
Current status of Southern 
Resident killer whales and the 
use of RMPC data to inform 

managementNorthwest 
Fisheries 
Science Center

Eric Ward, Ole Shelton, Brad Hanson, 
Mike Ford, Jan Ohlberger (UW), Ben 

Nelson (contractor NWFSC), Joe 
Anderson (WDFW)

eric.ward@noaa.gov
4/23/2018



1. Overview of current status

2. Stock prioritization framework

3. Ways we’re using RMPC data to inform 
distributions and trends in Chinook prey

U.S. Department of Commerce | National Oceanic and Atmospheric Administration | NOAA Fisheries | Page 



SRKW versus other spp of concern
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SRKW represent a flat / declining
population of a species that is 
doing really well

More fish-eating killer whales in NE 
Pacific now than since < 1972

For many species, threat(s) are clear,
can be prioritized. Less so for SRKW.



Current status: 75 SRKW whales

• Projected to decline, rate depends on assumptions
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Sensitivity to assumptions about representative years

The above projections include uncertainty in vital rates, but use estimates from 2016 only. A single year may
not be representative, so we also ran scenarios that used survival and fecundity rates drawn from 2011-2016.
These scenarios use a 50:50 sex ratio, and do not dynamically update inbreeding for each individual.
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Figure 7: Comparison of using 2016 demographic rates for forecasts, versus using estimates from 2011-2016.

9

Source: Dec 2016 status review



Demographic changes contributing a lot to the 
decline

• Changing age structure: fewer old females, more 
males

• SRKW sex ratio skewed
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Recovery may be limited by females

• Greyed out animals
= old or haven’t given
birth in ~ a decade
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animal pod age last animal pod age last
J17 J 40 2 L54 L 40 7
J19 J 38 12 L55 L 40 6
J22 J 32 14 L72 L 31 12
J31 J 22 1 L77 L 30 5
J35 J 19 7 L82 L 27 7
J36 J 18 2 L83 L 27 10
J37 J 16 2 L86 L 26 3
J40 J 13 NA L90 L 24 NA
J41 J 12 2 L91 L 22 2
J42 J 10 NA L94 L 22 2
K14 K 40 9 L103 L 14 2
K16 K 32 15
K20 K 31 13
K22 K 30 11
K27 K 23 6



Threats & unanswerable questions?
• What are the reasons for individual deaths?
• Why are animals becoming pregnant but not producing live 

calves?
• What prey is most limiting? Which stocks?
• Which season are the animals most nutritionally stressed?
• Which contaminants (if any) affect health, fecundity or survival?
• How does disease impact SRKW?
• Are any social behaviors, infanticide or other, affecting 

demographics?
• How is inbreeding impacting demographic rates?
• What (if anything) is causing the trend toward more males at birth?
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Stock prioritization report
• NOAA West Coast Region – WDFW

• Incorporates knowledge on 
• Killer whale diet
• Killer whale distribution
• spatiotemporal overlap of Chinook populations
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Distribution: what we know
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Where do SRKWs occur?

Approximate ranges for “Resident” eco-type killer whales in the eastern North Pacific 
Slide: B. Hanson



Distribution: summer
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Sighting density in Summer 
Range by SRKW podJ
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Hauser et al. 2007, 
Mar Ecol Prog Ser
351:301–310 

Based on thousands of sightings, SRKWs primarily 
occur in the San Juan and Gulf Islands but highest 
density is off the southwest side of San Juan Island

Hauser et al 2007



Winter distribution from satellite tags
• J pod: inland waters
• K/L: coastal

• Example:
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State space models

We can fit state space models to the tracks from individual whales. Because the settings, tag duration, and
date are all di�erent, we’ll do each independently. We’ll use a 10-minute interval for each, for consistency
with the settings of the acoustic recorders.

The modeling approach we’ll use is the correlated random walk model of Jonsen et al. (2008), implemented in
the bsam R package. Estimation of these models can be slow (because they’re Bayesian) but they also have
low RMSE compared to other approaches (Albertsen et al. 2015). For each tag, we’ll fit the basic state-space
model described by Jonsen et al. (2008), and use MCMC sampling to generate ~ 1200 samples from the
posterior distribution for each 10-minute location (across 2 MCMC chains).

Processing Output

We can start by making a plot of the posterior densities of estimated locations. We’ll initially combine L87
and J27 because they represent whales associated with J pod, and have a more inland distribution.
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Figure 3: Posterior density of L87 based on satellite tag (12/26/2013 - 1/26/2014) and J27 (12/28/2014 -
2/15/2015). For L87, there were 428 recorded locations (ignoring deployment) and 4423 estimated locations
at 10-minute intervals. For J27, there were 474 recorded locations and 7032 estimated locations at 10-minute
intervals. The color scale is relative to a uniform distribution within the colored area.
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Figure 4: Posterior density of K25 (12/28/12 - 04/04/2013, 880 recorded locations and 13722 10-minute
intervals) and L84 (2/17/2015 - 5/21/2015, 907 recorded locations and 13406 10-minute intervals). The color
scale is relative to a uniform distribution within the colored area.

Calculation of highest posterior density.

As an alternative approach to calculating convex polygons, we can calculate quantiles of the highest posterior
density, or in other words, the grid cells that contain some quantile (e.g. 90%, 50%) of the utilization
distribution. Again, this can be done for each whale individually, or as a composite. We’ll start with a
composite of L87 and J27,
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Diet: Chinook dominates summer
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SRKW Diet - Results

Prey 
remains

Fecal DNA

Hanson et al. 2010 Endangered Species Res. and NWFSC unpubl. data 

San Juan Islands/Juan de Fuca Puget Sound Coastal waters

Also see Ford et al. 2016Slide: B. Hanson



Stocks in summer samples
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SRKW Summer Diet  - Chinook stocks
Upper, Middle, and Lower Fraser, and South Thompson are seasonally important 

Strait of Juan de Fuca

S. Thompson

N. Thompson

S. Puget 
Sound

L. Thompson

N. Puget 
Sound

1
Stock proportion

June July Aug Sept

San Juan Islands

U. Fraser

M. Fraser

L. Fraser

Other

May

Prey sampling location

0 1 0 1 0 1 0 1 0

Hanson et al. 2010 Endangered Species Res

Hanson et al 2010Slide: B. Hanson
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What Chinook stocks do SRKWs eat in winter?

Chinook Genetic 
Stock Identification 
included many U.S. 
west coast stocks:

• Puget Sound

• Columbia River

• Klamath

• Central Valley

Note that all Chinook came from relatively large drainages

NWFSC unpubl. data 

N=44 

NWFSC, Hanson unpub.



Example of priority stocks in report
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June 22, 2018    

Priority Chinook Stocks Using Conceptual Model 
 

ESU / Stock Group Run Type Rivers or Stocks in Group Diet 

Contribution 

Score (0,1) 

Killer Whale Reduced 

Body Condition or 

Diverse Diet Score (0,1) 

Spatio-Temporal 

Overlap Score (0 - 3) 

  

Avg. Factor 1 

(see note) 

Avg. Factor 2  

(see note) 

Avg. Factor 3 Total Score  

(sum of factors) 

Northern Puget Sound Fall Nooksack, Elwha, Dungeness, Skagit, Stillaguamish, 
Snohomish 

1 1 3.00 5.00 

Southern Puget Sound Fall Nisqually, Puyallup, Green, Duwamish, Deschutes, Hood 
Canal systems 

1 1 3.00 5.00 

Lower Columbia Fall Fall Tules and Fall Brights (Cowlitz, Kalama, Clackamas, 
Lewis, others) 

1 1 2.63 4.63 

Strait of Georgia Fall Lower Strait (Cowichan, Nanaimo), Upper Strait 
(Klinaklini, Wakeman, others), Fraser (Harrison) 

1 1 2.63 4.63 

Upper Columbia & 
Snake Fall 

Fall Upriver Brights 1 1 2.25 4.25 

Fraser Spring Spring 1.3 (upper Pitt, Birkenhead; Mid & Upper Fraser; 
North and South Thompson) and Spring 1.2 (Lower 
Thompson, Louis Creek, Bessette Creek) 

1 1 2.25 4.25 

Lower Columbia Spring Lewis, Cowlitz, Kalama, Big White Salmon 1 1 2.25 4.25 
Middle Columbia Fall Fall Brights 1 1 2.06 4.06 
Snake River Spring-

Summer 
Snake, Salmon, Clearwater 1 1 1.88 3.88 

Northern Puget Sound Spring Nooksack, Elwha, Dungeness, Skagit (Stillaguamish, 
Snohomish) 

1 1 1.88 3.88 

Washington Coast Spring Hoh, Queets, Quillayute, Grays Harbor 1 1 1.69 3.69 
Washington Coast Fall Hoh, Queets, Quillayute, Grays Harbor 1 1 1.69 3.69 
Central Valley  Spring Sacramento and tributaries 1 1 1.50 3.50 
Middle & Upper 
Columbia Spring 

Spring Columbia, Yakima, Wenatchee, Methow, Okanagan 1 1 1.31 3.31 

Middle & Upper 
Columbia Summers 

Summer   1 1 1.31 3.31 
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2. Stock prioritization framework

3. Ways we’re using RMPC data to inform 
distributions and trends in Chinook prey
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1. Summarizing trends in hatchery releases
• Ben Nelson (Benjamin.nelson@noaa.gov)

• Salish Sea analysis

• Coastwide analysis
• Collaboration with Stephanie Carlson, Will 

Satterthwaite, etc
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50% increase in size of releases in Puget Sound
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Length increase of 
50% since 1960
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No significant changes in St of Georgia
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Across basin synchrony in release timing

U.S. Department of Commerce | National Oceanic and Atmospheric Administration | NOAA Fisheries | Page 21



Portfolio effects: wild migration v hatchery release

• 20% of smolts released after June 15 < 1988
• Now: 6%
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2. Developing new models of Chinook ocean 
distribution

• Shelton et al. 2018

• Fall Chinook, hatchery origin

• Coastwide model

U.S. Department of Commerce | National Oceanic and Atmospheric Administration | NOAA Fisheries | Page 23

 43

 956 
Figure 1: Map of study area, hatchery locations (black dots), and 17 coastal regions used 957 
in the study. Locator map (left) attribution: Esri, DeLorme, GEBCO, NOAA NGDC, and 958 
other contributors. Main map attribution: Esri, NOAA NGDC, NOAA GSHHG, and 959 
other contributors. 960 
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Composition of stocks by ocean region
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 45

 976 
Figure 3: Estimated proportional spatial distribution by season of fall Chinook salmon 977 
originating from 11 different regions (!",$,%). Each row represents the proportion of fish 978 
from a region present in each ocean region (rows sum to one). Posterior means are 979 
shown. 980 
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 47

Figure 5: Distribution and abundance of fall Chinook salmon age 3 and older in the 997 
ocean. We show proportional contribution of age 3+ fish to each ocean region (left 998 
panels) and total abundance (right panels) at the beginning of spring (a), summer (b), and 999 
fall (c) seasons. Results arise from simulations assuming median fishing mortality for 1000 
each area and season (see Fig. S1.9) and a single juvenile mortality rate shared across all 1001 
regions. 1002 
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Ongoing work: spring Chinook
• Recoveries in fisheries more limited

• Areas more coarse than fall Chinook model

• Bycatch recoveries expanded

• Integrating fall and spring Chinook: can we link 
distribution changes to changing ocean conditions
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3. Evaluating changes in body size
• Ohlberger et al. 2018
• Coastwide analysis
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populations examined increased in Alaska and British Columbia, in-
creased or decreased in Washington and Oregon, and decreased in 
California.

3.2 | Spatial and temporal patterns in size- at- age

Inclusion of a nested year- in- population random effect was sup-
ported in all five size- at- age models (one for each ocean age). Four of 
the five selected models included fixed effects for brood year, rearing 
type, fishery, freshwater age, run type and sex as factors, and day of 
year of capture as a continuous variable. The selected ocean- 5 model, 
which contained the fewest data, did not include freshwater age and 
day of year, but otherwise had the same structure. In addition, the 
interaction between the fixed effects of year and rearing type (hatch-
ery or wild) was not supported in the models with the exception of 
the ocean- 1 model. Hatchery- origin and wild populations thus did not 
show significantly different temporal trends except for the youngest 
age class. The conditional R2 values of the selected models for ocean 
ages 1–5 were 0.70, 0.51, 0.37, 0.45 and 0.56. Hence, the variance ex-
plained by the fixed and random effects was between 37% and 70%.

The year effects of the size- at- age models showed that the size 
of Chinook salmon across their entire North American range has var-
ied greatly over the past four decades. All ocean ages from ocean- 1 
to ocean- 5 show some year- to- year variation and clear temporal 
trends in size- at- age (Figure 5). The overall trend is that the size- at- 
age of ocean- 1 and ocean- 2 fish has increased, while the size- at- age 
of ocean- 4 and ocean- 5 (and to some extent ocean- 3) fish has de-
creased over time. The increasing size trend of young fish was found 
in most hatchery populations, but was generally weaker or absent 
in wild populations, especially those from Alaska (see below). The 
size decline in ocean- 4 and ocean- 5 fish was found for almost all 
hatchery and wild populations and was most rapid during the re-
cent 10–15 years (i.e., since about 2000). Our findings suggest that 
since the late 1970s, average sizes (lengths) have increased by about 
7% and 3% for ocean ages 1 and 2, respectively, whereas sizes have 
decreased by about 5%, 7% and 9% for ocean ages 3, 4 and 5, re-
spectively. The coast- wide decline in the size- at- age of older fish has 
occurred almost continuously over time, although some shorter pe-
riods of stable or increasing sizes have occurred (Figure 5). It is worth 
noting, however, that the nested year- in- population random effects 
suggest considerable among- population variation in the predicted 
sizes and the temporal trends in size- at- age (Figure S1).

Hatchery fish were generally larger at ocean entry and remained 
larger compared to wild fish up to ocean age- 3 (p < .0001), but this 
size difference diminished throughout ocean residence, and average 
sizes were similar for ocean ages 4 and 5 (p > .05, Figure 6). On aver-
age, hatchery fish were more than 20% larger than wild fish at ocean 
ages 1 and 2. Similarly, freshwater age influences the size of ocean 
ages during the first three years at sea, but this difference weakened 
for ocean- 4 and disappeared for ocean- 5 fish (Figure S2). Day of cap-
ture had a positive effect in all ages, that is larger fish were caught 
later in the year, but this effect also continuously weakened from 
ocean age 1–5. The various run types showed only slight differences 

in size- at- age, with fall and summer runs being generally larger than 
spring runs. Finally, there was a significant effect of fishery on size- 
at- age, where the smallest Chinook salmon were caught in ocean 

F IGURE  5 Linear mixed effects predictions of size- at- age for 
Chinook salmon across the North American west coast. Annual 
predictions for the size- at- age of each age- group (circles, with 
standard errors), from ocean- 1 (bottom) to ocean- 5 (top). The 
grey line illustrates the time trend in size- at- age (loess smoother 
with span=0.5). Year predictions were made by setting all other 
predictors to median values (continuous variables) or the most 
common category (factors) [Colour figure can be viewed at 
wileyonlinelibrary.com]
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Alaska) were combined using individual tag codes or release IDs. 

Release groups with specific comments as well as all individu-

als caught in “Juvenile Sampling” or “High Seas” fisheries were not 

used in the analyses. Troll fisheries included in the data set catch a 

small proportion of Chinook salmon that would not have matured 

in the year of capture. This proportion was assumed to be constant 

through time. Columbia River populations from the WDFW data-

base were categorized into wild, mixed and hatchery populations, 

and only those marked as wild were used in the analyses (six popu-

lations). Individual measurements smaller than 100 mm and larger 

than 1,500 mm were assumed to be misreported and excluded from 

the analysis. Populations with five or fewer years of data were also 

excluded. For wild populations, fishery information was converted 

to the RMIS fishery codes to allow fitting common models including 

hatchery and wild fish. Data with body length measured as snout 

to fork (SNF) and mid- eye to fork (MEF) were used. MEF lengths 

(~7.5% of data) were converted to SNF using an empirical formula: 

SNF=1.101MEF−15.878 (Pahlke, 1989), while other length codes 

were dropped from the analysis (<0.7% of data).

2.2.3 | Size and age metrics

Analyses of changes in size- at- age and age composition were based 

on the ocean age of the fish (i.e., the number of years a fish spent 

in marine waters). For example, a fish spending 4 years at sea and 

having four winter annuli in the ocean zone of the scale was des-

ignated as “ocean- 4.” We included ocean ages 1–5 in the analyses, 

with ocean ages 2–4 being the most frequently observed in our data 

set. Ocean- 5 fish are rare in many populations, especially south of 

Alaska. Ocean- 1 fish might be selected against by some of the fish-

eries and sampling methods used for capture. Age determination of 

Chinook salmon from scales is known to have observation error, but 

the accuracy of scale age data is typically about 90% (McNicol & 

MacLellan, 2010).

2.3 | Statistical approaches for quantifying changes

We used three different complementary approaches for assessing 

the temporal and spatial patterns in size- at- age and age composition 

of Chinook salmon populations along the coast: (i) multinomial lo-

gistic regression (MLR) was used to investigate temporal trends and 

spatial patterns in age composition, (ii) linear mixed effects (LME) 

modelling was used to identify coast- wide time trends in the size- 

at- age, and (iii) dynamic factor analysis (DFA) was used to model the 

spatial patterns of changes in the size- at- age as well as in the mean 

age of the populations. These approaches are explained in detail 

below.

2.3.1 | Multinomial logistic regression

To evaluate support for coast- wide trends in the age composition of 

Chinook salmon, we analysed fish recovery data using a hierarchical 

Bayesian MLR model (Hosmer, Lemeshow, & Sturdivant, 2013). In 

this framework, covariates (time) can be linked to latent proportions, 

F IGURE  1 Map of study area. 
Shown are all wild (circles) and hatchery 
(squares) populations included in the 
analyses coloured by state/province: 
Alaska (orange), British Columbia (blue), 
Washington (green), Oregon (brown) 
and California (purple). Large marine 
ecosystems along the west coast of North 
America are indicated (East Bering Sea, 
Gulf of Alaska and California Current)
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• Increasing trend toward younger fish
• Exception: BC
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same trends were highlighted by the DFA analysis. The most com-
mon trend in mean age shared among populations showed a rela-
tively continuous decline over time (Figure 3). Most populations 
from Alaska, Oregon and Washington (except some of the wild pop-
ulations) followed this trend of declining mean age, while most popu-
lations from British Columbia showed the opposite trend (i.e., mostly 
negative loadings on the DFA trend). Wild populations from Alaska 
followed the declining trend in mean age, similar to hatchery popula-
tions from Alaska, whereas the wild populations from Washington 
showed weaker associations with the declining trend (Figure 3).

The multinomial regression model further illustrated that the 
proportions of older age- groups are consistently lower in recent 
brood years (2001–2005) compared to the early period (1979–1983). 
In populations with ocean- 5 fish, the proportion of this age- group 

has consistently declined (Figure 4), and proportions of ocean- 4 have 
also declined in over 75% of the populations examined coast- wide. 
While these findings suggest some shared temporal trends in the 
age proportions along the coast, our analysis also highlighted signif-
icant differences in age trends between regions, indicating region- 
specific factors affecting the age composition of Chinook salmon 
populations. The most substantial changes were found for Alaska, 
where proportions of ocean- 2 and ocean- 3 fish increased and those 
of ocean- 4 and ocean- 5 fish decreased in almost all populations 
(Figure 4). At the southern end of the distribution range, where the 
age- structure is generally shifted towards younger ocean ages, the 
loss of older individuals implies declining proportions of ocean- 4 and 
often ocean- 3 fish, especially in California. A clear latitudinal cline 
is therefore evident for ocean- 3 fish, such that proportions of most 

F IGURE  3 Dynamic factor analysis (DFA) of mean age of Chinook salmon along the west coast of North America. Common trend in 
mean ocean age of all populations by brood year (left) shown as medians (black line) with 95% credible intervals (blue bands). The right panel 
shows the loadings by each state/province on this common trend. Plots show median values (thick lines), 25th and 75th quartiles (boxes), 
and 1.5 times the interquartile range (whiskers, outliers omitted). Filled boxes indicate hatchery populations and shaded boxes indicate wild 
populations. The number of populations in each region is indicated at the bottom
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F IGURE  4 Coast- wide changes in age proportions of Chinook salmon along the North American west coast. Relative changes in 
the proportion of each ocean age between the early and late periods of the time series. Box plots are based on population- specific age 
proportions predicted by the multinomial logistic regression model and show median values (thick lines), 25th and 75th quartiles (boxes), 1.5 
times the interquartile range (whiskers) and outliers (circles). Colours on the left indicate ocean ages 1–5 (light to dark red), and colours on 
the right refer to Alaska (orange), British Columbia (blue), Washington (green), Oregon (brown) and California (purple)

1 2 3 4 5

–0
.4

–0
.2

0.
0

0.
2

0.
4

Ocean age

C
ha

ng
e 

in
 p

ro
po

rti
on

1 2 3 4 5

–0
.4

–0
.2

0.
0

0.
2

0.
4

Ocean age

C
ha

ng
e 

in
 p

ro
po

rti
on

AK BC WA OR CA



Hypotheses for declining size at age
• Fisheries selectivity / harvest

• Changing ocean conditions

• Selection by predators (killer whales)

• Other?
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4. Evaluating recommendations of WA Orca Task 
Force
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Proposal to increase Hatchery Production
to Benefit Southern Resident Killer Whales

Washington Department of Fish and Wildlife
Revised January 7, 2019

5

FACILITY NAME OPERATOR SPECIES CURRENT 
PROGRAM

PRODUCTION 
INCREASE FOR 

SRKW
% INCREASE

Skookum Cr. Lummi Nation Late Spring Chinook 0 500,000 100%

Skookum Cr. Lummi Nation Late Spring Chinook 1,000,000 500,000 50%

Kendall WDFW Spring Chinook 200,000 500,000 250%

Whatcom Cr. WDFW/ Bellingham Tech 
College

Fall Chinook 0 500,000 100%

Samish WDFW Fall Chinook 4,000,000 1,000,000 25%

Wallace River WDFW Summer Chinook 1,000,000 100,000 10%

Wallace River WDFW Summer Chinook 500,000 100,000 20%

Soos/ Palmer WDFW Fall Chinook 4,200,000 2,000,000 48%

Marblemount WDFW Spring Chinook 787,500 400,000 51%

Marblemount WDFW Coho 500,000 250,000 50%

Marblemount  
(South Sound Net Pens)

WDFW /Squaxin Coho 1,100,000 300,000 27%

Lewis River WDFW Spring Chinook 1,350,000 900,000 67%

Forks Creek WDFW Spring Chinook 0 550,000 100%

Dungeness WDFW Coho 500,000 300,000 60%

Sol Duc WDFW/ Quileute Tribe Summer Chinook 70,000 530,000 757%

Sol Duc WDFW/ Quileute Tribe Summer Chinook 250,000 50,000 20%

Bear Springs Quileute Tribe Summer Chinook 60,000 75,000 125%

Total Production   16,217,500 8,055,000 47%

Table 1. 2018 Hatchery Production Increases for Current Facilities



Puget Sound Partnership – Long Live the Kings

• 36 overall recommendations

Three related to harvest / hatcheries
• 6. Significantly increase hatchery production and 

programs to benefit Southern Resident orcas
• 10. Support full implementation and funding of the 

2019-28 Pacific Salmon Treaty
• 11. Reduce Chinook bycatch in west coast commercial 

fisheries
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Framework
• Synthesize existing models / data ideally in a way 

that is comparable across actions
• FRAM, CTC, CWT run reconstruction

• Future work: improve on / expand actions included
• Hydropower, habitat, etc

• Report to PSP and Orca Task Force June 30
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Summary
• SRKW likely affected by numerous effects
• Demography = large driver

• RMIS + GSI data is critical for informing killer whale 
diet + salmon ocean distribution

• Challenge: changing effort, changing oceans
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