Snorkel 
Survey 

EF Lewis (summer) 2017 0.037 0.025 0.054   0.060 0.050 0.072   0.036  511 19 Snorkel 
Survey 

EF Lewis (summer) 2018 0.015 0.007 0.028   0.025 0.019 0.034   0.010  303 3 Snorkel 
Survey 

EF Lewis (summer) 2019 0.011 0.004 0.023   0.010 0.007 0.016   0.009  214 2 Snorkel 
Survey 

EF Lewis (summer) 2020 0.010 0.004 0.024   0.004 0.002 0.007   0.015  196 3 Snorkel 
Survey 

EF Lewis (summer) 2021 0.007 0.002 0.018   0.002 0.001 0.003   0.000  133 0 Snorkel 
Survey 

EF Lewis (summer) 2022 0.007 0.002 0.022   0.001 0.000 0.002   0.026  76 2 Snorkel 
Survey 

EF Lewis (summer) 2023 0.004 0.001 0.011   0.000 0.000 0.001   0.002  466 1 Snorkel 
Survey 

Kalama (summer) 2000 0.248 0.165 0.349   0.275 0.188 0.383   0.254  50 17 Snorkel 
Survey 

Kalama (summer) 2001 0.208 0.152 0.273   0.443 0.406 0.481   0.185  119 27 Snorkel 
Survey 

Kalama (summer) 2002 0.395 0.336 0.455   0.467 0.436 0.498   0.400  135 90 Snorkel 
Survey 

Kalama (summer) 2003 0.540 0.504 0.574   0.491 0.466 0.516   0.541  339 400 Snorkel 
Survey 

Kalama (summer) 2004 0.597 0.397 0.772   0.515 0.495 0.535       Snorkel 
Survey 

Kalama (summer) 2005 0.661 0.616 0.702   0.539 0.520 0.557   0.665  149 296 Snorkel 
Survey 

Kalama (summer) 2006 0.589 0.531 0.645   0.563 0.542 0.583   0.580  100 138 Snorkel 
Survey 

Kalama (summer) 2007 0.638 0.589 0.686   0.586 0.561 0.611   0.647  123 225 Snorkel 
Survey 
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Gear 
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SSRW   GAM   MOM  
NOS HOS 

Mean L 95 
CI 

U 95 
CI   Mean L 95 

CI 
U 95 
CI   Mean   

Kalama (summer) 2008 0.463 0.396 0.530   0.600 0.573 0.627   0.448  106 86 Snorkel 
Survey 

Kalama (summer) 2009 0.514 0.460 0.567   0.594 0.570 0.616   0.511  154 161 Snorkel 
Survey 

Kalama (summer) 2010 0.632 0.580 0.681   0.587 0.567 0.606   0.640  125 222 Snorkel 
Survey 

Kalama (summer) 2011 0.537 0.469 0.601   0.580 0.562 0.597   0.532  88 100 Snorkel 
Survey 

Kalama (summer) 2012 0.510 0.465 0.557   0.573 0.556 0.589   0.512  201 211 Snorkel 
Survey 

Kalama (summer) 2013 0.417 0.359 0.478   0.566 0.548 0.583   0.409  146 101 Snorkel 
Survey 

Kalama (summer) 2014 0.519 0.459 0.578   0.558 0.538 0.578   0.518  119 128 Snorkel 
Survey 

Kalama (summer) 2015 0.616 0.579 0.653   0.551 0.527 0.575   0.622  239 393 Snorkel 
Survey 

Kalama (summer) 2016 0.432 0.373 0.491   0.515 0.493 0.538   0.418  153 110 Snorkel 
Survey 

Kalama (summer) 2017 0.535 0.495 0.575   0.461 0.441 0.481   0.540  273 321 Snorkel 
Survey 

Kalama (summer) 2018 0.381 0.317 0.447   0.408 0.386 0.430   0.365  125 72 Snorkel 
Survey 

Kalama (summer) 2019 0.449 0.367 0.539   0.356 0.330 0.383   0.486  55 52 Snorkel 
Survey 

Kalama (summer) 2020 0.246 0.177 0.328   0.308 0.278 0.340   0.232  73 22 Snorkel 
Survey 

Kalama (summer) 2021 0.180 0.119 0.258   0.263 0.230 0.300   0.165  76 15 Snorkel 
Survey 

Kalama (summer) 2022 0.200 0.122 0.300   0.223 0.188 0.264   0.213  37 10 Snorkel 
Survey 

Kalama (summer) 2023 0.187 0.135 0.248   0.188 0.152 0.230   0.186  131 30 Snorkel 
Survey 

Washougal (summer) 1999 0.100 0.052 0.170   0.119 0.069 0.197   0.112  87 11 Snorkel 
Survey 

Washougal (summer) 2000 0.067 0.017 0.217   0.055 0.010 0.250        

Washougal (summer) 2001 0.049 0.009 0.213   0.044 0.010 0.177        

Washougal (summer) 2002 0.036 0.006 0.162   0.036 0.010 0.120        

Washougal (summer) 2003 0.025 0.004 0.114   0.030 0.011 0.080        

Washougal (summer) 2004 0.019 0.004 0.074   0.024 0.011 0.053        

Washougal (summer) 2005 0.014 0.005 0.032   0.020 0.011 0.035   0.000  172 0 Snorkel 
Survey 

Washougal (summer) 2006 0.026 0.014 0.045   0.016 0.010 0.025   0.039  296 12 Snorkel 
Survey 

Washougal (summer) 2007 0.012 0.005 0.026   0.013 0.009 0.020   0.005  187 1 Snorkel 
Survey 
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Table B1. Continued. 

Population Spawn 
Year 

pHOS   Observations 

Gear 
Type 

SSRW   GAM   MOM  
NOS HOS 

Mean L 95 
CI 

U 95 
CI   Mean L 95 

CI 
U 95 
CI   Mean   

Washougal (summer) 2008 0.008 0.003 0.019   0.012 0.007 0.020   0.000  191 0 Snorkel 
Survey 

Washougal (summer) 2009 0.014 0.007 0.025   0.014 0.010 0.022   0.015  406 6 Snorkel 
Survey 

Washougal (summer) 2010 0.019 0.010 0.034   0.017 0.012 0.025   0.025  389 10 Snorkel 
Survey 

Washougal (summer) 2011 0.013 0.004 0.039   0.021 0.016 0.028       Snorkel 
Survey 

Washougal (summer) 2012 0.009 0.003 0.021   0.025 0.020 0.032   0.000  193 0 Snorkel 
Survey 

Washougal (summer) 2013 0.013 0.004 0.033   0.030 0.024 0.039   0.010  103 1 Snorkel 
Survey 

Washougal (summer) 2014 0.024 0.010 0.048   0.036 0.028 0.047   0.022  133 3 Snorkel 
Survey 

Washougal (summer) 2015 0.054 0.035 0.079   0.043 0.032 0.059   0.062  332 22 Snorkel 
Survey 

Washougal (summer) 2016 0.032 0.018 0.050   0.041 0.031 0.055   0.030  322 10 Snorkel 
Survey 

Washougal (summer) 2017 0.031 0.016 0.057   0.033 0.025 0.043   0.034  172 6 Snorkel 
Survey 

Washougal (summer) 2018 0.027 0.012 0.051   0.027 0.020 0.036   0.035  164 6 Snorkel 
Survey 

Washougal (summer) 2019 0.017 0.007 0.036   0.022 0.014 0.032   0.015  133 2 Snorkel 
Survey 

Washougal (summer) 2020 0.011 0.004 0.027   0.017 0.010 0.029   0.007  138 1 Snorkel 
Survey 

Washougal (summer) 2021 0.010 0.003 0.025   0.014 0.007 0.027   0.009  105 1 Snorkel 
Survey 

Washougal (summer) 2022 0.010 0.003 0.029   0.011 0.005 0.024   0.015  67 1 Snorkel 
Survey 

Washougal (summer) 2023 0.009 0.002 0.028   0.009 0.004 0.022   0.008  120 1 Snorkel 
Survey 

Wind (summer) 2018 0.008 0.003 0.020   0.012 0.006 0.026   0.011  281 3 Snorkel 
Survey 

Wind (summer) 2019 0.007 0.003 0.014   0.008 0.004 0.014   0.010  621 6 Snorkel 
Survey 

Wind (summer) 2020 0.003 0.001 0.008   0.005 0.003 0.009   0.000  255 0 Snorkel 
Survey 

Wind (summer) 2021 0.002 0.000 0.006   0.003 0.001 0.007   0.000  343 0 Snorkel 
Survey 

Wind (summer) 2022 0.002 0.000 0.006   0.002 0.001 0.006   0.000  122 0 Snorkel 
Survey 

Wind (summer) 2023 0.002 0.000 0.005   0.001 0.000 0.005   0.002   877 2 Snorkel 
Survey 
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Appendix C. STAN code used to fit the multivariate state space random walk with logit link 
using a binomial response to the hatchery- and natural-origin spawner data from each 
population to estimate the proportion of hatchery-origin spawners.  

##  [1] data{                                                                                                                                  
##  [2]   int T;                                                                                                                               
##  [3]   int T_forward;                                                                                                                       
##  [4]   int T_backward;                                                                                                                      
##  [5]   int P;                                                                                                                               
##  [6]   int n;                                                                                                                               
##  [7]   int HOS_obs[n];                                                                                                                      
##  [8]   int NOS_obs[n];                                                                                                                      
##  [9]   int pop_obs[n];                                                                                                                      
## [10]   int year_obs[n];                                                                                                                     
## [11] }                                                                                                                                      
## [12] transformed data{                                                                                                                      
## [13]   int TOS_obs[n];                                                                                                                      
## [14]   for(i in 1:n){                                                                                                                       
## [15]     TOS_obs[i] = HOS_obs[i] + NOS_obs[i];                                                                                              
## [16]   }                                                                                                                                    
## [17] }                                                                                                                                      
## [18] parameters{                                                                                                                            
## [19]   matrix[T-1,P] eps;                                                                                                                   
## [20]   vector<lower=0,upper=1>[P] p_0;                                                                                                      
## [21]   real<lower=0> sigma_rn_mu;                                                                                                           
## [22]   real<lower=0> sigma_rn_sigma;                                                                                                        
## [23]   vector[P] eps_sigma_rn;                                                                                                              
## [24]   cholesky_factor_corr[P] L;                                                                                                           
## [25] }                                                                                                                                      
## [26] transformed parameters{                                                                                                                
## [27]   matrix<lower=0,upper=1>[T,P] p;                                                                                                      
## [28]   vector<lower=0>[P] sigma_rn = exp(log(sigma_rn_mu) + eps_sigma_rn * 
sigma_rn_sigma);                                                 
## [29]   p[1,1:P] = to_row_vector(p_0[1:P]);                                                                                                  
## [30]   for(t in 2:T){                                                                                                                       
## [31]     p[t,1:P] = to_row_vector(inv_logit(to_vector(logit(p[t-1,1:P])) + 
diag_pre_multiply(sigma_rn,L) * to_vector(eps[t-1,1:P])));       
## [32]   }                                                                                                                                    
## [33] }                                                                                                                                      
## [34] model{                                                                                                                                 
## [35]   vector[n] local_p;                                                                                                                   
## [36]   for(i in 1:n){                                                                                                                       
## [37]     local_p[i] = p[year_obs[i],pop_obs[i]];                                                                                            
## [38]   }                                                                                                                                    
## [39]   //=========Priors================                                                                                                    
## [40]   //observation  & process error sds                                                                                                   
## [41]   sigma_rn_mu ~ std_normal();                                                                                                          
## [42]   sigma_rn_sigma ~ std_normal();                                                                                                       
## [43]   eps_sigma_rn ~ std_normal();                                                                                                         
## [44]   //correlation matrix                                                                                                                 
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## [45]   L ~ lkj_corr_cholesky(1);                                                                                                            
## [46]   //process errors                                                                                                                     
## [47]   to_vector(eps) ~ std_normal();                                                                                                       
## [48]   //initial states                                                                                                                     
## [49]   p_0 ~ beta(1,1);                                                                                                                     
## [50]   //=========likelihood=============                                                                                                   
## [51]   HOS_obs ~ binomial(TOS_obs,local_p);                                                                                                 
## [52] }                                                                                                                                      
## [53] generated quantities{                                                                                                                  
## [54]   matrix[P,P] Omega = multiply_lower_tri_self_transpose(L);                                                                            
## [55]   matrix[P,P] Sigma = quad_form_diag(Omega, sigma_rn);                                                                                 
## [56]   matrix[T + T_forward + T_backward,P] p_all;                                                                                          
## [57]   matrix[T_backward + T + T_forward,P] eps_all;                                                                                        
## [58]   p_all[T_backward + 1:T_backward + T,1:P] = p;                                                                                        
## [59]   eps_all[T_backward + 1,1:P] = rep_row_vector(0,P);                                                                                   
## [60]   eps_all[T_backward + 2:T_backward + T,1:P] = eps;                                                                                    
## [61]   for(t in (T_backward + T + 1):(T_backward + T + T_forward)){                                                                         
## [62]     for(i in 1:P){                                                                                                                     
## [63]       eps_all[t,i] = normal_rng(0,1);                                                                                                  
## [64]     }                                                                                                                                  
## [65]     p_all[t,1:P] = to_row_vector(exp(to_vector(log(p_all[t-1,1:P])) + 
L * to_vector(eps_all[t,1:P])));                                 
## [66]   }                                                                                                                                    
## [67]   for(t in 1 : T_backward){                                                                                                            
## [68]     for(i in 1:P){                                                                                                                     
## [69]       eps_all[t,i] = normal_rng(0,1);                                                                                                  
## [70]     }                                                                                                                                  
## [71]     p_all[T_backward - t + 1,1:P] = to_row_vector(exp(to_vector(log(p
_all[T_backward - t + 2,1:P])) - L * to_vector(eps_all[t,1:P]))); 
## [72]   }                                                                                                                                    
## [73] } 
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