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Project Objectives (from Page 3 of proposal) and Summary of Results: 
 
a) Assess improved discrimination of NF and SF spring stocks through the addition of data 

from two new microsatellite loci and MHC variation to the genetic baseline. 

We investigated the use of non-neutral loci to increase the power to differentiate the three 

Nooksack River Chinook populations, fall, north fork spring, and south fork spring.  The 

original proposal had a goal of analyzing three non-neutral loci, Ssa85, Ots515, and a major 

histocompatibility (MHC) locus.  The MHC locus was not analyzed due to the need to analyze 

an increased number of juvenile samples (see Objective b, below).  We explicitly tested two 

purportedly non-neutral microsatellite loci (Ssa85 and Ots515) for adherence to neutral 

expectations.  Ots515 variability was consistent with neutral expectations, while the null 

hypothesis of neutrality was rejected for Ssa85.  We also assessed if the non-neutral loci 

afforded any increase in discriminatory power.  The discriminatory power did not change 

appreciably using the non-neutral loci, suggesting that at the geographic scale analyzed 

(Nooksack basin), selective forces (if present) did not cause an observable affect on allele 

frequencies.  In other words, including these additional loci did not afford additional power in 

discriminating NF and SF spring Chinook populations. 

b) PIT tag and determine stock of origin for 2040 juveniles seined from the SF in spring 2008 

and 50 adults (25 pairs) collected in the fall of 2008. 

Between March 2008 and June 2009 at total of 5835 juvenile Chinook were captured and 

genotyped to determine stock of origin.  This number is nearly 3 times the number of fish 

proposed and budgeted for in the original proposal (N = 2040).  Of the juveniles fish 

analyzed, N=998 were retained in the south fork spring capture brood program.  During this 

funding year, a total of 524 fish were PIT tagged.  During this funding period, the South Fork 

Nooksack Chinook program decided to remove the adult supplementation component.  

Therefore, no adults were collected, genotyped or PIT tagged.  

c) Rear 300-400 juveniles to age 2, and 300-400 juveniles to age 1 by June 2009. 

The captive brood status as of summer 2009:  N=457 from 2007 brood (i.e., age-2) and N=541 

from 2008 brood (i.e., age-1).   
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Abstract 
Two distinct populations of native Chinook salmon (Oncorhynchus tshawytscha) reside in the 

Nooksack River, the north/middle fork and the south fork spring runs.  These two populations 

are an important component of the Puget Sound Evolutionary Significant Unit, and as a result of 

low abundance, poor freshwater productivity, and high fishery impact rates the Nooksack spring 

Chinook populations are at high risk of extinction and are listed as threatened under the Federal 

Endangered Species Act.  Regarding the south fork spring Chinook, a supplementation program 

consisting of both a captive brood and traditional hatchery smolt production program were 

deemed necessary in 2006.  This report concerns two aspects of the supplementation program: i) 

genetically analyze captured fish to retain only those individuals that are of south fork spring 

origin in the hatchery; and ii) rear south fork spring juveniles to spawning.  We used the 

Hawkins et al. (2005) Nooksack standardized genetic baseline to identify stock-of-origin for 

individual Chinook captured in the Nooksack River between March 2008 – June 2009 (N=5835 

in total).  Of the juveniles analyzed, N=998 were retained in the south fork spring capture brood 

program, with N=457 from 2007 brood (i.e., age-2) and N=541 from 2008 brood (i.e., age-1).  

Relatedness among juveniles was investigated using the maximum likelihood approach of Wang 

(2004).  For the 2007 brood year, the south fork spring juveniles were estimated to be partitioned 

into 132 full sib families, with N=134 contributing parents required to account for the observed 

genetic diversity.  For the 2008 brood year, the south fork spring juveniles were estimated to be 

partitioned into 182 full-sib families, with N=177 contributing parents required to account for the 

observed genetic diversity.  The number of parents inferred from juvenile samples (2007 and 

2008 broods) was greater than the estimated escapement for those years.  A secondary project 

objective was to investigate whether the use of non-neutral loci increased the power to 

differentiate the three Nooksack River Chinook populations, fall, north fork spring, and south 

fork spring.  We explicitly tested two purportedly non-neutral loci (Ssa85 and Ots515) for 

adherence to neutral expectations following Beaumont and Nichols (1996).  Ots515 variability 

was consistent with neutral expectations, while the null hypothesis of neutrality was rejected for 

Ssa85.  We also assessed whether the non-neutral loci afforded any increase in discriminatory 

power using “100% simulations”.  The discriminatory power did not change appreciably using 

the non-neutral loci, suggesting that at the geographic scale analyzed, selective forces (if present) 

did not cause an observable affect on allele frequencies.   
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Introduction 
The Nooksack River watershed is located in Northwest Washington State and covers over 830 

square miles of predominantly forested land (Figure 1).  The 1400 stream and river miles of this 

area contain nine species of native salmonids (SSDC 2007).  Two distinct populations of native 

Chinook salmon (Oncorhynchus tshawytscha) reside in the Nooksack River, the north/middle 

fork and the south fork spring runs (WDF 1993; Hawkins et al. 2005; SSDC 2007).  These two 

populations are an important component of the Puget Sound Evolutionary Significant Unit 

(ESU), as they are two of the remaining six Puget Sound Chinook populations that return to 

spawn in the springtime, and are the only Chinook from Washington State that begin the 

saltwater portion of their life-history in the Strait of Georgia.  As a result of low abundance, poor 

freshwater productivity, and high fishery impact rates (PSC 2006; SSDC 2007) the Nooksack 

spring Chinook populations are at high risk of extinction and are listed as threatened under the 

Federal Endangered Species Act (DOC 1999). 

In 2006, the co-managers and National Marine Fisheries Service (NMFS) determined that the 

status of the south fork Nooksack River spring run had deteriorated to the point that a 

supplementation program in the form of both captive brood and traditional hatchery smolt 

production was necessary to both ameliorate the constraining aspect this stock has on Canadian 

and US fisheries under the Pacific Salmon Treaty and ensure the survival of the population. The 

supplementation program had several components: 1) collect juveniles and adults from the south 

fork Nooksack River; 2) genetically analyze captured fish to retain only those individuals that are 

of south fork spring origin in the hatchery program (i.e., exclude north fork spring and fall-run 

individuals; and 3) rear south fork spring juveniles to spawning.  A review of the south fork 

Nooksack captive brood proposal by the Hatchery Scientific Review Group (HSRG) concluded 

that it was consistent with hatchery reform principles, addressed a critical conservation need, and 

could prevent the extinction of the south fork Nooksack spring population.  The HSRG noted 

that captive brood program success depended on the collection of appropriate broodstock, and 

expressed concern that adult broodstock collection efforts were not successful in 2006.  HSRG 

concerns resulted in a redesigned collection strategy that included juveniles Chinook.  

Components 2) and 3) are the subject of this project.   
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Figure 1 Map of Nooksack River watershed. 

The effectiveness of a captive breeding program focused on south fork would be maximized by the 

accurate identification of south fork spring individuals and subsequent retention of “south fork 

genetic diversity”.  Additionally, partitioning spring and fall stocks in the river would improve the 

collection of biological data and escapement estimation.  Hawkins et al. (2005) reported on a 

genetic reference baseline constructed for the purpose of enhancing the identification of the three 

distinct genetic stocks in the Nooksack River (i.e., fall, north fork spring, and south fork spring).  

Mixture modeling suggested that the percent correct identification to stock was 99.8%, 95.4%, and 

97.0% and for fall, north fork spring and south fork spring, respectively (WDFW unpublished).  

We used the Hawkins et al. (2005) standardized genetic baseline to identify stock-of-origin for 

individual Chinook captured in the Nooksack River.  While reference genetic data are available 

(range-wide) for Chinook (i.e., GAPS standardized baseline), we chose to use a baseline consisting 

solely of Nooksack River Chinook populations, as the juveniles being analyzed were known to 

have been produced in the Nooksack River.  Individuals designated as south fork spring were 
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retained for captive brood purposes.  A secondary objective of this project was to test additional 

non-neutral genetic markers to determine if assignment accuracy of south fork spring could be 

improved further.  The supposition is that Chinook salmon adapt on a local population scale due to 

their complex life-history and homing behavior to natal spawning grounds.  This hypothesis is 

corroborated by the largely unsuccessful stock transfers for Pacific salmon (Withler 1982).  As the 

geologic and physical characteristics differ between the north and south forks of the Nooksack 

River (SSDC 2007), genetic loci linked to thermal tolerance and/or spawn timing may show 

greater divergence (i.e., greater differences in allele frequencies) between populations due to 

selective forces, and subsequently may be more informative for population discrimination than 

neutral genetic markers. 

Methods and Materials 

Juvenile Collection 

Juvenile Chinook salmon were collected by beach seine from the Nooksack River most weeks 

throughout the time period covered by this report (March 2008 – June 2009).  Nine stream reaches 

were used to aggregate collecting locations repeatedly sampled by Lummi and Nooksack Natural 

Resources personnel (Table 1).  Collected juveniles were transported to Skookum Hatchery, tissue 

sampled for genetic analysis, and held in modified heath trays until stock-of-origin was 

determined.  Individuals pronounced south fork spring in origin were transferred to Kendall Creek 

Hatchery and retained for captive brood program.  A total of N=5835 juvenile Chinook were 

collected (WDFW codes 08BM, 08DF, and 09BX) and genetically analyzed (Table 2).       

Table 1 Description of geographic aggregation for juvenile Chinook collection locations.  

Reach  Description  River Mile 

MS1  Mainstem ‐ mouth to Lynden  0.0 ‐ 15.3 
MS2  Mainstem ‐ Lynden to Nugents Bridge  15.3 ‐ 30.9 
MS3  Mainstem ‐ Nugents Bridge to south fork confluence  30.9 ‐ 36.6 
LS1  Lower South Fork ‐ mouth to Acme  0.0 ‐ 8.7 
LS2  Lower South Fork ‐ Acme to Hutchinson Creek  8.7 ‐ 10.2 
LS3  Lower South Fork ‐ Hutchinson Creek to Skookum Creek  10.2 ‐ 14.2 
US1  Upper South Fork ‐ Skookum Creek toward cable crossing   14.2 – 15.2 
US2  Upper South Fork ‐ below cable crossing  15.2 ‐ 18.0 
US3  Upper South Fork ‐ cable crossing to above Larson's Bridge  18.0 ‐ 21.1 
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Table 2 Juvenile Chinook salmon collected from the south fork Nooksack River and genetically analyzed March 2008 – June 2009. 

Month  Reach  BY2006  BY2007  BY2008  Total  Month  Reach  BY2006  BY2007  BY2008  Total 

March 
2008 

LS1  5  442  447 
January 
2009 

LS1  7  7 
LS3  19  19  LS2  2  20  22 
US3  17  84  101  LS2/LS1  2  2 

unknown  2  8  10  US3  1  1 

April 
2008 

LS1  1  685  686 

February 
2009 

LS1  7  7 
LS3  4  4  LS2  136  136 
US3  20  51  71  LS3  7  7 

May 
2008 

LS1  204  204  US3  1  1 

LS2  98  98 

March 
2009 

LS1  2  122  124 
LS3  35  35  LS2  3  311  314 

June 
2008 

LS1  216  216  LS3  2  76  78 
LS3  1  155  156  US1  3  35  38 
US3  48  48  US3  1  15  16 

July 2008 
LS3  205  205 

April 
2009 

LS1  4  131  135 
US3  236  236  LS2  1  169  170 

August 
2008 

LS3  121  121  LS3  2  21  23 
US1  44  44  US1  1  94  95 
US3  204  204  US3  27  158  185 

September‐08 
LS3  65  65 

May 
2009 

LS1  60  60 
US3  32  32  LS2  262  262 

October 
2008 

LS2  18  18  LS3  2  10  12 
LS3  40  1  41  US3  11  10  21 

LSF2  71  71 

June 
2009 

LS1  1  108  109 
MS2  10  10  LS2  116  116 
US1  8  8  LS3  44  44 
US3  80  80  US1  108  108 

November 
2008 

LS1  21  3  24  US1/US2  151  151 
LS2  27  2  29  US3  15  123  138 
LS3  10  2  12  unknown  37  37 

US3  26  26 
unknown  11  11 

December 
2008 

LS1  1  6  7 
LS2  25  18  43 
US1  4  4 
US3  30  30  10



Laboratory processing 

We performed polymerase chain reaction (PCR) amplification using the 13 fluorescently end-

labeled microsatellite marker loci standardized as part of the Genetic Analysis of Pacific 

Salmonids (GAPS) project (Seeb et al. 2007).  GAPS genetic loci are: Ogo2, Ogo4 (Olsen et al. 

1998); Oki100 (unpublished); Omm1080 (Rexroad et al. 2001); Ots201b (unpublished); Ots208b, 

Ots211, Ots212, and Ots213 (Grieg et al. 2003); Ots3M, Ots9 (Banks et al. 1999); OtsG474 

(Williamson et al. 2002); Ssa408 (Cairney et al. 2000).  PCR reaction volumes were 10 μL, and 

contained 2 μL 5x PCR buffer (Promega), 0.6 μL MgCl2 (1.5 mM final) (Promega), 1.0 μL 

dNTP mix (0.2 mM final) (Promega), and 0.1 μL (5 units/mL) GoTaq DNA polymerase 

(Promega).  Loci were amplified as part of multiplexed sets, so primer molarities and annealing 

temperatures varied.  Multiplex One had an annealing temperature of 50°C, and used 0.37 Molar 

(M) Oki100, 0.35 M Ots201b, and 0.20 M Ots208b, and 0.20 M Ssa408.  Multiplex Two had an 

annealing temperature of 60°C, and used 0.10 M Ogo2, and 0.25 M of the non-GAPS locus Ssa 

197 (O’Reilly et al. 1996).  Multiplex Three had an annealing temperature of 56°C, and used 

0.18 M Ogo4, 0.18 M Ots213, and 0.16 M OtsG474.  Multiplex Four had an annealing 

temperature of 53°C, and used 0.26 M Omm1080, and 0.12 M Ots3M.  Multiplex Five had an 

annealing temperature of 60°C, and used 0.30 M Ots212, 0.20 M Ots211, and 0.10 M Ots9.  All 

thermal cycling was conducted on either a PTC200 thermal cycler (MJ Research) or 9700 

(Applied Biosystems) as follows: 94°C (2 min); 39 cycles of 94°C for 10 sec., 30 sec. annealing, 

and 72°C for 1 min.; a final 72°C extension and then a 10°C hold.   

The non-neutral loci added to the analysis of Nooksack River Chinook were Ssa85 (O’Reilly et 

al. 1996) and Ots515 (Naish and Park 2002).  Please note that only a subset of individuals from 

the reference baseline were genotyped using these non-neutral loci (see Neutrality test).  Genetic 

mapping studies have suggested Ssa85 was statistically associated with thermal tolerance 

(Danzmann et al. 1999) and spawn timing (Sakamoto et al. 1999).  Additionally, Aguilar and 

Garza (2006) and Jensen et al. (2007) have shown Ssa85 to be a genetic outlier at a regional 

scale in salmonids.  The Ots515 genetic locus sequence was shown by O'Malley et al. (2007) to 

be similar to three genes associated with reproduction in salmonids.  Additionally, O'Malley et 

al. (2007) showed Ots515 had a greater magnitude of differentiation than neutral loci for two 

closely related Chinook populations in California’s Central Valley.  PCR reactions were 
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performed separately for both fluorescently end-labeled loci.  Reaction volumes were 10 μL, and 

contained 2 μL 5x PCR buffer (Promega), 0.6 μL MgCl2 (1.5 mM final) (Promega), 1.0 μL 

dNTP mix (0.2 mM final) (Promega), and 0.1 μL (5 units/mL) GoTaq DNA polymerase 

(Promega).  Total primer concentration was 0.26 M and 0.44 M for locus Ssa85 and Ots515, 

respectively.  All thermal cycling was conducted on either a PTC200 thermal cycler (MJ 

Research) or 9700 (Applied Biosystems) as follows: 94°C (2 min); 3 cycles of 94°C for 30 sec., 

30 sec. annealing at 60°C, and 72°C for 1 min.; 36 cycles of 94°C for 30 sec., 30 sec. annealing 

at 50°C, and 72°C for 1 min.; a final 72°C extension and then a 10°C hold.   

All PCR products were visualized by electrophoresis on an ABI 3730 automated capillary 

sequencer (Applied Biosystems).  Fragment analysis was completed using GeneMapper 3.7 

(Applied Biosystems).  Standardization of genetic data to GAPS allele standards was conducted 

following Seeb et al. (2007). 

Individual Assignment 

Population composition of mixture collections (i.e., captured juveniles) were estimated by using 

a partial Bayesian procedure based on the likelihood of unknown-origin genotypes being derived 

from genetic baseline reference stocks/populations (see Hawkins et al. 2005 for baseline), given 

the allele frequencies for baseline stocks/populations.  In brief, the mixed stock analysis (MSA) 

procedure is as follows.  Within a mixture, we first generated the conditional probability of each 

genotype occurring in each Nooksack reference population, based on the allele frequencies in the 

Nooksack reference populations, using equation 10 of Rannala and Mountain (1997) (i.e., 

probability of the genotype, conditioned on the allele frequencies for each reference population).  

For each genotype in the mixture, we then calculated the probability (i.e., posterior probability) 

that the sample was from each reference population by taking the Rannala and Mountain (1997) 

conditional probability and multiplying it by a prior, and then dividing by a normalizing 

constant.  Initially, the prior was uniform, 1/N, where N was six, the number of populations used 

from the Nooksack reference baseline (see Hawkins et al. 2005).  The initial probability matrix 

provided information about the likely source population for each unknown individual, but more 

importantly, provided an estimate of which reference populations were contributing to the 

unknown mixture.  Since the reference populations did not contribute equally to the mixture, the 

initial use of a uniform prior can be improved.  The mean probability for a reference baseline 
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population in the mixture analyzed (i.e., mean posterior probability over all unknown 

individuals) is the estimated contribution of that reference population to the mixture.  Therefore, 

the population composition of the mixture was represented by the mean posterior probabilities of 

all reference collections from the initial matrix.  This newly gained information about the 

population composition of the mixture replaced the uniform prior during an additional round of 

probability estimation to generate a second probability matrix.  Once again, the mean posterior 

probabilities that represent estimates of baseline population contributions to the mixture were 

used as new priors.  This iterative refinement of the probability matrix continued until the mean 

posterior probabilities change less than a predefined threshold from round to round.  This 

procedure results in the maximum likelihood solution for stock composition (Millar 1985), and 

the final posterior probabilities of each individual for each reference population were reported.  

The MSA procedure was implemented using a program written by K.I. Warheit in MatLab 

(Mathworks 2006).   For Nooksack Chinook juveniles, population assignments were reported 

using three aggregations, fall run, north fork spring, and south fork spring.  We accomplished 

this by extracting the assignment data from the MSA and summing the final posterior 

probabilities over reference populations within a reporting group (e.g., historic south fork and 

recent south fork). 

Assignment error (i.e., variance around composition point estimates) can be quantified by 

various means, and the error itself is influenced by several factors, from power and completeness 

of the reference baseline to composition of the mixture analyzed.  One quantitative measure for 

assignment “quality” is the posterior probability of each assignment, which is the proportion of 

the total likelihood attributed to each baseline reporting group.  For example, if an individual was 

assigned to fall run with a probability 0.90, then 90% of the total probability for that individual 

was attributed to fall run and 10% was attributed to the other reference baseline group(s).  While 

a higher posterior probability may denote higher “quality”, currently there is no agreed upon 

absolute probability threshold of “correct” assignment.  Rather, a tolerated error for a given 

application is generally determined.  During the initial phase of obtaining juveniles for the south 

fork Nooksack captive brood, an assignment probability threshold was not used.  Instead, if the 

“most likely” reference population for an individual was south fork Nooksack, then that 

individual was retained in the program.  An important factor modulating the assignment error is 

the source populations used in the analysis (i.e., reference baseline).  Regarding these juvenile 
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collections, because the individuals were captured within the south fork Nooksack River, they 

must have originated from the Nooksack system, so the assignments were conducted using only 

Nooksack reference collections (Hawkins et al. 2005).        

Relatedness 

The computer program COLONY 2.0 (Wang 2008) was used to infer sibling relationships of 

Chinook juveniles collected from the Nooksack River and retained in the south fork Nooksack 

captive brood program.  Relatedness information will be an important component to captive 

brood breeding matrix design.  COLONY 2.0 implements the maximum likelihood method 

described in Wang (2004) to infer parentage and sibships of individuals using their multi-locus 

genotypes.  The model partitions individuals into three groups, offspring, candidate males, and 

candidate females.  Offspring are assumed to be full sibs (i.e., share both parents), half sibs (i.e., 

share either a dam or a sire), or unrelated.  Offspring are “clustered” into K1 paternal and K2 

maternal families, and if candidate parents are included in the analysis, these candidate parents 

are assigned paternity and maternity to the K1 and K2 families, respectively.  This project only 

analyzed juveniles, so COLONY 2.0 did not assign parentage, but rather inferred the parental 

genotypes at each locus for each family.  The sibling relationships were also used to infer the 

effective population size (Ne) of the cohorts following the Wang (2009) sibship assignment 

method.  Wang (2009) derived an effective population size (Ne) estimator in terms of the 

expected frequencies of an offspring pair, taken at random from the population, sharing one or 

two parents. 

Neutrality test 

We genotyped a subset of the Hawkins et al. (2005) reference Nooksack baseline for two non-

neutral loci Ssa85 and Ots515, where N=32 individuals were chosen at random from each 

population, fall, north fork spring, and south fork spring.  Multi-locus genotypes constructed for 

these 96 individuals consisted of 16 loci, the 13 GAPS loci, Ssa197, Ssa85 and Ots515.  To 

determine whether observed genetic variation at each microsatellite locus was consistent with 

neutrality, we used the neutrality test of Beaumont and Nichols (1996).  This test compares the 

observed genetic differentiation (FST) of each locus given its allelic diversity (heterozygosity) to 

that expected under neutrality.  The null hypothesis of neutrality is rejected if a locus has an 

unlikely FST value given the range of FST expected from neutrality simulations.  Additionally, we 
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assessed whether Ssa85 and Ots515 increased the assignment power of the reference baseline by 

using the Anderson et al. (2007) algorithm on simulated datasets consisting solely of either fall, 

north fork spring, or south fork spring.  These so-called “100% simulations” were implemented 

in ONCOR (Kalinowski et al. 2007) using default settings.     

Results and Discussion 

South Fork Spring Identification 

The primary objective of this project was to identify the stock-of-origin for juvenile Chinook 

collected by beach seined from the south fork Nooksack River and retain south fork spring 

juveniles for a captive breeding program.  The original proposal stated that 2040 juveniles and 25 

adult pairs would be genetically analyzed, with a goal of retaining 300-400 age-1 and 300-400 

age-2 south fork spring individuals for the captive brood program.  Capturing adult spring 

Chinook was unsuccessful, so the South Fork Technical Advisory Group decided to focus on the 

collection of juveniles.  A total of N=5835 juveniles were collected and genetically analyzed 

during the contract period, with N=998 south fork spring individuals retained for captive brood 

purposes (Figure 2).       

The south fork spring individuals were categorized to brood year by Lummi Natural Resources 

personnel using a length-by-date criterion.  From juvenile downstream trap data, it is thought that 

fish will emigrate from the south fork by August, be these sub-yearling or yearling life-history 

types.  Subsequently, a size difference appears to exist between the overlapping cohorts (i.e., 

yearlings and sub-yearlings) during the following fall through spring sampling periods, where 

the fish that chose not to emigrate the previous summer are larger than those recently hatched.  In 

these cases (i.e., fall – early spring), pronouncing an individual was derived from the current or 

previous brood years is likely accurate.  Yet, during late spring and summer, the size classes 

appear to converge, making brood year designation more difficult.  It is likely some erroneous 

brood year classification happens during this time period.  Please note that these assumptions 

could be validated in the future using age data obtained from scale analysis.  Given the current 

qualitative method of brood year classification, there were N=457 2007 brood (i.e., age-2) and 

N=541 2008 brood (i.e., age-1) juveniles retained in the captive brood.     
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Figure 2 Number of Chinook juveniles captured from the south fork Nooksack River March 
2008 – June 2009.  Chinook are partitioned by stock-of-origin as determined by genetic analysis.   
 

Relatedness 

A concern associated with captive breeding activities is the amount of genetic diversity included 

within the program and whether it reflects that of the focal population (i.e., south fork spring).  

This is especially true if juveniles are the basis of the program, as relatedness among individuals 

could reduce the genetic variation available to the program.  Additionally, the reproductive 

success of a limited number of parents could be artificially “amplified” (relative to total 

population) by captive breeding procedures if relatedness is not accounted for during breeding 

processes.  We assessed relatedness among south fork spring juveniles retained in the hatchery to 
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provide preliminary information regarding i) diversity, ii) distribution of full-sib families, and iii) 

distribution of half-sib families.   

Sibships were estimated using the maximum likelihood approach of Wang (2004).  Please note 

that the analysis reported in this section contains more individuals than the previous section.  

Two hundred and thirty-eight south fork juveniles we identified outside the Southern Fund 

contract period; however, for efficacy we analyzed all south fork spring present in the hatchery 

from brood years 2007 and 2008.  For the 2007 brood year, the 457 south fork spring juveniles 

were estimated to be partitioned into 132 full sib families (Table 3).  The mean number of 

juveniles comprising each full-sib family was 3.5; however the variance was large 31.1.  Figure 3 

shows that most full-sib families were comprised of single individuals and certain families were 

large, with the largest family observed being composed of 46 individuals.  The inferred number 

of parents required to account for the genetic diversity observed in the 2007 juveniles was 134, 

with the estimated genetic effective size being Ne = 39 (95% confidence interval 25 – 62) (Table 

3).  The 2007 brood collection is likely representative of the total south fork population, as the 

estimated number of south fork spring adults returning in 2007 was 29 (Lummi Tribe, 

unpublished).  The distribution of half-sib family sizes was also calculated (data not shown), and 

will be used to generate a hierarchical breeding matrix for each captive brood female. 

                 

Table 3 Summary of sibling relationships and sibship assignment.  Brood is designated brood 
year, Juveniles is south fork juveniles analyzed, Full Sib Families is the number of full sib 
families observed per brood year, males is the estimated number of male parents contributing 
to brood year, females is the estimated number of female parents contributing to brood year, 
Ne is the effective population size, and CI95 is the estimated 95% confidence interval for Ne. 

Ne 
Brood  Juveniles  Full Sib Families  males  females  Ne  CI95 

2007  457  132  61  73  39  25 ‐ 62 
2008  780  182  76  101  71  52 ‐ 99 
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Figure 3 Distribution of estimated full-sib family sizes for the 2007 brood year. 

For the 2008 brood year, the 780 south fork spring juveniles were estimated to be partitioned into 

182 full-sib families (Table 3).  The mean number of juveniles comprising each full-sib family 

was 4.3 and the variance in family size was 33.2.  Similar to the 2007 brood year, most full-sib 

families were comprised of single individuals and certain families were large (Figure 4).  The 

inferred number of parents required to account for the genetic diversity observed in the 2008 

juveniles was 177, with the estimated genetic effective size being Ne = 71 (95% confidence 

interval 52 – 99) (Table 3).  The 2008 brood collection is likely representative of the total south 

fork population, as the estimated number of south fork spring adults returning in 2007 was 83 

(Lummi Tribe, unpublished).  The distribution of half-sib family sizes was also calculated (data 

not shown), and will be used to generate a hierarchical breeding matrix for each captive brood 

female. 
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Figure 4 Distribution of estimated full-sib family sizes for the 2008 brood year. 

Non-neutral loci 

A secondary project objective was to investigate whether the use of non-neutral loci increased 

the power to differentiate the three Nooksack River Chinook populations, fall, north fork spring, 

and south fork spring.  The original proposal had a goal of analyzing three non-neutral loci, 

Ssa85, Ots515, and a major histocompatibility (MHC) locus.  The MHC locus was not analyzed 

due to the need for analyzing an increased number of juvenile samples.  

Each locus was explicitly tested for adherence to neutral expectations.  The observed 

heterozygosity (over all samples) for each locus was plotted against the estimated FST at that 

locus.  FST is an index of population structure, quantifying the proportion of genetic variance 

attributed to non-random mating between sub-populations.  The observed metric for each locus 

was compared to the expected distribution of FST under neutrality (Figure 5).  The range of FST 

expected given gene diversity, under assumptions of neutrality, was calculated following 

Beaumont and Nichols (1996).  The Beaumont and Nichols (1996) simulation was used to 

19



produce statistical boundaries by which locus diversity can be tested.  If a locus falls outside the 

expected bounds calculated using the Beaumont and Nichols (1996) simulation, then the null 

hypothesis of neutrality was rejected.  The only locus that showed a larger FST than expected 

under neutrality (i.e., black circle above upper bound in Figure 5), was the GAPS locus Ogo4.  

The cause of this genetic differentiation is unknown.  In rainbow trout (Oncorhynchus mykiss), 

Ogo4 is located on the OA-VII (R) linkage group, which is not associated with any identified 

genes (Nichols et al. 2003).  The estimated FST for Ots515 fell within the simulation boundaries, 

so the distribution of genetic diversity at this locus could be explained by neutral forces.  Ssa85 

fell outside simulation boundaries; however its value was below the lower bound, meaning it was 

more similar among the groups than expected by chance.  This result could be a statistical 

artifact or perhaps Ssa85 is under balancing selection among the Chinook in the Nooksack River 

due to a shared physical characteristic of the watershed.  The low among-population 

differentiation observed for the Ssa85 locus (i.e., small FST) suggests Ssa85 will be of limited use 

for population assignment applications within the Nooksack River.       

 

 

 

 

 

 

 

 

 

 
Figure 5 The observed genetic diversity metrics for each locus plotted against the expected 
distribution of FST, given gene diversity, under assumptions of neutrality.   
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To assess whether the power to discriminate between fall, north fork spring, and south fork 

spring populations could be improved by using the non-neutral loci Ssa85 and Ots515, we 

conducted 100% simulations.  The theory is that if a mixture is composed solely of a single 

stock, then the erroneous assignment of that stock to other stocks present in the reference 

baseline will allow the quantification of assignment error.  We ran 100% simulations for each 

reference baseline stock using 14 loci (i.e., GAPS loci and Ssa197) and 16 loci (i.e., GAPS loci, 

Ssa197, Ssa85, and Ots515) (Table 4).  These simulations were run using the randomly selected 

sub-set of the Nooksack reference baseline (i.e., N=96 individuals).  We report the percent 

correct assignment rate of each reference baseline stock to the three Nooksack populations (fall, 

north fork spring, and south fork spring) with and without the non-neutral loci (i.e., 14-locus and 

16-locus simulations) (Table 4).    

 

The discriminatory power did not change appreciably using the non-neutral loci, suggesting that 

at the geographic scale analyzed, selective forces (if present) did not cause an observable affect 

on allele frequencies.  For example, using 14 loci and replicated mixtures composed solely of 

80sFall, mixtures were estimated to be composed of 99.79% fall, 0.07% north fork spring, and 

0.14% south fork spring.  When the non-neutral loci were added (i.e., 16 loci simulations), the 

100% 80sFall mixtures were estimated to be composed of 99.83% fall, 0.06% north fork spring, 

and 0.11% south fork spring.  In regard to the focal population, south fork spring, there was a 

slight improvement in discriminatory power using 16 loci, either the proper exclusion of non-

south fork or the correct inclusion of south fork.  Yet, in our opinion, the improvement was too 

modest to warrant adding Ssa85 and Ots515 to the reference baseline and all future analyses 

regarding Nooksack Chinook.  The non-neutral loci were not exemplary in any way, and 

incremental improvements to Chinook population analysis will be made with the imminent 

application of Single Nucleotide Polymorphism loci.  We also report 100% simulation results for 

the complete Nooksack reference baseline using 14 loci.  These data were included to determine 

whether using a sub-set of the reference individuals for baseline assessment would bias our 

conclusions.  We observed that the N=96 test baseline did have the general effect of reducing 

assignment power from that of the full baseline (14-locus comparison); however, the affect was 

slight, suggesting the test baseline was suitable for determining the change in assignment power 

afforded by inclusion of Ssa85 and Ots515.  Interestingly, the N=96 test baseline 100% 
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simulation using 16 loci showed assignment power intermediate to that of both 14-locus 

simulations, suggesting that increasing sample sizes may be a superior strategy for improving 

assignment accuracy than increasing the number of genetic markers used in an analysis.   
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Table 4 Summary of 100% simulations.  Three types of simulation were run A) test baseline 
with 14 loci, B) test baseline with 16 loci, and C) full baseline with 14 loci.  Each row in the 
table is an independent simulation run, where the mixture being analyzed was composed of that 
reference stock (i.e., 100%).  For example, the first row reports that if replicated mixtures were 
composed solely of 80sFall, then the mixtures were estimated to be composed of 99.79% fall, 
0.07% NF Spring, and 0.14% SF Spring.  The ST DEV is the standard deviation calculated over 
100 replicated tests. 

A) 14 Loci 
Fall  ST DEV  NF Spring  ST DEV  SF Spring  ST DEV 

80sFall    0.9979  0.0029  0.0007  0.0016  0.0014  0.0025 
90sFall    0.9884  0.0097  0.0033  0.0051  0.0083  0.0080 
80sNF      0.0006  0.0016  0.8400  0.0284  0.1594  0.0287 
90sNF      0.0017  0.0031  0.9631  0.0157  0.0352  0.0155 
80sSF      0.0021  0.0031  0.0653  0.0208  0.9326  0.0210 
90sSF      0.0007  0.0017  0.0875  0.0251  0.9118  0.0254 

B) 16 Loci 
Fall  ST DEV  NF Spring  ST DEV  SF Spring  ST DEV 

80sFall    0.9983  0.0030  0.0006  0.0018  0.0011  0.0024 
90sFall    0.9943  0.0053  0.0021  0.0034  0.0036  0.0045 
80sNF      0.0002  0.0009  0.8447  0.0289  0.1551  0.0288 
90sNF      0.0015  0.0026  0.9642  0.0148  0.0343  0.0147 
80sSF      0.0018  0.0030  0.0819  0.0234  0.9163  0.0242 
90sSF      0.0003  0.0013  0.0732  0.0209  0.9265  0.0210 

C) Full Baseline ‐ 14 Loci 
Fall  ST DEV  NF Spring  ST DEV  SF Spring  ST DEV 

80sFall    0.9997  0.0010  0.0001  0.0006  0.0002  0.0008 
90sFall    0.9997  0.0011  0.0001  0.0007  0.0001  0.0008 
80sNF      0.0003  0.0012  0.9322  0.0252  0.0675  0.0253 
90sNF      0.0004  0.0015  0.9957  0.0060  0.0039  0.0060 
80sSF      0.0001  0.0006  0.0367  0.0179  0.9632  0.0179 
90sSF      0.0006  0.0015  0.0621  0.0201  0.9373  0.0201 
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Summary 
The rearing component objectives of this project concerned hatchery operations and PIT tagging 

of juvenile fish.  The following describes activities associated with the rearing of South Fork 

Nooksack juvenile Chinook at Kendall Creek Hatchery (located North Fork Nooksack River). 

In order to provide sufficient water for rearing the South Fork Spring Chinook at Kendall Creek 

Hatchery well #3 was redeveloped.  The water tower was repaired to ensure degassing of the 

water used, with the primary concern being removal of CO2.  A 20-foot circular fiberglass pond 

was purchased for rearing adults.  Five 6-foot circular ponds were transported from the Big Beef 

Hatchery and set up at Kendall Creek.  Ten small aquariums were purchased and installed to rear 

multiple groups of zero age fish.   

Funding was used to purchase pellet food for the South Fork fish as well as bloodworms, krill, 

and shrimp for a small group of fish brought in as yearlings.  Antibiotics were purchased and 

administered as prophylactic treatment for bacterial kidney disease.  Various nets were 

purchased as well as netting to prevent fish from jumping out of the 6-foot circular ponds.  

Brushes, brooms, buckets, lids, gloves, rain gear and other small equipment were bought to 

facilitate the rearing of the South Fork fish.  In order to enact biosecurity measures we purchased 

disinfectant, footbaths, and hand sanitizer dispensers.   

A portion of the funds was used to transport fish to the Manchester Research Station.  Funds 

were also used to travel to Dworshak National Fish Hatchery for pit tag training with the 

Biomark company.  Pit tags and injectors were purchased, as well as a length board and a digital 

scale to track the growth of the fish.  A total of 1000 PIT tags were purchased, with 500 tags 

delivered to Manchester Research Station1 (NOAA; Clam Bay in Western Puget Sound) and 500 

tags retained at Kendall Creek.  A total of 524 fish were PIT tagged; 438 fish at Manchester and 

86 fish at Kendall Creek Hatchery. 

Funding was also used to pay for the salary and benefits for an employee to oversee rearing of 

the South Fork fish. 

  

                                                 
1 A portion of the captive South Fork Nooksack juvenile Chinook are reared this salt water facility. 
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WDFW Contract # 08-1154
Pacific Salmon Commission Contract # SF-2008-E-8

BUDGET OTHER CONTRIBUTION BUDGET OTHER CONTRIBUTION
FUNDING FUNDING FUNDING FUNDING

Labour
Wages & Salaries

Position

 Total   (PSC + 
In-kind + 

cash) 
 In-Kind   & 

Cash  PSC Amount 

Total   (PSC + 
In-kind + 

cash) 
 In-Kind   & 

Cash  PSC Amount 
Research Scientist 2 (Lab Director) $782 $782 $1,200 $1,200
Research Scientist 1 (Lab Op. Manager) $1,540 $1,540 $1,400 $1,400
F&W Biologist 3 $30,000 $30,000 $35,775 $4,770 $31,005
F&W Scientific Technician 4 $2,000 $2,000 $2,500 $2,500
F&W Scientific Technician 3 $17,936 $17,936 $21,786 $3,631 $18,155
Fish Hatchery Specialist $63,130 $31,565 $31,565 $24,095

$115,388 $35,887 $79,501 $62,661 $13,501 $73,255

Labour - Employer Costs ( percent of wages subtotal amount ) 
$32,309 $10,048 $22,260 $24,236 $3,780 $20,456

$147,697 $45,935 $101,761 $86,897 $17,281 $93,711

Site / Project Costs

South Fork Nooksack Chinook Supplementation: Genetic Analysis and Rearing

Budget in Proposal Actual Expenditures

Total Labour Costs

j
Travel (do not include to & from work) $1,500 $1,500 $500 $500
Site Supplies & Materials $46,843 $46,843 $73,757 $24,000 $49,757
Equipment Rental $1,200 $1,200 $1,200
Repairs & Maintenace $7,000 $7,000 $10,500 $10,500
Other $8,200 $8,200 $12,300 $12,300

$64,743 $16,400 $48,343 $97,057 $48,000 $50,257

Administrative Costs
Office Supplies $450 $450 $0
Indirect $43,140 $43,140 $33,282 $33,282

$43,590 $450 $43,140 $33,282 $0 $33,282

$256,030 $62,785 $193,244 $217,237 $65,281 $177,250

Components *
Genetic $137,709 $22,382 $115,327 $186,056 $65,281 $120,775
Rearing (Hatchery) $118,321 $40,403 $77,918 $56,475 $0 $56,475

*

Kenneth I. Warheit
Director, Molecular Genetics Laboratory

Project Total Costs

Increased expenditure associated with significant increase in the number of samples processed.  Additional cost 
paid through Washington State General Funds

Total Site/Project Costs

Total Indirect Costs

y
Washington Department of Fish and Wildlife
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