




Wenatchee River spring Chinook salmon

16

PIT tagging
PIT tag

Josh Poole



17



18



Chapter 2 conclusions

• Return rates and ages differed between life history 
pathways
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Chapter 3 – Integrating individual 
heterogeneity into an integrated 

population model to inform 
viability analysis
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Projections and viability metrics

• 50-year projection

• Abundance-based hatchery 
management rules

22



23



24



Chapter 3 conclusions

Projected abundance 
was < recovery criteria

Multiple juvenile life 
history pathways 

contribute to adult 
returns
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Chapter 4 – Informing salmon 
habitat restoration and 

hatchery management with 
management modeling
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Alternative management strategies

Strategy
Habitat Hatchery

1 Baseline Baseline

2 Baseline Reduced

3 Natal Baseline

4 Natal Reduced

5 Downstream Baseline

6 Downstream Reduced

7 Both Baseline

8 Both Reduced
27



Projections and viability metrics

• Viability metrics
• Geometric-mean abundance

• Proportionate natural influence (PNI) = pNOB/(pNOB+pHOS)
• pNOB = proportion of natural-origin broodstock

• pHOS = proportion of hatchery-origin spawners

28



29

b c d



30

b c d

+55%

+74%

+9%
Base.

Habitat restoration effects 
on total abundance
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b c d

-4%
+11%

0%
+6%

Reduced broodstock effects on abundance
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c d
+8% +21%

Reduced broodstock 
effects on PNI



Chapter 4 
conclusions

• Natal stream restoration may increase 
abundance > downstream restoration

• Smaller hatchery program sizes may 
benefit population

• Population models are a powerful tool for 
assessing management alternatives

33



 

Attachment D 
Kevin See’s presentation, “Updating Time-Series of Wenatchee Steelhead Spawners 

 

 

  



2
Department of Fish and Wildlife

2

Acknowledgements

CCPUD has funded the Wenatchee River 

spawning ground surveys since 2000

BPA funded the development of the redd 

observer error model 

WDFW funded the general analysis of this recent 
work (1987-2013)

2



3
Department of Fish and Wildlife

3

Outline

• Overview of current methods

• Comparison with older 
method

• Extend current time-series 
backwards

• Questions/Discussion
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Current Methods
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Current 

Method
(2011-present)

5

Estimated 
Redds

FpR
pHOS

Redd Counts

Estimated 
Mainstem 
Spawners 
(by origin)

Obs. Eff. / 
GAUC 
Model

Estimated 
Tributary 
Spawners 
(by origin)

PIT tags at 
Priest

DABOM

Estimated 
Wenatchee 
Spawners 
(by origin)
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6

Observer Efficiency Model
(Murdoch et al. 2018)

Two Observer:

• Observed redd density (+)

• CV of Thalweg Depth (-)

• Discharge (+)

• Experience (+)

6

𝑁𝑒𝑡 𝐸𝑟𝑟𝑜𝑟𝑖 =
𝐶𝑖
𝑉𝑖

One Observer:

• Observed redd density (+)

• CV of Thalweg Depth (+)

• Depth (-)
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Dam Adult Branch Occupancy Model (DABOM)
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“New” Time-Series By Area and Time Period

8

Years
Mainstem 

Wenatchee
Chiwaukum, 

Chumstick and Misson
Other Tributaries

2014 – 2022
2 Observer 

Net Error Model
DABOM DABOM

2011 – 2013
1 Observer 

Net Error Model
DABOM DABOM

2004 – 2010
1 Observer 

Net Error Model
Expansion

1 Observer 
Net Error Model
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Comparison with Older Method
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“Older Method”

10

• Uses dam counts (PRD, RI, RR and Wells)
• Accounted for broodstock, direct and indirect harvest

• 2- year RT study (English et. 1999 and 2001)
• Excluded overshoot fallbacks 

• Constant proportion by origin for each population

• All potential spawners were assigned to a population 
• Applied 10% overwinter mortality to get spawners
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Comparison Plot
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Extend Current Time-Series Backwards
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Multivariate Auto-Regressive State-Space Model

𝑥𝑡 = 𝑥𝑡−1 + 𝑪𝑐𝑡 + 𝑤𝑡, where 𝑤𝑡~𝑀𝑉𝑁(0,𝑸)

𝑦𝑡 = 𝒁𝑥𝑡 + 𝑎 + 𝑣𝑡 , where 𝑣𝑡~𝑀𝑉𝑁(0, 𝑹)

13

• States include:
• Wenatchee natural- and hatchery-origin spawners
• Dam counts at Bonneville, McNary, Prosser, Rock Island and Ice Harbor

• Observations include new and old time-series of both natural- and hatchery-origin 
spawners

• Set a to assume new time-series is unbiased for each origin
• Allowed Q to estimate covariance between various states 
• Fixed elements of R to be equal to estimated uncertainty from new time-series.
• Tested using a weighted average of smolt releases as a covariate (ct)

• Was not supported by model selection (AICc)
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MARSS Benefits

• Estimates any consistent bias

• Utilizes multiple time-series

• Correlated year-to-year variability

• Shared ocean conditions

• Allows known observation errors to 
be fixed

• Compare various model 
configurations

14
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MARSS Estimates
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Updated Complete Time-Series
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Proportion of Hatchery Origin Spawners (pHOS)
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Questions?
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Columbia River Dam Counts
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Hatchery Smolt Releases
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Log-Log Linear Model Fit
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1 Goal

The current method of estimating spawners in the Wenatchee subbasin involves using a PIT-tag based
escapement model (DABOM) to estimate tributary spawners (Waterhouse et al. 2020) and adjust the
observed redd counts in the mainstem Wenatchee from two observers with a redd observer error model
(Murdoch et al. 2018). These adjusted redd counts are combined with redd counts in tributaries below the
PIT tag arrays. The PIT tags observed moving into the mainstem (or the tributaries) are used to calculate
a fish / redd estimate (males/females + 1 (Murdoch et al. 2009)) and the proportion of hatchery fish on the
spawning grounds (pHOS), both of which are used to translate estimates of redds into estimates of hatchery
and natural origin spawners. This method has been utilized from spawn year 2014 until the present.

From 2011-2013, the exact same methods were used, except redd counts were adjusted for observer error
estimated using the one-observer net error model from Murdoch et al. (2018), because redd surveys in the
Wenatchee during that time used a one-observer methodology.

From 2004-2010, estimates of spawners come mainly from redd surveys, which are adjusted using the one-
observer net error model from Murdoch et al. (2018). Estimates of fish / redd and pHOS come from fish
sampled at Dryden dam. There were three tributaries (Mission, Chumstick and Chiwaukum) that were not
part of the redd sampling frame. However, when PIT tag arrays were placed in those tributaries after 2011,
some steelhead spawning was observed. Therefore, for 2004-2010, we estimated hatchery and natural origin
spawners by the mean proportion of overall Wenatchee spawners in those tributaries from 2011 on.
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This results in a complete time series from 2004-2021 of estimates of hatchery and natural origin spawners,
with associated standard errors. We believe these estimates to be unbiased, based on Murdoch et al. (2018)
and Waterhouse et al. (2020).

There is another time series of estimates, from 1987 - 2021, using older methods based on dam counts at the
mainstem dams on the Upper Columbia. The goal of this work is to establish a relationship between the
two time-series, and use that relationship to “adjust” the older time-series, from 1987-2003, to better match
the more recent time-series.
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Figure 1: Time-series of hatchery and natural origin spawners in the Wenatchee, colored by what method
was used. Error bars represent 95% confidence intervals where available.

2 Methods and Results

2.1 Linear Model

Treat each year as independent, and fit a linear model that includes interactions with origin for both the
intercept and slope, with the new estimates as the independent variable and old estimates as the dependent
variable. We also tested a log-log linear regression, which involved taking the natural logarithm of each
time-series before fitting a linear regression.
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Figure 2: Scatterplots of hatchery and natural origin spawners in the Wenatachee, as estimated by the old
method (x-axis) and new methods (y-axis). The blue line is a loess fit, and the red line shows a linear fit
forced through the origin.
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Figure 3: Log-log scatterplots of hatchery and natural origin spawners in the Wenatachee, as estimated by
the old method (x-axis) and new methods (y-axis). The blue line is a loess fit, and the red line shows a
linear fit forced through the origin.
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Figure 4: Black lines show linear regression estimates with the 95% confidence intervals depicted as grey
ribbons. Blue triangles depict estimates from the old time-series, while red points and 95% confidence
intervals are from the new time-series.
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Figure 5: Black lines show log-log linear regression estimates with the 95% confidence intervals depicted as
grey ribbons. Blue triangles depict estimates from the old time-series, while red points and 95% confidence
intervals are from the new time-series.
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2.1.1 Linear Modeling Results

Neither a linear nor a log-log linear model fit the data very well (Figures 2 and 3). A linear fit to these
scatter plots would imply a consistent bias (either additive or multiplicative). The lack of such an obvious fit
implies the relationship between the two time-series is more complicated. Both appeared to underestimate
abundance during years when the older method predicted high numbers steelhead spawners (Figures 4 and
5).

2.2 MARSS

Fit a multivariate auto-regressive state-space (MARSS) model (Holmes et al. 2012, 2021) to the two time-
series, ensuring that the only offset of the true states is for the old time-series and that the observation error
of the new time-series is informed by mean standard error from the new time-series.

A MARSS model is of the form:

xt = Bxt−1 + u + Ctct + wt, where wt ∼ MV N(0, Q)
yt = Zxt + a + Dtdt + vt, where vt ∼ MV N(0, R)

where xt represents the true state at time t, which change as a correlated random walk through time. The
u term represents average drift or trend through time. Meanwhile, yt represent the observations of those
true states, xt. Which state each element of yt is an observation of is determined by the Z matrix, while a
represents a fixed offset between different elements of y. Ct and Dt are possible parameters that show how
inputs ct and dt influence the states (xt) or observations (yt); in other words they are covariates. Finally
Q is the process error variance, while R is the observation error covariance matrix. This framework works
best in log-space, so we log-transformed yt. Further details of MARSS models can be found in the MARSS
user guide.

• We set y1,t and y3,t to be the estimates of hatchery and wild spawners using the most updated methods,
while y2,t and y4,t are the vector of estimates of hatchery and wild spawners using the older method.

• We fixed the first and third element of a to be 0, to ensure there was no offset between the updated
estimates and the MARSS model states (The second and fourth element of a was estimated, as the
average multiplicative offset between the older time-series and the true states).

• We set B to be the identity matrix

• We tested setting u to 0, the equivalent of a random walk model, and allowing it be estimated, the
equivalent of a random walk with drift or trend model.

• The other element we wanted to feed a priori into the MARSS framework was the observation error
variance, based on the estimated standard errors in the updated estimates. Because the model is set
in log-space, we transformed the estimated standard errors by calculating the coefficient of variation,
adding 1, logging that value and then calculating the square root. We then took the mean of the
log-space standard errors before squaring it. These two values for hatchery and wild observation error
were set as the first and third term along the diagonal of the R matrix, while the off-diagonals were
set to 0 and the observation variance of the older methods was left for the MARSS model to estimate.

• Because hatchery and natural origin returns may be correlated to other dam counts, we compiled time-
series of counts from several other Columbia River dams: Bonneville, Ice Harbor, McNary, Prosser and
Rock Island dams. These were treated as separate states in the MARSS framework, each with a single
observation. For all dams, counts were summed from June 1 the year prior to May 31 of that spawn
year. These counts are plotted in Figure 6.
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Table 1: AICc values for all models.

Model Num. Description n Params LogLik AICc delta AICc
3 Q unconstrained, no covariates 44 -20.1 145.0 0.0
6 Q unconstrained, smolt covariate 45 -20.1 147.8 2.8
9 Q unconstrained, no covariates, U unequal 51 -13.1 151.3 6.3

12 Q unconstrained, smolt covariate, U unequal 52 -12.9 154.0 9.0
2 Q mostly independent, no covariates 24 -181.7 416.2 271.2
5 Q mostly independent, smolt covariate 25 -181.7 418.5 273.5
1 Q diag and unequal, no covariates 23 -186.7 423.6 278.6
8 Q mostly independent, no covariates, U unequal 31 -177.1 424.1 279.1
4 Q diag and unequal, smolt covariate 24 -186.5 425.7 280.7

11 Q mostly independent, smolt covariate, U unequal 32 -176.8 426.2 281.2
7 Q diag and unequal, no covariates, U unequal 30 -184.8 437.1 292.1

10 Q diag and unequal, smolt covariate, U unequal 31 -184.8 439.6 294.6

• We also compiled one more possible input, hatchery releases of smolts. We hypothesized that the
hatchery release numbers from previous years might inform the predicted returns of adults. We used
the weighted average of salt age 1 and salt age 2 releases, weighted 70% towards salt age 1 and 30%
towards salt age 2 based on average age composition data. Salt age 1 fish returned 2 years after their
release, while salt age 2 fish returned after 3 years. This time-series extended back to 1987 and was
normalized to have a mean of zero and standard deviation of one. This was treated as a possible
covariate for the estimated state of hatchery spawners. This time series is shown in Figure 7.

• We tested several configurations of this model:

1. Treated all states (Wenatchee hatchery and wild spawners, and other dam counts) as independent,
by setting the off-diagonal terms of Q to 0. (Q = "diagonal and unequal)

2. Similar to (1), but allowed for the process errors of Wenatchee hatchery and wild spawners to
co-vary by estimating a single off-diagonal element of Q.

3. Allowed the process errors to co-vary across all states, and estimated their covariance as the
off-diagonal term of Q. (Q = "unconstrained)

4. Same as (1), but included a covariate of hatchery smolt releases to inform hatchery returns.
5. Same as (2), but included a covariate of hatchery smolt releases to inform hatchery returns.
6. Same as (3), but included a covariate of hatchery smolt releases to inform hatchery returns. 7-12.

Same as above, but included a possible trend (U = "unequal").

Models 1, 2, 4 and 5 essentially ignore the dam counts when it comes to fitting and predicting for the
Wenatchee states. Models 1 and 4 treat hatchery and wild spawners as independent time-series which is the
equivalent of fitting separate models for wild and hatchery spawners.

• All models were compared with AICc.

• All models were fit using the MARSS package in R.

2.2.1 MARSS Results

The results (Table 1) show the third model to be best supported by the data. This model allows for correlated
process errors between hatchery and natural spawners and various dam counts. The second best model by
AICc was model 6, which was identical to model 3 but also included a covariate of previous smolt releases
to help predict hatchery spawners.
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Figure 6: Time-series of counts from various Columbia River dams, from June 1 the year prior to May 31 of
that spawn year.

Table 2: Estimates of Q matrix from model 3, showing variance and co-variance estimates.

Wen. Hatch Wen. Wild BON IHR MCN PRO RIS
Wen. Hatch 0.222 0.157 0.136 0.159 0.162 0.118 0.167
Wen. Wild 0.157 0.202 0.089 0.098 0.104 0.198 0.167
BON 0.136 0.089 0.096 0.114 0.113 0.073 0.106
IHR 0.159 0.098 0.114 0.137 0.136 0.077 0.122
MCN 0.162 0.104 0.113 0.136 0.135 0.081 0.125
PRO 0.118 0.198 0.073 0.077 0.081 0.217 0.157
RIS 0.167 0.167 0.106 0.122 0.125 0.157 0.157

Table 3: Estimates of selected parameters from the best model.

term estimate std.error conf.low conf.up
A.a_old_hor 0.043 0.189 -0.328 0.413
A.a_old_nor 0.211 0.110 -0.005 0.427
R.r_old_hor 0.606 0.151 0.310 0.902
R.r_old_nor 0.089 0.025 0.040 0.139
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Figure 7: Time-series of normalized weighted average of smolt releases prior to the spawn year (x-axis).
Dotted line shows when the new time-series begins.

Table 2 shows the estimates of the process error covariance matrix, Q. Table 3 shows other parameter
estimates from the selected model.

Figure 8 compares the predictions of hatchery spawners from a model that does not use smolt releases as a
covariate and one that does, although both have unconstrained Q matrices. (models 2 and 4). Predictions
are greater for the model with a smolt release covariate, but only in the earlier years.

3 Conclusions

The MARSS framework appear to fit the data better than the linear regression for several reasons, so we
chose to use that. First, there does not appear to be a consistent additive or multiplicative bias between
the two time-series. Second, a MARSS model is explicitly a time-series model, which is appropriate for
this comparison. Finally, the MARSS framework allowed us to test a variety of model structures, including
bringing in other time-series and covariates. AICc supported a model that included several time-series
of various dam counts, with correlated process errors (true year-to-year variability), including a positive
correlation between hatchery and natural origin spawners. This positive correlation could reflect the impacts
of shared ocean conditions. There was slightly less support for the same model that also included a covariate
of weighted average of previous smolt releases to for the hatchery returns (but not natural origin returns).
Because the coefficient of that covariate was negative, with confidence intervals that overlapped 0, and
because including smolt releases had very little effect on spawner estimates (Figure 8), we decided against
using that model and chose the one with the lowest AICc score.
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Figure 8: Comparison of predicted states of hatchery spawners for a model with no smolt release covariate
(x-axis) and one that includes that covariate (y-axis). The period refers to whether the new time-series
estimates exist.
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Figure 9: Estimates of spawners through the years, faceted by origin. Predicted spawners is the black line
with 95% confidence interval in gray. Blue triangles depict estimates from the old time-series, while red
points and 95% confidence intervals are from the new time-series.
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Figure 10: Updated estimates of spawners through the years, colored by origin, showing point estimates and
95% confidence intervals. Dashed vertical line differentiates older and newer time-series.
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