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Executive Summary 
The Snohomish River basin is comprised of two Chinook salmon populations:  the Skykomish 

River summer Chinook population (which includes Skykomish, mainstem Snohomish, and Pilchuck 
River) and the Snoqualmie River fall Chinook population. The combined Skykomish and Snoqualmie 
populations comprise the Snohomish River Chinook (Summer/Fall) management unit or “stock”, which is 
one of five in Puget Sound used by the Chinook Technical Committee (CTC) of the Pacific Salmon 
Commission (PSC) as an escapement indicator for Puget Sound Natural Summer/Fall Fingerlings.  
Escapement indicator stocks monitor the effectiveness of the management regimes and, if necessary, their 
status may trigger additional management actions in AABM and ISBM fisheries.  

We estimated the abundance of Chinook salmon spawning in the Skykomish and Snoqualmie 
Rivers using genetic-based two-sample pooled Lincoln-Peterson mark-recapture abundance estimators 
(tGMR). Spawning adults were ‘marked’ by obtaining a DNA microsatellite profile from tissue sampled 
from adult carcasses or live adults at Sunset Falls in the natural escapement (first sampling event). Marks 
were later ‘recaptured’ by sampling outmigrating natural-origin subyearling smolt offspring (second 
sampling event) and genetically identifying some fraction of adults as parents of some outmigrating 
offspring (recaptures). Scales, otoliths, and coded-wire tags were collected to identify age and origin 
along with measuring fork and POH length and noting sex from each of 513 Chinook adult carcasses or 
live-sampled adults (marks) found in the Skykomish River (and tributaries) upstream of the smolt trap 
and from 117 Chinook adult carcasses found in the Snoqualmie River (and tributaries) in the fall of 2014.  
In the spring of 2015, tissues were taken from 1,534 natural-origin outmigrating subyearling offspring 
(1,444 from the Skykomish River trap, 90 from the Snoqualmie River trap). Tissues collected from all 
hatchery- and natural-origin adults were genotyped at 192 SNP DNA loci.  Using the likelihood 
algorithms found in the software COLONY, the genetic data were used to match parents to offspring 
inferring recaptures. The counts of marks, captures (genotyped juveniles times 2), and recaptures were 
then used in a pooled Peterson mark-recapture estimate of spawner abundance based on binomial 
sampling.  The algorithms employed by COLONY also inferred unsampled parents allowing enumeration 
of unique captures and unique recaptures.  These were used in a pooled Peterson mark-recapture estimate 
of spawner abundance based on hypergeometric sampling and in a rarefaction curve estimate of the 
number of successful breeders  

For Skykomish River estimates, we had genotypes for 503 of the 513 adults, 1,413 of the 1,444 
juveniles, and, through parentage analysis, 216 recaptures.  For Snoqualmie River estimates, we had 
genotypes for 116 of the 117 adults, 83 of the 90 juveniles, and, through parentage analysis, 12 
recaptures.  No unmarked and untagged hatchery produced juveniles were estimated to have been 
genotyped, so capture numbers were not adjusted.  Using these counts, we obtained adjusted estimates of 
tGMR estimates of Chinook spawner abundance for areas upstream of each smolt trap.  Ninety-three 
percent of redds were found upstream of the Skykomish trap, so the Skykomish River abundance estimate 
was expanded to include spawning downstream of the smolt trap.  No redds were found downstream of 
the Snoqualmie trap, so no expansion was performed.   

System-wide spawner abundance estimates for Skykomish/Snohomish River Chinook were 7,160 
(binomial, 95%CI = 6,208-8,111) and 6,378 (hypergeometric, 95%CI = 5,057-7,703).  System-wide 
spawner abundance estimates for Snoqualmie River Chinook were 1,490 (binomial, 95%CI = 741-2,240) 
and 877 (hypergeometric, 95%CI = 416-1,339).  Performance standards were met with tGMR methods 
for 2014 for the binomial and hypergeometric Skykomish Chinook abundance estimate (CV < 15%) but 
not the Snoqualmie Chinook abundance estimates.  Using tRC methods, the estimated BY 2014 Nb of 
Skykomish River Chinook upstream of the smolt trap was 802 (CSHS, 95%CI = 797-807) and the 
estimated BY 2014 Nb of Snoqualmie River Chinook upstream of the smolt trap was 86 (CSHS, 95%CI = 
83-90).   

Binomial tGMR abundance estimates were a little more than twice the 2014 redd count-based 
escapement estimates for Skykomish River (7,160 vs. 3,063) and a little less than twice the redd count-
based estimate for the Snoqualmie River (1,490 vs. 839).  This discrepancy could be due to violations of 
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assumptions of either method, or that each method estimated a different set of adults.  Any factor that 
reduces the numbers of females that dig a redd will increase the disparity between these different types of 
abundance estimates.  To the degree that it can be determined, all assumptions of the tGMR method were 
met.  However, the tGMR estimates rely partly on untestable assumptions, most importantly, the 
assumption that our carcass collections were unbiased with regard to individual reproductive success, 
which determines adult capture probabilities in the second sampling event.  Mark rate was nearly 100% at 
Sunset Falls in BY 2014, and the mark rate varied among other sampling and spawning locations. 
Variation in the mark rate and presumably the spawning habitat quality among spawning areas likely 
caused variation in reproductive success, suggesting that this assumption was not met.  Monte Carlo 
sampling controlling for mark rate, in order to meet the assumption, produced average systemwide 
estimates that were less than the original tGMR estimates, but still larger than the redd count-based 
estimates for both systems.  The hypergeometric model, which may partially ameliorate effects of 
heterogeneity of capture probabilities, relies heavily on the ability of COLONY2 to correctly infer half-
sibling relationships.  Recent unpublished research out of Humboldt State University suggests that with 
sample sizes of those used in our projects, COLONY2 underestimates the number of inferred, unsampled 
parents, which means our hypergeometric model estimates are likely underestimates of the true adult 
abundance.   

The Southern Fund provided $234,987 (US dollars) for the Snohomish River Chinook salmon 
GMR project in FY 2015. 
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Introduction 
Significance to the Pacific Salmon Commission 

In Puget Sound, seven Chinook stocks are used as escapement Indicator Stocks by the Chinook 
Technical Committee (CTC) of the Pacific Salmon Commission (PSC): Nooksack spring, Skagit spring, 
Skagit summer/fall, Stillaguamish summer/fall, Snohomish summer/fall, Lake Washington summer/fall, 
and Green River summer/fall.  The escapement Indicator Stocks are used to monitor the effectiveness of 
the management regimes and, if necessary, their status may trigger additional management actions in 
Aggregate Abundance Based Management (AABM) and Individual Stock Based Management (ISBM) 
fisheries.  The U.S. members of the CTC (USCTC) developed data standards desirable for stock-specific 
assessments of escapement, terminal runs, and forecasts of abundance against which existing stock 
assessment programs could be evaluated (USCTC 1997).  The USCTC (1997) report found that 
individual escapement estimates in Puget Sound may range from very good to very poor.  The most 
apparent shortcomings in current escapement estimates, relative to the USCTC data standards, have been 
the use of unverified expansion factors primarily for redd surveys, and the absence of variance estimates. 

This project proposed to address some of these shortcomings in the Snohomish River basin by 
testing two trans-generational genetic marking methods to estimate natural spawner abundance.  The first 
method we are testing is parentage-based, trans-generational, genetic mark-recapture (tGMR) to estimate 
census population size of the spawning population.  In tGMR, the first sampling event is sampling from 
the pool of adults comprised of potential parents in the population.  The second sampling event is 
sampling from the pool of individuals (of any age) comprised of offspring of the parental population.  All 
genotyped adults from the first sampling event are considered “marks”, and marks are recaptured when 
they are genetically inferred as parents of individuals sampled in the second sampling event.  Marks, 
captures (a function of the number of genotyped offspring), and recaptures are fed into a closed 
population Lincoln-Petersen Mark Recapture model to estimate the census population size of the parental 
population.  For this project, the first sampling event consisted of sampling Chinook adults, post-
spawning, as carcasses found on the spawning grounds in the fall of 2014.  The second sampling event 
consisted of sampling outmigrating subyearling juvenile Chinook captured in smolt traps the following 
spring in 2015. 

The second method we are testing is a rarefaction curve method (tRC) to estimate the abundance 
of successful spawners (the number of effective breeders, Nb).  For tRC, a sample is drawn from the pool 
of individuals comprised of offspring of the parental generation whose abundance is of interest.  
Offspring are genetically grouped into full- and half-sibling groups and unsampled parents are inferred.  
Systematic subsamples are taken from the full dataset and the number of unique inferred parents is 
identified for each subsample.  The number of adults that produced the offspring sample is estimated by 
fitting a mathematical model to the number of unique inferred parents for each subsample.  The 
asymptotic number of unique inferred parents is the estimate of the number of successful breeders.  For 
this project, the offspring sample consisted of outmigrating subyearling juvenile Chinook captured in 
smolt traps spring of 2015. 

Objectives 
The primary objectives of this project are (1) estimate the abundance of Chinook salmon 

spawners (N) in the Snohomish River Basin using tGMR, and (2) estimate the effective number of 
breeders (Nb) in the Snohomish River Basin using tRC for brood year (BY) 2014.  We propose to meet 
the bilateral data standards for estimating the number of natural-origin spawners including: 1) individual 
estimates of spawning escapement should, on average, attain an estimated coefficient of variation (CV) of 
15% or less; and 2) those specific estimates shall be demonstrably consistent estimates, that is, methods 
used to produce them are asymptotically unbiased. 

Secondary objectives of this study are (3) to partition the genetic-based abundance estimate for 
natural spawning Chinook by origin, sex, and age, and (4) to investigate the potential for developing a 
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redd expansion calibration factor that might be used to adjust historical or future redd count-based 
escapement estimates.  Data collected for this project will also serve as a genetic reference collection and 
may allow the estimation of relative reproductive success of hatchery- and natural-origin spawners.  

 

Methods 

Experimental design summary 
Closed population Lincoln-Petersen mark recapture methods require two sampling events.  In the 

first, individuals are marked and released.  In the second, marked and unmarked individuals are captured 
or recaptured and enumerated and counts are input into a model to estimate abundance.  For the proposed 
tGMR abundance estimate for Snohomish Chinook, the first sampling event is sampling naturally 
spawning natural- and hatchery-origin adult Chinook after they have spawned and died (parents; the BY 
2014 estimate also includes live adult Chinook sampled at Sunset Falls Fishway).  The second sampling 
event is sampling outmigrating, natural-origin, subyearling Chinook juveniles (offspring) the following 
spring.  The second sampling event also serves as the only sampling event needed for tRC abundance 
estimation (though if parents were sampled, they can be included).  Carcass and juvenile tissue samples 
are genotyped and relationships among parents and offspring (parentage) or among offspring (sibship) are 
inferred using the genetic data.  Counts derived from the relationship information are fed into tGMR or 
tRC models and abundances are estimated.  Details of the basic design follow. 

Study site 
The Snohomish River drains 4,807 square kilometers, emptying into Puget Sound north of 

Everett, WA (Figure 1).  The Snohomish River basin is comprised of two Chinook salmon populations:  
the Skykomish River summer Chinook population and the Snoqualmie River fall Chinook population.  
The Skykomish summer population includes spawners in the Pilchuck River, mainstem Snohomish River, 
the North Fork Skykomish and South Fork Skykomish.  Sunset Falls, located at river mile 51.5 on the 
South Fork Skykomish River just upstream of the confluence of the North and South Forks of the 
Skykomish, is a natural barrier to upstream migration of anadromous salmonids.  However, returning 
adult Chinook (and other species) are captured in a fish trap downstream of the falls and released 
upstream of the falls in the South Fork Skykomish each year.  The Snoqualmie fall population includes 
spawners in the mainstem, Raging River, Tolt River, and Tokul Creek.  Of 720 miles of stream and river 
habitat in the Snohomish basin that support fish, 325 linear stream miles are utilized by Chinook salmon 
(Haring 2002).  The area above Sunset Falls includes 100 miles of habitat available to salmon.  

Two Chinook salmon hatcheries are linked directly with the Snohomish system: 1) Bernie Kai-
Kai Gobin Salmon Hatchery (hereafter “Tulalip Hatchery”) located on the Tulalip Tribal Reservation 3.3 
miles north of the mouth of the mainstem Snohomish River, and 2) Wallace River Hatchery, operated by 
WDFW, located at the confluence of May Creek and river mile (RM) 4.0 of the Wallace River, which 
enters the mainstem Skykomish River at RM 35.7 (Figure 1).  Skykomish-origin summer Chinook 
broodstock have been used to produce subyearling releases from Tulalip Hatchery since brood year 1998 
and both subyearling and yearling releases from Wallace River Hatchery since the early 1970’s.  Fall 
Chinook releases, which preceded the summer Chinook programs at both hatcheries, were discontinued in 
brood year 2004 at Tulalip Hatchery and in 1997 at Wallace River Hatchery.  Chinook returning to 
Wallace River Hatchery have provided gametes for both programs for most years since the 1990’s.  Prior 
to the 1990’s, fall Chinook broodstock of Green River descent were imported as an additional source of 
broodstock for both the Tulalip and Wallace Hatchery programs and on occasional years prior to 2004 for 
the Tulalip program.  Both hatcheries are currently managed as an “integrated” hatchery program, 
meaning that natural-origin spawners (NOS) are regularly incorporated into the broodstock for the on-
station releases from Wallace River Hatchery.  The source of Chinook gametes provided for the Tulalip 
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Hatchery program are considered to be integrated “one generation out” because the brood source comes 
from the F1 returns that were integrated the previous generation.  Natural-origin broodstock are obtained 
from natural-origin fish recruiting to Wallace River Hatchery and a small proportion of fish captured at 
the Sunset Falls fish trap in some years.  All (100%) of the Snohomish regional hatchery Chinook 
production is identifiable through a combination of coded-wire tagging (representative groups), adipose 
fin clipping (100% less double index tag [DIT] groups), and thermal otolith mass-marking (100% at 
Tulalip Hatchery since brood year 1992, 100% implemented at Wallace River Hatchery effective brood 
year 2013).   
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Figure 1. Locations of carcass survey reaches, screw trap sites and hatchery facilities in the Snohomish River basin.  Carcass sampling was not 
performed on the South Fork Skykomish upstream of Sunset Falls in 2014.  However, non-lethal fin tissue sampling for DNA analysis of live adults 
passed upstream of the falls was performed in 2014.  
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Field sampling 
Adult Sampling – In the fall of 2014, spawner surveys were conducted throughout the 

Snohomish basin, from September through November on mainstem and tributary reaches (Figure 1).  
Redd surveys were conducted by foot, boat/raft, helicopter, and jet sleds and adult Chinook carcasses 
biologically sampled every seven to fourteen days.  Tissues for DNA analysis, along with three scales (for 
ageing), two sets of sagittal otoliths (for determination of origin), adipose fin mark status (for 
determination of origin), CWT status (for determination of origin), sex, and fork and post-orbital hypural 
(POH) length were collected from every fish, noting the stream reach and date of each fish sampled.  
Females that appeared to have died before spawning, based on the quantity of eggs retained in their 
abdomen, were noted.  Fin tissue samples were collected from all high quality, non-decayed carcasses, 
regardless of origin.  In addition to carcass sampling, live adult fish were captured and sampled at Sunset 
Falls Fishway.  Fin tissue was taken for DNA analysis, three scales were taken for ageing and fork length 
was measured.  These fish were released alive upstream of Sunset Falls in the South Fork Skykomish 
River.  

Juvenile Sampling – In spring of 2015, juvenile Chinook salmon were captured in eight-foot 
screw traps operated at RM 25 on the Skykomish River and RM 12 on the Snoqualmie River (Figure 1).  
Trap operations began on February 12, 2015, and continued through June 5, 2015.  The traps were fished 
for three day periods and five night periods each week, except when high flows or excessive debris 
prevented operation.  Each fishing period was 12 hours in length.  Captured individuals were netted from 
the live box and held in five-gallon buckets.  Fish were placed into a dishpan where they were 
anesthetized with a solution of clove oil, identified to species, and examined for marks (adipose fin clips, 
Bismarck Brown dye [used for trap efficiency trials], and CWT).  Unmarked/untagged Chinook were 
measured and FL recorded in millimeters.  For DNA parentage analysis, a small piece of caudal fin tissue 
was collected from all unmarked/untagged subyearling Chinook juveniles and immediately stored in 95% 
ethanol at ambient temperatures.  Unmarked and untagged subyearling Chinook were presumed to be of 
natural-origin given that all regional hatchery Chinook production is marked through a combination of 
adipose fin clips and CWTs, less a very small proportion that end up not being marked due to clip and tag 
loss.   

The tGMR methods rely on sampling specific cohorts.  Yearling juveniles outmigrating in 2015 
were produced in BY 2013, the year previous to the target of this report, so any yearlings included in 
tGMR or tRC analysis would be considered “immigrants” violating the closed population assumption.  
Because yearling migrants regularly are found in Snohomish River Chinook, age information was 
required to distinguish yearlings from subyearlings in fish of borderline size (large subyearlings from 
small yearlings).  All juvenile Chinook < 70 mm FL were assumed to be age-0 subyearlings based on 
previous findings of Tulalip Tribes’ smolt trap operations (Kubo et al. 2013).  Scale samples were 
collected from Chinook exhibiting fork lengths longer than 65 mm in order to validate assignments as 
age-0 or age-1 outmigrants.  However, the scale cards were lost, so scale derived ages for 2015 juvenile 
migrants were unavailable.  Ages of juveniles > 65 mm FL were inferred using a size at migration date 
relationship based on age, date, and length data from juveniles sampled in previous years.  All fork 
lengths and dates were converted to deviations from the average fork length or sampling date within 
outmigration year.  Ages of 2015 migrants were determined based on their position relative to the aged 
juveniles from previous years in a plot of migration date and fork length.  All juveniles inferred to be aged 
one year or older were removed from further analysis.   

Trap efficiency trials were conducted using hatchery-origin subyearling Chinook provided from 
Wallace River Hatchery.  On the Skykomish River, adipose fin marked hatchery-origin Chinook were 
released approximately one mile upstream of the trap over five release periods.  On the Snoqualmie River, 
adipose fin marked hatchery-origin Chinook were released approximately one mile upstream over four 
release periods occurring.  Production estimates were calculated for each week and diel strata.  Catch for 
each diel-weekly strata was calculated by expanding the catch per hour for time fished to the total number 



Snohomish River Chinook genetic mark-recapture 2014 spawner abundance progress report 

14 
 

of hours in that strata.  This assumes a constant catch per unit effort within each strata.  The expanded 
catch was then further expanded by the trap efficiency with a bias correction (Kubo et al. 2013).  Trap 
efficiency was estimated for the entire season based on the total numbers released and recaptured in each 
watershed.  Total production estimated during the smolt trap operation was summed with extrapolated 
estimates for migration prior to and following the trapping season.   

Genetic laboratory methods 
Genomic DNA was extracted from tissue samples using silica membrane kits (Qiagen DNEasy, 

Valencia CA).  Fish were genotyped at 192 SNP (single nulcleotide polymorphism) loci (Warheit et al. 
2014)(Table 1).  SNP genotypes were obtained through PCR and visualization on Fluidigm EP1 
integrated fluidic circuits (chips).  Protocols followed Fluidigm’s recommendations for TaqMan SNP 
assays as follows: Samples were pre-amplified by Specific Target Amplification (STA) following 
Fluidigm’s recommended protocol with one modification.  The 192 assays were pooled to a concentration 
of 0.2X and mixed with 2X Qiagen Multiplexing Kit (Qiagen, Inc., Valencia CA), instead of TaqMan 
PreAmp Master Mix (Applied Biosystems), to a volume of 3.75µl, to which 1.25µl of unquantified 
sample DNA was added for a total reaction volume of 5µl.  Pre-amp PCR was conducted on a MJ 
Research or Applied Biosystems themal cycler using the following profile:  95°C for 15 min followed by 
14 cycles of 95°C for 15 sec and 60°C for 4 minutes.  Post-PCR reactions were diluted with 20µl dH2O to 
a final volume of 25µl.  

Specific SNP locus PCRs were conducted on the Fluidigm chips.  Assay loading mixture 
contained 1X Assay Loading Reagent (Fluidigm), 2.5X ROX Reference Dye (Invetrogen) and 10X 
custom TaqMan Assay (Applied Biosystems); sample loading mixture contains 1X TaqMan Genotyping 
PCR Master Mix (Applied Biosystems), 0.05X AmpliTaq Gold DNA polymerase (Applied Biosystems), 
1X GT sampling loading reagent (Fluidigm) and 2.1 µL template DNA.  Four µL assay loading mix and 5 
µL sample loading mix were pipetted onto the chip and loaded by the IFC loader (Fluidigm).  PCR was 
conducted on a Fluidigm thermal cycler using a two-step profile. Initial mix thermal profile was 70°C for 
30min, 25°C for 5 min, 52.3° for 10 sec, 50.1°C for 1 min 50sec, 98°C for 5 sec, 96°C for 9 min 55 sec, 
96°C for 15 sec, 58.6°C for 8 sec, and 60.1°C for 43 sec. Amplification thermal profile was 40 cycles of 
58.6°C for 10 sec, 96°C for 5 sec, 58.6°C for 8 sec and 60.1°C for 43 sec with a final hold at 20°C.   

Carcass samples, particularly those in more advance states of decomposition, may yield little or 
poor-quality DNA, which can lead to genotyping errors and incomplete genotypes.  Genotyping was 
critical to the success of the project and genotyping errors had the potential to bias results by preventing 
assigning of offspring to their true parent(s) of origin.  To minimize this type of scoring error, we repeated 
the PCR for poorly amplifying DNA using lab protocols normally reserved for forensic analysis.  If 
warranted, we also repeated DNA extraction and PCR.  Two technicians scored genotypes of all 
individuals independently and reconciled any scoring differences.  Individuals were included in further 
analysis if they had a minimum of 134 genotyped loci, which allowed for some missing data while 
providing enough power for accurately assigning parentage.  Carcass or juvenile samples genotyped at 
fewer than 134 loci were excluded from further analysis.  

 
Table 1. List of general use, diploid single nucleotide polymorphic (SNP) loci genotyped in Chinook 

WDFW Name Locus Name Allele 1 Allele 2 Reference 
AOts001 Ots_113242-216 C T (Campbell and Narum 2009) 
AOts002 Ots_113457-40R C T WDFW & UW, unpublisheda 
AOts003 Ots_123048-521 A C UW, unpublisheda 
AOts004 Ots_128757-61R A Deletion (Smith et al. 2007) 
AOts005 Ots_94857-232R T C (Clemento et al. 2011) 
AOts006 Ots_94903-99R G T (Clemento et al. 2011) 
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WDFW Name Locus Name Allele 1 Allele 2 Reference 
AOts007 Ots_96222-525 C T (Clemento et al. 2011) 
AOts008 Ots_96500-180 G T (Clemento et al. 2011) 
AOts009 Ots_96899-357R T A (Clemento et al. 2011) 
AOts010 Ots_97077-179R G T (Clemento et al. 2011) 
AOts011 Ots_AldB1-122 C T (Miller et al. 2008) 
AOts012 Ots_aldb-177M TTG ATA WSU - Vancouver, unpublishedb 
AOts013 Ots_AsnRS-60 T C (Clemento et al. 2011) 
AOts014 Ots_aspat-196 G C (Clemento et al. 2011) 
AOts015* Ots_C3N3 T G (Clemento et al. 2011) 
AOts016 Ots_CD59-2 G A (Clemento et al. 2011) 
AOts017 Ots_CD63 A C (Clemento et al. 2011) 
AOts018 Ots_cox1-241 C T (Clemento et al. 2011) 
AOts019 Ots_EndoRB1-486 G A (Clemento et al. 2011) 
AOts020 Ots_EP-529 A G (Clemento et al. 2011) 
AOts021 Ots_ETIF1A A C (Clemento et al. 2011) 
AOts022 Ots_FARSLA-220 G A (Clemento et al. 2011) 
AOts023 Ots_FGF6A G T (Clemento et al. 2011) 
AOts024 Ots_FGF6B_1 A C (Clemento et al. 2011) 
AOts025 Ots_GDH-81x C Deletion (Clemento et al. 2011) 
AOts026 Ots_GH2 A T (Clemento et al. 2011) 
AOts028 Ots_GPDH-338 G A (Clemento et al. 2011) 
AOts029 Ots_GPH-318 C T (Clemento et al. 2011) 
AOts031 Ots_GTH2B-550 C G (Clemento et al. 2011) 
AOts033 Ots_IGF-I.1-76 A T (Clemento et al. 2011) 
AOts034 Ots_Ikaros-250 G A (Campbell and Narum 2008) 
AOts035 Ots_IL11 T C WDFW & UW, unpublisheda 
AOts036 Ots_IL8R_C8 C T (Campbell and Narum 2008) 
AOts037 Ots_MHC1 G A CRITFC, unpublishedc 
AOts038 Ots_MHC2 T G CRITFC, unpublishedc 
AOts039 Ots_mybp-85 C T WSU - Vancouver, unpublishedb 
AOts040 Ots_Myc-366 T C (Smith et al. 2005a) 
AOts041 Ots_myo1a-384 A C (Smith et al. 2007) 
AOts042 Ots_myoD-364 T G (Campbell and Narum 2009) 
AOts043 Ots_nkef-192 C T NWFSC, unpublishedd 
AOts044 Ots_NOD1 C G (Smith et al. 2005b) 
AOts046 Ots_LWSop-638 T C OSU, unpublishede 
AOts047 Ots_Ots311-101x AA Deletion CRITFC, unpublishedc 
AOts048 Ots_P450 T A NWFSC, unpublishedd 
AOts049 Ots_P53 G A (Smith et al. 2005b) 
AOts050 Ots_PGK-54 T A (Smith et al. 2005b) 
AOts051 Ots_Prl2 A G (Clemento et al. 2011) 
AOts052 Ots_RAG3 C T (Smith et al. 2005a) 
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WDFW Name Locus Name Allele 1 Allele 2 Reference 
AOts053 Ots_RFC2-558 A Deletion (Clemento et al. 2011) 
AOts054 Ots_S7-1 T C (Clemento et al. 2011) 
AOts055 Ots_SClkF2R2-135 A T (Clemento et al. 2011) 
AOts057 Ots_SL A G (Clemento et al. 2011) 
AOts058 Ots_SWS1op-182 T A (Clemento et al. 2011) 
AOts059 Ots_TAPBP C T (Clemento et al. 2011) 
AOts060 Ots_TGFB C T (Clemento et al. 2011) 
AOts061 Ots_TLR3 C T (Clemento et al. 2011) 
AOts062 Ots_Tnsf A G (Clemento et al. 2011) 
AOts063 Ots_u07-07.161 C T (Clemento et al. 2011) 
AOts064 Ots_u07-18.378 A T (Clemento et al. 2011) 
AOts065 Ots_u07-25.325 T C NWFSC, unpublishedd 
AOts066 Ots_u07-49.290 G A (Smith et al. 2007) 
AOts067 Ots_u07-53.133 C T (Miller et al. 2008) 
AOts068 Ots_u07-57.120 A T (Clemento et al. 2011) 
AOts069 Ots_u202-161 T A WSU - Vancouver, unpublishedb 
AOts070 Ots_u211-85 C T (Clemento et al. 2011) 
AOts072 Ots_u6-75 C T CRITFC, unpublishedc 
AOts073 Ots_unk526 A G (Clemento et al. 2011) 
AOts074 Ots_zP3b-215 G T (Clemento et al. 2011) 
AOts079 Ots_GST.207 G A (Clemento et al. 2011) 
AOts081 Ots_hnRNPL.533 A T (Clemento et al. 2011) 
AOts082 Ots_HSP90B.100 C T CRITFC, unpublishedc 
AOts083 Ots_HSP90B.385 G A (Clemento et al. 2011) 
AOts088 Ots_P450-288 A G CRITFC, unpublishedc 
AOts091 Ots_Tf-3545 C G (Clemento et al. 2011) 
AOts093 Ots_u07-17.135 A G (Clemento et al. 2011) 
AOts095 Ots_u07-19.260 C T (Miller et al. 2008) 
AOts146 Ots_hsc71-5'-453 C T (Clemento et al. 2011) 
AOts147 Ots_hsp27b-150 G A (Clemento et al. 2011) 
AOts149 Ots_100884-287 T C UW, unpublisheda 
AOts150 Ots_101119-381 T C UW, unpublisheda 
AOts151 Ots_101554-407 C G UW, unpublisheda 
AOts152 Ots_101704-143 T G (Smith et al. 2005a) 
AOts153 Ots_102213-210 A G NWFSC, unpublishedd 
AOts154 Ots_102414-395 A G (Smith et al. 2005a) 
AOts155 Ots_102420-494 T G WDFW & UW, unpublisheda 
AOts156 Ots_102457-132 A G CRITFC, unpublishedc 
AOts157 Ots_102801-308 C A WDFW & UW, unpublisheda 
AOts158 Ots_102867-609 A G UW, unpublisheda 
AOts159 Ots_103041-52 G A UW, unpublisheda 
AOts160 Ots_103122-180 T C UW, unpublisheda 
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WDFW Name Locus Name Allele 1 Allele 2 Reference 
AOts161 Ots_104063-132 C T WDFW, unpublishedf 
AOts162 Ots_104415-88 C T WDFW, unpublishedf 
AOts163 Ots_104569-86 T G WDFW, unpublishedf 
AOts164 Ots_105105-613 C G CRITFC, unpublishedc 
AOts165 Ots_105132-200 G T WDFW & UW, unpublisheda 
AOts166 Ots_105385-421 A G (Smith et al. 2005b) 
AOts167 Ots_105407-117 T A WSU - Vancouver, unpublishedb 
AOts168 Ots_106499-70 C G (Miller et al. 2008) 
AOts169 Ots_106747-239 C A WSU - Vancouver, unpublishedb 
AOts170 Ots_107074-284 A T ADFG, unpublishedg 
AOts171 Ots_107285-93 T A UW, unpublisheda 
AOts172 Ots_107806-821 T A WSU - Vancouver, unpublishedb 
AOts173 Ots_108007-208 A T (Smith et al. 2005a) 
AOts174 Ots_108390-329 G C WDFW & UW, unpublisheda 
AOts175 Ots_108735-302 C T (Smith et al. 2005b) 
AOts176 Ots_108820-336 G A (Smith et al. 2005a) 
AOts177 Ots_109525-816 C T WDFW, unpublishedf 
AOts178 Ots_109693-392 T G WDFW, unpublishedf 
AOts179 Ots_110064-383 C T UW, unpublisheda 
AOts180 Ots_110201-363 A T UW, unpublisheda 
AOts181 Ots_110495-380 G C UW, unpublisheda 
AOts182 Ots_110551-64 C A (Smith et al. 2005a) 
AOts183 Ots_110689-218 T G (Smith et al. 2005a) 
AOts184 Ots_111084b-619 C A WDFW & UW, unpublisheda 
AOts185 Ots_111666-408 C T WDFW, unpublishedf 
AOts186 Ots_111681-657 G T WDFW, unpublishedf 
AOts187 Ots_112301-43 T C WDFW, unpublishedf 
AOts188 Ots_112419-131 A T WDFW & UW, unpublisheda 
AOts189 Ots_112820-284 C T NWFSC, unpublishedd 
AOts190 Ots_112876-371 C A (Smith et al. 2005a) 
AOts191 Ots_115987-325 T G UW, unpublisheda 
AOts192 Ots_117242-136 A G (Smith et al. 2007) 
AOts193 Ots_117259-271 T G (Campbell and Narum 2008) 
AOts194 Ots_117432-409 A G NWFSC, unpublishedd 
AOts195 Ots_118175-479 C T WSU - Vancouver, unpublishedb 
AOts196 Ots_118205-61 T C (Miller et al. 2008) 
AOts197 Ots_122414-56 C T OSU, unpublishede 
AOts198 Ots_123921-111 A G (Miller et al. 2008) 
AOts199 Ots_124774-477 T C WSU - Vancouver, unpublishedb 
AOts200 Ots_127236-62 T A WDFW & UW, unpublisheda 
AOts201 Ots_127760-569 C T (Smith et al. 2005a) 
AOts202 Ots_128302-57 C T (Clemento et al. 2011) 
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WDFW Name Locus Name Allele 1 Allele 2 Reference 
AOts203 Ots_128693-461 C T WSU - Vancouver, unpublishedb 
AOts204 Ots_129144-472 C A (Smith et al. 2005a) 
AOts205 Ots_129170-683 C A (Clemento et al. 2011) 
AOts206 Ots_129458-451 T C (Clemento et al. 2011) 
AOts207 Ots_130720-99 A G (Clemento et al. 2011) 
AOts208 Ots_131460-584 T C (Clemento et al. 2011) 
AOts209 Ots_131906-141 A T (Clemento et al. 2011) 
AOts210 Ots_99550-204 C T (Smith et al. 2005a) 
AOts211 Ots_ARNT G T (Campbell and Narum 2008) 
AOts212 Ots_arp-436 AA TT (Clemento et al. 2011) 
AOts213 Ots_brp16-64 T C (Clemento et al. 2011) 
AOts214 Ots_Cath_D141 T C (Clemento et al. 2011) 
AOts215 Ots_CCR7 C T (Clemento et al. 2011) 
AOts216 Ots_CirpA C T (Clemento et al. 2011) 
AOts217 Ots_DDX5-171 C T (Clemento et al. 2011) 
AOts218 Ots_E2-275 A G (Clemento et al. 2011) 
AOts219 Ots_Est1363 A T (Clemento et al. 2011) 
AOts220 Ots_Est740 T C (Clemento et al. 2011) 
AOts221 Ots_GCSH C T (Clemento et al. 2011) 
AOts222 Ots_HFABP-34 C T (Clemento et al. 2011) 
AOts223 Ots_HMGB1-73 G T (Clemento et al. 2011) 
AOts224 Ots_Hsp90a G C (Clemento et al. 2011) 
AOts225 Ots_il13Ra2B-37 T G WDFW & UW, unpublisheda 
AOts226 Ots_il-1racp-166 G T (Campbell and Narum 2008) 
AOts227 Ots_IsoT T C (Clemento et al. 2011) 
AOts228 Ots_mapK-3'-309 T G (Smith et al. 2005b) 
AOts229 Ots_mapKpr-151 A T (Smith et al. 2005b) 
AOts230 Ots_nelfd-163 A G NWFSC, unpublishedd 
AOts231 Ots_NFYB-147 C T NWFSC, unpublishedd 
AOts232 Ots_ntl-255 T A CRITFC, unpublishedc 
AOts233 Ots_OTALDBINT1-SNP1 T C UW, unpublisheda 
AOts234 Ots_OTDESMIN19-SNP1 C A (Clemento et al. 2011) 
AOts235 Ots_OTNAML12_1-SNP1 A G (Smith et al. 2007) 
AOts236 Ots_OTSBMP-2-SNP1 C T (Clemento et al. 2011) 
AOts237 Ots_OTSMTA-SNP1 C T (Smith et al. 2005a) 
AOts238 Ots_OTSTF1-SNP1 G T (Clemento et al. 2011) 
AOts239 Ots_parp3-286 A G ADFG, unpublishedg 
AOts240 Ots_pop5-96 T C (Clemento et al. 2011) 
AOts241 Ots_ppie-245 C A (Clemento et al. 2011) 
AOts242 Ots_redd1-187 A G (Smith et al. 2005b) 
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WDFW Name Locus Name Allele 1 Allele 2 Reference 
AOts243 Ots_stk6-516 C A (Clemento et al. 2011) 
AOts244 Ots_TCTA-58 C T (Clemento et al. 2011) 
AOts245 Ots_Thio T C (Clemento et al. 2011) 
AOts246 Ots_tpx2-125 C T (Clemento et al. 2011) 
AOts247 Ots_txnip-321 T C (Clemento et al. 2011) 
AOts248 Ots_u1002-75 T C (Smith et al. 2005a) 
AOts249 Ots_u1007-124 A G (Campbell and Narum 2008) 
AOts250 Ots_U2362-227 A T WSU - Vancouver, unpublishedb 
AOts251 Ots_U2362-330 A G (Smith et al. 2005b) 
AOts252 Ots_U2446-123 C A (Campbell and Narum 2008) 
AOts253 Ots_unk1104-38 C T (Campbell and Narum 2008) 
AOts254 Ots_unk1832-39 C T (Clemento et al. 2011) 
AOts255 Ots_unk3513-49 C T (Clemento et al. 2011) 
AOts256 Ots_unk7936-50 C G (Clemento et al. 2011) 
AOts257 Ots_unk8200-45 A G CRITFC, unpublishedc 
AOts258 Ots_unk9480-51 G C (Smith et al. 2007) 
AOts259 Ots_USMG5-67 C T (Clemento et al. 2011) 
AOts260 Ots_vatf-251 G Deletion (Clemento et al. 2011) 
AOts261 Ots_zn593-346 A T (Clemento et al. 2011) 
AOts271 Ots_SexID G A (Von Bargen et al. 2015) 

*AOts015 is a mitochondrial SNP (haploid) 
Primer and probe sequences for unpublished loci are available by request from the authors.  
Alternative contacts are listed below. 
aLisa Seeb, LSeeb@UW.edu 
bJennifer DeKoning, dekoning@vancouver.wsu.edu 
cNathan Campbell, camn@CRITFC.org 
dAnna Elz, Anna.Elz@NOAA.gov 
eRenee Bellinger, renee.bellinger@oregonstate.edu 
fSewall Young, Sewall.Young@dfw.wa.gov 
gBill Templin, Bill.Templin@Alaska.gov 

 
To check for systematic scoring issues, we performed a two-tailed exact test of Hardy–Weinberg 

equilibrium (HWE) for each locus in each adult collection using the Markov Chain method implemented 
in Genepop 4.1 (dememorization number 1000, 100 batches, 1000 iterations per batch; Raymond and 
Rousset 1995; Rousset 2008).  Significance of probability values were adjusted for multiple tests using 
false discovery rate (FDR; Verhoeven et al. 2005).  FIS, a measure of the fractional reduction in 
heterozygosity due to inbreeding in individuals within a subpopulation and an additional indicator of 
scoring issues, was calculated according to Weir and Cockerham (1984) using Genepop 4.1.  Observed 
and expected heterozygosity was calculated using GDA v1.1 (Lewis and Zaykin 2001).  

In previous years, when individuals were genotyped at microsatellite loci, species other than 
Chinook (likely chum O. keta or coho O. kisutch), which are occasionally mistakenly sampled, were 
automatically removed from analysis because they consistently amplified at fewer than 10 loci.  With 
SNP loci, species other than Chinook amplify at enough loci to meet our threshold for missing data and 

mailto:LSeeb@UW.edu
mailto:dekoning@vancouver.wsu.edu
mailto:camn@CRITFC.org
mailto:Anna.Elz@NOAA.gov
mailto:renee.bellinger@oregonstate.edu
mailto:Sewall.Young@dfw.wa.gov
mailto:Bill.Templin@Alaska.gov
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thus must be actively removed.  Non-Chinook were identified by within-individual homozygosity > 0.95, 
i.e., more than 95% of amplified loci in an individual were homozygous.   

Parentage and sibship analysis 
To assign parents (adult carcasses) to naturally-produced offspring (migrating subyearling 

Chinook juveniles), we used the likelihood algorithms implemented in the software COLONY2 (v2.0.6.1, 
Wang 2004; Wang 2012; Wang 2013; Wang and Santure 2009).  COLONY requires knowledge of the 
sex of the parents.  Sex of adult fish was determined in the field.  In addition, a SNP marker diagnostic for 
sex was run as part of our SNP panel.  When field sex ID disagreed with genetic sex ID (rare, see results), 
the genetic sex ID was used for parentage assignment tests.  Parentage analysis was performed separately 
for Skykomish and Snoqualmie River carcasses and juveniles.  COLONY2 was run using the polygamy 
mating system, without inbreeding, with the probability of parent (mother or father) being in the sampled 
dataset equal to 0.05, a value derived from sample sizes and tGMR estimates from previous years.  In 
order to evaluate convergence, we ran COLONY2 three times for each dataset with different random 
number seeds using the ‘short run’ option, the combined pair-full likelihood method, ‘medium’ precision 
of the likelihood, with no allele frequency updating, and no sibship priors.  Results of the three runs were 
compared and evaluated for convergence.  If convergence was not reached with short runs, we re-ran 
COLONY2 analysis with the medium run option.  As recommended by the author of COLONY2 
(COLONY2 user manual, J. Wang), convergence was achieved when run-to-run variation in results was 
minimal.  We expected minimal variability in parentage assignment of carcasses.  However, we 
anticipated much more variability in the number of inferred, unsampled parents generated through sibship 
analysis.  Thus, we defined minimal variation as less than 5% CV among the three COLONY2 runs in the 
hypergeometric abundance estimate.  If convergence was achieved with short runs, the first short run was 
used to generate final tGMR and tRC estimates, and the variability among runs was summarized.  

In previous years, parentage was also assigned using the likelihood algorithms employed by the 
software FRANz (Riester et al. 2009).  This was done primarily because results were obtained much 
faster than when using COLONY2.  Modifications to the algorithms and options in COLONY2 have 
significantly reduced computing time needed to finish a run, so starting with this year, only COLONY2 
analysis was performed. 

Mathematical and statistical models 

Transgenerational genetic mark-recapture (tGMR) 
To estimate census spawner abundance, we have chosen a closed population “pooled” or 

“simple” Lincoln-Petersen model (Seber 1982):  
 

 𝑁� =
𝑚𝑚
𝑟

 (1)  
 

where N is the abundance estimate, m is the number of marks, r is the number of recaptures, and c is the 
number of captures.  

There are two models typically used to estimate spawner abundance and uncertainty using the 
above equation.  The first uses the binomial distribution, which is based on sampling with replacement.  
We used Bailey’s modification of the Lincoln-Petersen model, which corrects bias due to small sample 
sizes (Seber 1982): 

 
 

𝑁� =  
𝑚(𝑚 + 1)
(𝑟 + 1)

 (2)  
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For this model, m is the number of genotyped carcasses, c is twice the number of genotyped juveniles 
(each juvenile is potentially a recapture of its mother and its father), and r is the number of carcass 
parentage assignments made to the genotyped juveniles.  Note that all parentage assignments are used, 
i.e., each instance of the same carcass being assigned to different juveniles is counted.  The second model 
uses the hypergeometric distribution, which is based on sampling without replacement.  We used 
Chapman’s modification of the Lincoln-Petersen model, which corrects for bias due to small sample sizes 
(Seber 1982): 

 
 

𝑁� =  
(𝑚 + 1)(𝑚 + 1)

(𝑟 + 1)
 (3)  

 
For this model, m is the number of genotyped carcasses, c is the total number of unique parents assigned 
(sampled, i.e., carcasses) and inferred (unsampled, i.e., inferred by COLONY2) to genotyped juveniles, 
and r is the number of unique carcass parentage assignments made to the genotyped juveniles.  Seber’s 
Goodness of Fit (GOF) test, which is a modification of the z test, was used to test the null hypothesis that 
there was no difference in population estimates (Seber 1982).  

Modification of the capture number for both tGMR models for the Skykomish River estimate was 
necessary due to violation of the closed population assumption (see the Discussion section for a detailed 
discussion of the assumptions that must be met in order to produce unbiased estimates in these analyses).  
Any juvenile caught in the trap whose parents were not part of the surveyed spawner population is an 
“immigrant” using the tGMR methodology.  Hatchery-origin recruit (HOR) juveniles, whose parents were 
spawned in the hatchery, were released upstream of the Skykomish River trap and, in past years, were 
regularly captured in the trap after their release from Wallace River Hatchery, which occurred near the 
last two weeks of the trapping period.  All HOR Chinook juveniles released from Wallace River Hatchery 
are marked with an adipose fin clip, a CWT, or both and all were also otolith-marked.  Not all adipose fin 
marking and coded-wire tagging is 100% successful such that a small fraction of HOR juveniles are 
indistinguishable from NOR juveniles and would be erroneously included in the capture number (adipose 
fin clip retention was 99.2% and CWT retention was 99.7% for BY 2014 Wallace River Hatchery 
subyearling).  Since we were interested only in the naturally spawning Chinook abundance, these 
unmarked HOR juveniles were immigrants.  Including them would inflate the capture number causing an 
upward bias in the abundance estimate.  In the models, capture number became an estimated random 
variable.  To estimate the capture number, we calculated the expected number of unmarked/untagged 
HOR immigrant juveniles 𝐽𝑖 captured in the smolt trap using the ratio of marked to unmarked juveniles 
determined in routine “quality control” (QC) adipose fin clip and CWT retention tests done on several 
hundred Wallace River Hatchery Chinook that are held and examined after marking and tagging is 
completed annually, and the number of marked HOR juveniles caught in the trap.  

 
 𝐽𝑖 =

𝐻𝑢𝐽𝑚
𝐻𝑚

 (4)  

 
Where Hu and Hm are the number of unmarked/untagged juveniles and marked juveniles, respectively, in 
QC collections of juveniles from hatchery ponds, and Jm is the number of marked juveniles captured in 
the Skykomish River smolt trap.  We did not obtain complete genotypes for all juveniles, so we estimated 
the number of genotyped immigrant HOR juveniles 𝐽𝑔𝑖 by multiplying the number of genotyped juveniles 
(Jg) by the proportion of captured juveniles estimated to be unmarked/untagged HOR juveniles  

 
 

𝐽𝑔𝑖 = 𝐽𝑔
𝐽𝑖
𝐽𝑢

 (5)  
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where Ju is the number of captured unmarked juveniles.  Thus, abundance estimates using Bailey’s and 
Chapman’s equations were estimated as  
 
 

𝑁� =  
𝑚(�̂� + 1)
(𝑟 + 1)

 (6)  

 
 

𝑁� =  
(𝑚 + 1)(�̂� + 1)

(𝑟 + 1)
 (7)  

 
Where binomial model captures were calculated as  

 
 �̂� = 2�𝐽𝑔 − 𝐽𝑔𝑖� (8)  
 
 
 
and hypergeometric model captures were calculated as  
 
 �̂� = 𝐽𝑔 − 𝐽𝑔𝑖 (9)  
 

The estimated variance of the binomial model abundance estimate, including variance from 
estimating captures, was calculated using ĉ of equation 8 and the following:  
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𝑁�
�
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where  
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�1 + �𝐻𝑢𝐻𝑚

�
2
�

𝑛ℎ
 

(11)  

 
and nh is the sample size of the collections from the hatchery.  The estimated variance of the 
hypergeometric model abundance estimate, including variance from estimating captures, was calculated 
using ĉ of equation 9 and the following:  

 
 

𝑉𝑉𝑟� �𝑁�� = �𝑁� − 1�2 �
𝑉𝑉𝑟� �𝐽𝑔𝑖�
(�̂� + 1)2 +

𝑉𝑉𝑟� (𝑟)

��̂� 𝑚
𝑁�

+ 1�
2� (12)  

where  
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�̂� 𝑚
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𝑁�
� �𝑁� − 𝑚�
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� + �

𝑚
𝑁�
�
2
𝑉𝑉𝑟� �𝐽𝑔𝑖� (13)  

 
 
The tGMR estimated spawner abundances initially covered only the spawning grounds upstream 

of the smolt trap sites.  Additional adult Chinook may spawn in mainstem rivers and in tributaries 
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downstream of the smolt trap sites.  Any juvenile offspring produced by those adults would have no 
chance of being captured in the smolt trap and their parents, if sampled and genotyped, would be 
“emigrants”, violating the closed population assumption (see Discussion).  For this reason, carcasses 
found downstream of the smolt trap were not used in this analysis.  However, spawner abundance 
estimates for the entire Skykomish and Snoqualmie River Chinook spawning habitats are required.  
System-wide total abundance estimates (𝑁𝑡�), binomial or hypergeometric model, were generated by 
expanding tGMR estimates based on seasonal totals of the number of spawners up- and downstream of 
the smolt trap estimated from redd counts downstream of Sunset Falls and actual counts of fish put 
upstream of Sunset Falls.   

 
 

𝑁𝑡� =
𝑁
�̂�
�

 (14)  

 
where  
 
 �̂� =

𝑆𝑢
𝑆𝑡

 (15)  

 
and St is the total number of spawners up- and downstream of the smolt trap, Su is the number of spawners 
upstream of the smolt trap, and Nt is the abundance estimate for the entire system.  In order to estimate the 
total number of Chinook redds, spawner surveys were conducted throughout the entire spawning period 
from September through November in 2014 (Figure 1).  Streams were surveyed by foot, boat/raft, or jet 
sled and spawned out carcasses were biologically sampled every seven to fourteen days.  Redds were 
surveyed by helicopter every fourteen to twenty one days.  All ground-counted redds were flagged, 
enumerated and recorded with a GPS waypoint.  Helicopter surveys counted total visible redds each 
successive flight and total redds were estimated using area-under-the-curve methods (Hahn et al. 2007).  

Variance of system-wide abundance estimates were estimated using the following equation 
(Goodman 1960):  

 
 

𝑉𝑉𝑟� �𝑁�𝑡� =
1
�̂�2
�𝑉𝑉𝑟� �𝑁�� +

𝑉𝑉𝑟� (�̂�)𝑁�2

�̂�2
− 𝑉𝑉𝑟� �𝑁��𝑉𝑉𝑟� (�̂�)� (16)  

 
where �̂� is a proportion with binomial variance and  
 
 

𝑉𝑉𝑟� (�̂�) =
�̂�(1 − �̂�)

𝑛
 (17)  

 
and n is the number of total number of observed redds.   
 
Proportional sampling for variable mark rates  

Success of the tGMR method depends on the assumption that marks (carcasses) are sampled 
independently of their probability of capture in the second sampling event (i.e., their reproductive 
success).  We may violate this assumption when spawning habitat quality (i.e., average reproductive 
success) covaries with our ability to sample carcasses.  In fall of 2014, as well as fall of 2011, 2012, and 
2013, the mark rate, i.e., relative number of genotyped adults, varied among spawning ground locations.  
For example, the 39 genotyped BY 2013 adults collected in Bridal Veil Creek comprised 111.4% of the 
estimated adult abundance in Bridal Veil Creek, whereas the 55 genotyped adults collected from the 
Wallace River comprised only 13.8% of the estimated Wallace River adult abundance.  If the average 
reproductive success of Chinook was consistent throughout the basin, i.e., Chinook spawning in Bridal 
Veil Creek had the same average reproductive success as Chinook spawning in the Wallace River, this 
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disproportional genotyping would not affect the tGMR abundance estimate.  There are no data from the 
Snohomish to measure differences in reproductive success among spawning locations.  However, no 
difference was detected in reproductive success of Chinook spawning in the Green River mainstem and 
Newaukum Creek, the main spawning tributary upstream of the smolt trap (Seamons et al. 2013).  In the 
Snohomish basin, spawning habitat quality varies among locations and presumably has an effect on the 
number of offspring produced.  Thus, oversampling a location like Bridal Veil Creek, which likely has 
lower quality spawning habitat, would upwardly bias the tGMR abundance estimate by including too 
many parents (marks) with low or no chance of recapture.   

In order to evaluate the assumption of no correlation of reproductive success with sampling 
location we first compared average reproductive success among sampling sites.  This was a qualitative 
assessment since numbers of carcasses recovered in each area were not large enough for a valid statistical 
analysis.  Second, we performed a Monte Carlo sampling exercise where carcasses (marks) were 
subsampled from sampling site collections in proportion to their estimated abundance, i.e., at the same 
mark rate per sampling site; after which the binomial and hypergeometric tGMR estimates were 
calculated.  Monte Carlo sampling was performed 10,000 times for each estimate. 

Rarefaction curve analysis (tRC) 
We used the inferred un-sampled and recaptured parent estimates (output from COLONY2) and a 

rarefaction curve method in order to estimate the number of successful breeders (Nb; cf., Petit and Valiere 
2006).  Using a bootstrapping and model fitting algorigthm written in R code (R Development Core Team 
2014), we sub-sampled juveniles and their inferred or assigned (recaptured) parents at 1% intervals from 
1% to 100% of the total number of juveniles plus an additional subsample size of one.  At each interval, 
we sampled from the entire set 10,000 times without replacement, which provided us with 10,000 re-
sampled datasets from which to estimate model parameters.  To estimate Nb,we fit the re-sampled datasets 
to the Beverton-Holt model (BH; Beverton and Holt 1956) and the continuous smooth hockey stick model 
(CSHS; Froese 2008) using the nonlinear least squares method employed by the “nls” command in R.  
Means and 95% confidence intervals (CIs) were calculated from the distributions of the 10,000 asymptote 
parameter values estimated from the re-sampled datasets.  The BH and CSHS models were compared 
using ΔAICc; the AICc of each CSHS model was subtracted from the AICc of each BH model.  

Secondary objectives 
Estimate the natural spawning Chinook abundance by origin, sex, and age 

If no effect of origin, sex or age on reproductive success was detected (see below section 
“Relative reproductive success of natural- and hatchery-origin spawners”), abundance of naturally-
spawning Chinook by origin, sex, and age was estimated by breaking down the tGMR spawner 
abundance estimate based on the origin, sex, and age distributions of the successfully-genotyped adult 
carcass samples.  

 
Estimate a redd expansion calibration factor 

Accurate estimation of a redd expansion calibration factor was not possible with four years (BYs 
2011, 2012, 2013, and 2014) of tGMR spawner abundance estimates.  This objective will be addressed in 
next year’s (BY 2015) report.  

 
Relative reproductive success of natural- and hatchery-origin spawners 

We used a generalized linear model (GLM) to investigate the effects of carcass stream location 
(Skykomish River or Snoqualmie River), origin, sex, age, and body length on individual reproductive 
success.  Reproductive success was measured as the counts of offspring assigned to each adult.  The 
model was fit using a standard negative binomial model and a zero-inflated negative binomial model in R.  
A Vuong’s test was performed to evaluate whether or not the zero-inflated model was an improvement 
over the standard negative binomial model.   
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Results 

Sampling 
In the fall of 2014, 630 adult Chinook carcasses of sufficient quality were sampled from 

tributaries of the Snohomish basin; 513 adult fish (carcasses and live adults sampled at Sunset Falls 
Fishway) were sampled in the Skykomish River and Snohomish River mainstems and surveyed tributaries 
and 117 carcasses were sampled in the Snoqualmie River mainstem and surveyed tributaries (Table 2). 
The majority of adult Chinook were sampled at the Sunset Falls Fishway.  Of the 325 fish handled at 
Sunset Falls Fishway, tissue was taken from all but five (1.5%).  Like previous years, the majority of 
carcasses sampled were collected from within the mainstem Skykomish, Snoqualmie and Snohomish 
Rivers.  

 
Table 2. Numbers of tissue samples collected from adult Chinook salmon carcass recovered in Snohomish 
River tributaries in the fall of 2014 and numbers processed for tGMR analysis. 

Major basin Stream 
WDFW 

Code Collected 
Laboratory 
Processed 

Skykomish Skykomish mainstema 14SM 98 98 
 North Fork Skykomish 14SK 12 12 
 South Fork Skykomishb NA 0 NA 
 Sunset Falls Fishwayc 14JI 321 320 
 Bridal Veil Creek 14SJ 23 23 
 Elwell Creek NA 0 NA 
 Olney Creek NA 0 NA 
 Proctor Creek NA 0 NA 
 Sultan River 14SO 18 18 
 Wallace River 14SR 39 39 
Total   513 512 
     
Snoqualmie Snoqualmie mainstem 14SN 64 64 
 Raging River 14SL 16 16 
 Tokul Creek 14SP 33 33 
 Tolt River 14SQ 4 4 
Total   117 117 
a – Carcass samples from the mainstem Snohomish and Skykomish Rivers downstream of the smolt trap were 
dropped from tGMR analysis.  Abundance of downstream spawners was estimated by expanding the tGMR 
estimate using redd-count based abundance estimates.  
b – Downstream of Sunset Falls 
c – Adult Chinook were sampled live at the Sunset Falls Fishway prior to release upstream into the South 
Fork Skykomish 

 
More male than female live adult Chinook were sampled at the Sunset Falls Fishway, and more 

female than male adult Chinook carcasses were sampled in the Skykomish River and tributaries and in the 
Snoqualmie River and tributaries in 2013 (Table 3).  More NOR than HOR adults were sampled in the 
Skykomish River basin in 2014, except from the Wallace River, where, as expected, the proportion of 
HORs was higher because the Wallace River Hatchery is located in that stream.  From all other surveyed 
streams, more NOR than HOR carcasses were sampled, which is consistent with recent (2006-2013) 
demographic estimates of the origins of hatchery- and natural-origin fish.  In the Snoqualmie basin, more 
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NOR than HOR carcasses were sampled, except in Tokul Creek.  In Tokul Creek, one more HOR than 
NOR carcasses was sampled, which is consistent with past years’ proportions.  In all other surveyed 
streams, more NOR than HOR carcasses were sampled, which is consistent with past demographic-based 
estimated proportions.  

 
 
 
 

Table 3. Summary of adult Snohomish River Chinook carcasses or live fish sampled upstream of the smolt 
trap sites by origin and sex. 

  
Origin  Sexa 

Major basin Stream HOR NOR Unknown  Male Female Unknown 
Skykomish Skykomish mainstem 26 72 0  46 52 0 
 North Fork Skykomish 4 8 0  4 8 0 
 South Fork Skykomishb NA NA NA  NA NA NA 
 Sunset Falls Fishwayc 87 234 0  194 127 0 

 
Bridal Veil Creek 8 15 0  11 12 0 

 
Elwell Creek NA NA NA  NA NA NA 

 
Olney Creek NA NA NA  NA NA NA 

 
Proctor Creek NA NA NA  NA NA NA 

 
Sultan River 4 14 0  9 9 0 

 
Wallace River 27 6 6  13 20 6 

Total 
 

156 349 6  277 228 6 

    
     

Snoqualmie Snoqualmie mainstem 9 54 1  21 42 1 

 
Raging River 1 15 0  4 12 0 

 
Tokul Creek 17 16 0  20 13 0 

 
Tolt River 1 3 0  3 1 0 

Total 
 

28 88 1  48 68 1 
a – Sex was determined in the field and verified using a genetic marker.  Sex reported here is genetic sex or, 
for the few individuals for which the sex ID marker did not amplify, field sex ID. 
b – Downstream of the Sunset Falls Fishway. 
c – Adult Chinook were sampled live at the Sunset Falls Fishway prior to release upstream into the South 
Fork Skykomish River.  
 

 
A total of 1,444 Chinook were captured (Table 4).  Seasonal trap efficiency was estimated to be 

1.42%.  The sub-yearling Chinook catch was expanded to an estimated 372,005 outmigration past the trap 
during the trapping season.  Based on a size at migration time relationship, 1,439 were estimated to be age 
0+ and 5 were estimated to be age 1+ (Figure 2).  Because fish aged older than 0+ were spawned in years 
prior to 2014, they were dropped from further analysis.   

 
Table 4. Weekly Skykomish River juvenile Chinook (WDFW Codes 15DJ) migration timing and numbers 
sampled and genotyped. 

Statistical 
Week (2015) Start Date End Date 

Unmarked, 
untagged 
sampled 

N 
Genotyped 

N 
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Statistical 
Week (2015) Start Date End Date 

Unmarked, 
untagged 
sampled 

N 
Genotyped 

N 
9 22-Feb 28-Feb 211 206 

10 1-Mar 7-Mar 108 108 
11 8-Mar 14-Mar 196 189 
12 15-Mar 21-Mar 186 184 
13 22-Mar 28-Mar 194 191 
14 29-Mar 4-Apr 134 131 
15 5-Apr 11-Apr 267 260 
16 12-Apr 18-Apr 61 61 
17 19-Apr 25-Apr 55 54 
18 26-Apr 2-May 14 14 
19 3-May 9-May 7 7 
20 10-May 16-May 7 7 
21 17-May 23-May 4 1 
22 24-May 30-May 0 0 
23 31-May 6-Jun 0 0 
24 7-Jun 13-Jun 0 0 

Total     1,444 1,413 
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Figure 2. Relative fork length at relative migration date of juvenile Chinook salmon captured in a smolt trap 
on the Skykomish River in years 2013-2015.  Triangles represent fish from 2013 and 2014 determined by 
length at outmigration and scale analysis to be age 0+ or subyearling migrants.  Squares represent fish from 
2013 and 2014 determined by length at outmigration and scale analysis to be older than age 0, i.e., yearling 
migrants.  Circles represent fish caught in 2015.  The five fish that clearly overlap with the distribution of 
yearling migrants in previous years were inferred to be yearling migrants.  These fish were dropped from 
further analysis since they originated in a non-target brood year.   

 
 
A total of 90 Chinook were captured were captured (Table 5). Seasonal trap efficiency was 

estimated to be 1.35%.  Sub-yearling catch was expanded to an estimated 33,605.  Based on a size at 
migration time relationship, 84 were estimated to be age 0+ and 6 were estimated to be age 1+ (Figure 3).  
Because fish aged older than 0+ were spawned in years prior to 2014, they were dropped from further 
analysis.  
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Table 5. Weekly Snoqualmie River juvenile Chinook (WDFW Code 15DK) migration timing and numbers 
sampled and genotyped.  

Statistical Week 
(2015) 

Start 
Date End Date 

Unmarked, 
untagged 
sampled 

N 
Genotyped 

N 
9 22-Feb 28-Feb 9 9 

10 1-Mar 7-Mar 2 2 
11 8-Mar 14-Mar 0 0 
12 15-Mar 21-Mar 32 32 
13 22-Mar 28-Mar 11 11 
14 29-Mar 4-Apr 21 21 
15 5-Apr 11-Apr 2 2 
16 12-Apr 18-Apr 6 5 
17 19-Apr 25-Apr 1 1 
18 26-Apr 2-May 1 1 
19 3-May 9-May 3 3 
20 10-May 16-May 1 1 
21 17-May 23-May 1 1 
22 24-May 30-May 0 0 
23 31-May 6-Jun 0 0 
24 7-Jun 13-Jun 0 0 

Total     90 89 
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Figure 3. Relative fork length at relative migration date of juvenile Chinook salmon captured in a smolt trap 
on the Snoqualmie River in years 2013-2015.  Triangles represent fish from 2013 and 2014 determined by 
length at outmigration and scale analysis to be age 0+ or subyearling migrants.  Squares represent fish from 
2013 and 2014 determined by length at outmigration and scale analysis to be older than age 0, i.e., yearling 
migrants.  Circles represent fish caught in 2015.  The six fish that clearly overlap with the distribution of 
yearling migrants in previous years were inferred to be yearling migrants.  These fish were dropped from 
further analysis since they originated in a non-target brood year. 

 

Genetics, parentage, and sibship analysis 
We were able to obtain usable genotypes (≥ 135 loci genotyped) from 508 of 510 (99.6%) adult 

samples collected from Skykomish basin Chinook and from 117 of 117 (100.0%) carcass samples from 
Snoqualmie basin Chinook (Table 6).  Genotyping was insufficient for the remaining samples.  
Genotyping success was high enough that differences were not possible (Snoqualmie) or undetectable 
(Skykomish) between the numbers of adult tissues processed and the number with sufficient genotypes 
regardless of stream, origin, or sex.  

Genetic diversity was high in the Skykomish and Snohomish collections, with average expected 
heterozygosity (He) = 0.32 for both the Skykomish and Snoqualmie providing sufficient power for 
parentage analysis (Table A1, A2).  Four (2%) different loci in each population had P-values < 0.01 prior 
to correcting for multiple tests suggesting major scoring or collection issues were absent.  After correcting 
for multiple tests, statistically significant deviations from HWE were found at only two of the loci in the 
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Skykomish collection; however, FIS values were small for both loci indicating the data were suitable for 
further analysis (Table A1, A2).     

We were able to obtain usable genotypes (≥ 135 loci genotyped) from 1,409 of 1,444 (97.5%) 
juvenile subyearling Chinook tissue samples collected from Skykomish basin Chinook and from 89 of 90 
(98.9%) juvenile subyearling Chinook tissue samples collected from Snoqualmie basin Chinook.  
Genotyping failed or was insufficient for the remaining samples.  

 
Table 6. Genotyped adult sample sizes for the Skykomish and Snoqualmie Rivers and tributaries upstream of 
the smolt traps.  

Major basin Stream 
Laboratory 
Processed 

Genotyped 
≥ 10 Loci 

Genotyping 
Rate (%) 

Skykomish Skykomish mainstema 98 98 100.0 
 North Fork Skykomish 12 12 100.0 
 South Fork Skykomishb NA NA NA 
 Sunset Falls Fishway 320 320 100.0 
 Bridal Veil Creek 23 23 100.0 
 Elwell Creek NA NA NA 
 Olney Creek NA NA NA 
 Pilchuck Rivera NA NA NA 
 Proctor Creek NA NA NA 
 Sultan River 18 18 100.0 
 Wallace River 39 37 94.9 
Total  510 508 99.6 
     
Snoqualmie Snoqualmie mainstem 64 64 100.0 
 Raging River 16 16 100.0 
 Tokul Creek 33 33 100.0 
 Tolt River 4 4 100.0 
Total  117 117 100.0 
a – Carcass samples from the mainstem Snohomish and Skykomish Rivers downstream of the smolt trap were 
dropped from tGMR analysis.  Abundance of downstream spawners was estimated by expanding the tGMR 
estimate using redd-count based abundance estimates. 
b – downstream of the Sunset Falls Fishway. 
 

Skykomish parentage – Convergence of the COLONY2 runs was not achieved with short runs 
for the hypergeometric estimate, i.e., the CVs of hypergeometric estimates using short runs of COLONY2 
were over the 5% threshold, so three long COLONY2 runs were completed.  Convergence of the 
COLONY2 runs was achieved for the hypergeometric estimate using the long runs (CV = 2%).  The 
number of unique unsampled parents, inferred through short runs of COLONY2 sibship analysis, ranged 
from 796 to 816 (mean = 803).  

The number of offspring assigned to sampled carcass parents that had at least one offspring 
assigned ranged from 1 to 20 (mean = 3.18), and the number of offspring assigned to inferred, unsampled 
parents ranged from 1 to 32 (mean = 3.57).  The distribution of the number of offspring assigned to 
sampled carcass parents assigned at least one offspring was statistically significantly different from that 
assigned to inferred, unsampled parents (P = 0.00003, Figure 4). 
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Figure 4. Distribution of the number of offspring assigned to either sampled Skykomish river carcasses or 
inferred, unsampled parents using the sibship and parentage analysis algorithms in COLONY2.  The 
distributions were statistically significantly different, based on a permutation test (P < 0.00001). 

 
Snoqualmie parentage – Convergence of the COLONY2 runs was not achieved with short runs, 

i.e., the CVs of binomial and hypergeometric estimates using short runs of COLONY2 were over the 5% 
threshold, so three long runs were completed.  Convergence was achieved with the long runs (CV of 
hypergeometric estimates = 0.8%).  The number of unique sampled and unsampled parents, inferred 
through COLONY2 sibship analysis, varied very little, ranging from 74 to 75.  

The number of offspring assigned to sampled carcass parents that had at least one offspring 
assigned ranged from 1 to 4 (mean = 1.33), and the number of offspring assigned to inferred, unsampled 
parents ranged from 1 to 12 (mean = 2.37).  The distribution of the number of offspring assigned to 
sampled carcass parents assigned at least one offspring was statistically significantly different from that 
assigned to inferred, unsampled parents (P = 0.001, Figure 5). 
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Figure 5. Distribution of the number of offspring assigned to either sampled Snoqualmie River carcasses or 
inferred, unsampled parents using the sibship and parentage analysis algorithms in COLONY2.  The 
distributions were statistically significantly different, based on a permutation test (P = 0.001). 

tGMR spawner abundance estimates 
Parentage information for the final Skykomish and Snoqualmie estimates were derived from the 

first COLONY2 long run.  Variation in Skykomish binomial and hypergeometric estimates was minimal 
(CV ≤ 2%) using long runs.   

From 12 February, 2015, to 5 June, 2015, 829 adipose fin-marked hatchery-produced juveniles 
were captured in the Skykomish River smolt trap.  Almost all (784) were captured after the official 
release date from Wallace Hatchery, 1 June, 2014.  The marking rate (adipose fin clip and CWT) was 
high for Wallace River Hatchery releases (98.9%).  Using the estimated mark rate we estimated that we 
genotyped no unmarked hatchery-produced parr.  Thus, no adjustment to Skykomish River capture 
numbers for the binomial and hypergeometric estimators was necessary.   

A total of 1,087 redds were counted in the Skykomish, Snohomish, and Pilchuck Rivers (Co-
manager's annual escapement estimate and carcass survey unpublished data, M. Crewson Tulalip Tribes 
and P. Verhey WDFW 2015).  Of those, 107 (9.8%) were found downstream of the Skykomish River 
smolt trap and 980 (90.1%) were found upstream of the trap.  The estimated number of spawners 
upstream of the smolt trap, which includes the count of spawners released upstream of Sunset falls (N = 
344), was 2,794 (91.3%).  No redds were found downstream of the smolt trap in the Snoqualmie River, so 
no expansion of the tGMR estimate for the Snoqualmie River population was necessary.  
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The binomial tGMR estimate of BY 2014 Skykomish River Chinook spawner abundance was 
7,160 and the hypergeometric estimate was 6,378 (Table 9).  The binomial tGMR estimate of BY 2014 
Snoqualmie River Chinook spawner abundance was 1,490 and the hypergeometric estimate was 877 
(Table 10).  Skykomish tGMR estimates were roughly twice the redd-count based estimate of 3,063, 
which was not encompassed in the tGMR 95% confidence interval.  Snoqualmie tGMR estimates were 
higher than the redd-count based estimate of 839, but the redd-count based estimate was encompassed by 
the tGMR 95% confidence interval.  Coefficients of variation for Skykomish tGMR estimates, based on 
estimated variance, were below the recommended level of 15% (Table 9).  Coefficients of variation for 
Snoqualmie tGMR estimates were well above the recommended level of 15% (Table 10).  

 
Table 7. BY 2014 Skykomish River Chinook tGMR population abundance estimates. 

 binomial hypergeometric Redd baseda 
Parentage algorithm COLONY2 COLONY2 

 MARKS 503 503 
 CAPTURES 2,818.0 796.0 
 RECAPTURES 216 68 
 N - upstream of trap 6,534 5,822 2,794 

Var – upstream of trap 195029.8 381692.2  
N – system-wideb 
      (95%CI) 

7,160 
(6,208-8,111) 

6,378 
(5,057-7,703) 

3,063 
 

Var – system-wide 235759.2 454514.1 
 CV (%)- system-wide 6.8 10.6 
 a-Also includes direct counts of fish passed upstream of Sunset Falls from the Sunset Falls Fishway. 

b-System-wide estimate includes all production downstream of the Skykomish River smolt trap for the 
Skykomish Chinook population, which includes the lower Skykomish mainstem, Snohomish mainstem, and 
lower basin tributaries including the Pilchuck River.  

 
 
 

Table 8. BY 2014 Snoqualmie River Chinook tGMR population abundance estimates. 

 binomial hypergeometric Redd based 
Parentage algorithm COLONY2 COLONY2 

 MARKS 116 116 
 CAPTURES 166 74 
 RECAPTURES 12 9 
 N – system-widea 

      (95%CI) 
1,490 

(741-2,240) 
877 

(416-1,339) 839 
Var – system-wide 146264.3 55481.9 

 CV (%) – system-wide 25.7 26.8 
 a-No redds were found downstream of the Snoqualmie River smolt trap, so the population (“system-wide”) 

estimate was based entirely on Chinook production upstream of the Snoqualmie River smolt trap. 
 

Proportional sampling for variable mark rates 
The mark (genotyping) rate was disproportionate to the redd-count based estimated abundance 

among spawning locations in the Skykomish and Snoqualmie systems (Figure 6, Figure 7).  In general, 
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the smaller tributaries where carcasses are easier to find and sample were more represented in the 
collections of marked carcasses than the larger tributaries or mainstem spawning areas.  In the Skykomish 
River, 70% of the estimated abundance of the small tributaries was marked the first three years, whereas 
only 5% to 10% of the mainstem Skykomish/Snohomish River spawners were marked (Figure 6).  In 
addition, in 2014 we intentionally attempted to sample 100% of adult fish captured at the Sunset Falls 
Fishway, which were released upstream into the South Fork Skykomish River.  In the Snoqualmie River, 
Tokul Creek was marked at a rate higher than 50% in all four years, whereas all other areas were marked 
at a rate less than 25%. 

 
Figure 6. The estimated mark (genotyping) rate for each spawning area in the Skykomish River for four 
spawn years.  The Skykomish/Snohomish River mainstem abundance estimate included spawners 
downstream of the smolt trap. 
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Figure 7. The estimated mark (genotyping) rate for each spawning area in the Snoqualmie River for four 
spawn years.    

 
For BY 2014, the average of 10,000 systemwide Skykomish binomial abundance estimates 

(adjusted for unmarked hatchery juveniles and expanded to include areas downstream of the smolt trap) 
was 4,078 (range 2,111 to 16,305), which was 3,082 less than the original systemwide estimate of 7,160 
(Table 11).  Only 134 (1.3%) of 10,000 Monte Carlo estimates were larger than the original systemwide 
estimate.  The average of 10,000 systemwide Skykomish hypergeometric estimates (adjusted and 
expanded) was 4,716 (range 2,891 to 9,316), which was 1,662 less than the original unadjusted estimate 
of 6,378.  Only 333 (3.3%) of 10,000 Monte Carlo estimates were larger than the original estimate.  For 
BY 2014, the average of 10,000 Snoqualmie binomial abundance estimates was 999 (range 288 to 1,587), 
which was 491 more than the original estimate of 1,490.  Of 10,000 Monte Carlo estimates, 2,238 
(22.4%) were larger than the original estimate.  The average of 10,000 Snoqualmie hypergeometric 
estimates was 498 (range 188 to 750), which was 379 less than the original unadjusted estimate of 877.  
No Monte Carlo estimates were larger than the original estimate.   

 
 
 

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0.800

0.900

1.000

Proportion

2011

2012

2013

2014



Snohomish River Chinook genetic mark-recapture 2014 spawner abundance progress report 

37 
 

Table 9. Results of the Monte Carlo sampling to equalize mark rate among spawning areas for four brood 
years of Skykomish and Snoqualmie Chinook systemwide tGMR estimates. 

Basin 
Brood 
year Model 

Mean MC 
tGMR 

estimate 

Original 
tGMR 

estimate 

Redd 
count 
based 

estimate 
Range MC 

tGMR estimates 
Mean 

MC CV 
Skykomish 2011 Bin 3,757 8,764 1,180 3,104 - 3,991 27.5 

  
Hyp 3,986 6,804 

 
2,549 - 4,673 29.4 

 
2012 Bin 5,494 7,134 3,745 3,468 - 9,623 18.5 

  
Hyp 4,005 5,486 

 
2,938 - 6,016 14.0 

 
2013 Bin 5,921 7,937 2,355 3,088 - 18,190 24.9 

  
Hyp 5,813 8,995 

 
3,531 - 15,539 22.2 

 
2014 Bin 4,078 7,160 3,063 2,111 - 16,305 16.1 

  Hyp 4,716 6,378  2,891 - 9,316 20.0 
        
Snoqualmie 2011 Bin 2,419 3,542 702 1,908 - 3,376 29.9 

  
Hyp 1,398 2,026 

 
1,045 - 2,091 22.3 

 
2012 Bin 2,456 2,931 1,379 1,614 - 4,683 21.7 

  
Hyp 1,687 2,085 

 
1,227 - 2,805 16.6 

 
2013 Bin 10,931 9,016 889 4,808 - 26,448 44.2 

  
Hyp 8,360 8,817 

 
4,725 - 16,538 38.6 

 2014 Bin 999 1,490 839 288 - 1,587 47.4 
  Hyp 498 877  188 - 750 38.7 
 

 

 tRC estimates of the effective number of breeders (Nb) 
The effective number of breeders (Nb) for BY 2014 Skykomish River Chinook upstream of the 

smolt trap, based on the first long run of COLONY2, was estimated to be 1,133 (BH, 95%CI = 1,121-
1,145) or 802 (CSHS, 95%CI = 798-808; Figure 6).  Variance among Nb estimates from different 
COLONY2 runs was low (BH CV = 1.6%, CSHS CV = 1.3%).  The Beverton-Holt model fit the data 
better than the continuous smooth hockey stick model (average  ΔAICc =  -107.89, 95%CI =  -143.61 – -
68.02).  
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Figure 8. BY 2013 rarefaction curve estimates of the effective number of breeders (Nb) of Skykomish River 
Chinook, upstream of the Skykomish River smolt trap, based on parentage assigned using COLONY2.  Dots 
represent the means of 10,000 samples of the dataset at each subsample value.  Lines represent the values 
predicted with Beverton-Holt spawner-recruit model (Beverton and Holt 1956) or the continuous smooth 
hockey stick model (Froese 2008).  Lines extending beyond dots were generated using the estimated model 
and are included to show asymptotic behavior of the models.  Values (and their 95%CI) are from 10,000 
parameter estimates of the asymptote parameter of each model. 

 
 
Estimates of the effective number of breeders (Nb) for BY 2014 Snoqualmie River Chinook 

upstream of the Snoqualmie River smolt trap were 135 (BH, 95%CI = 129-143) and 86 (CSHS, 95%CI = 
83-90; Figure 7).  Variance among estimates of Nb derived from different COLONY2 runs was minimal 
(CV < 2%).%  The Beverton-Holt model fit the data better than the continuous smooth hockey stick 
model (average ΔAICc = -4.67, 95%CI = -14.42-3.90).  
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Figure 9. BY 2014 rarefaction curve estimates of the effective number of breeders (Nb) of Snoqualmie River 
Chinook, upstream of the Snoqualmie River smolt trap, based on parentage assigned using COLONY2.  Dots 
represent the means of 10,000 samples of the dataset at each subsample value.  Lines represent the values 
predicted with Beverton-Holt spawner-recruit model (Beverton and Holt 1956) or the continuous smooth 
hockey stick model (Froese 2008).  Lines extending beyond dots were generated using the estimated model 
and are included to show asymptotic behavior of the models.  Values (and their 95%CI) are from 10,000 
parameter estimates of the asymptote parameter of each model. 

 

Secondary objectives 
Partition abundance estimates by origin, sex, and age 

Hatchery origin adults produced fewer offspring than NOR adults (see below), so partitioning 
abundance by origin based on the frequencies in the genotyped carcass samples from the Skykomish 
River (Table 12) or Snoqualmie River (Table 13) should not be done.  Of the genotyped Skykomish 
carcasses, 30.2% (275) were of hatchery origin and 45.3% (228) were female.  Slightly more HOR female 
carcasses than male carcasses were genotyped, while many more NOR male carcasses than female 
carcasses were genotyped.  Most genotyped carcasses were age-four (45.3% of aged fish).  Nine age-two 
males (jacks) were sampled, two HOR and seven NOR. 

 
Table 10. Counts of genotyped adult Skykomish River Chinook sampled fall of 2013. 

  
 Age 

 Sex Origin 2 3 4 5 6 Unknown Total 
Male HOR 2 19 27 12 0 14 74 

 
NOR 7 42 72 24 1 49 195 

 
Unknown 0 0 0 0 0 6 6 

         
Female HOR 0 3 36 28 0 11 78 

 
NOR 0 1 42 75 0 32 150 
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 Age 

 Sex Origin 2 3 4 5 6 Unknown Total 

 
Total 9 65 177 139 1 112 503 

 
 
Of the genotyped Snoqualmie carcasses, 24.1% (49) were of hatchery-origin and 57.8% (67) were 

female.  Many more NOR carcasses than HOR carcasses were recovered.  Most genotyped carcasses were 
age-four (46.7% of aged fish).  One age-two male (jacks) of natural origin was sampled. 

 
 
 

Table 11. Counts of genotyped adult Snoqualmie River Chinook sampled fall of 2013. 

  
Age 

 Sex Origin 2 3 4 5 Unknown Total 
Male HOR 0 7 6 0 3 16 

 
NOR 1 13 13 3 2 32 

 
Unknown 0 0 0 0 1 1 

  
     

 Female HOR 0 2 5 3 2 12 

 
NOR 0 2 25 25 3 55 

  
      

 
Total 1 24 49 31 11 116 

 
 

Develop a redd expansion calibration factor 
This is the fourth year of the project.  Four years of data are not optimal to generate a reliable 

correction factor, therefore a correction factor was not evaluated.  A correction or calibration factor will 
be developed during the fifth year of research (BY 2015).  

 
Relative reproductive success of natural- and hatchery-origin spawners 

Using the results of COLONY2 parentage analysis, 228 parentage assignments were made 
(recaptures in Table 9 and Table 10). Most (95%) parentage assignments were made to Skykomish River 
basin Chinook.  The average reproductive success of Skykomish River basin spawning HOR Chinook 
was less than NOR Chinook of both sexes (Table 14).  In the Snoqualmie River, very few parentage 
assignments were made (12).  No offspring of HOR males were detected.  Female NOR produced twice 
as many offspring as female HOR Chinook (Table 14).   

The residual deviance of the negative binomial model was much less than the degrees of freedom 
indicating poor fit of the data to the model (under-dispersion).  Data also poorly fit a binomial Poisson 
model (over-dispersion).  Thus, neither model is particularly good for examining the data.  Results are 
presented for the negative binomial model.  The model coefficient likely would not change with a better 
fitting model, but the standard errors and statistical significance likely would change.  Therefore, 
interpretation of the models is preliminary and results should be considered with caution.  Reproductive 
success of Chinook was negatively related to origin (P = 0.032), females had higher reproductive success 
than males (P = 0.0001), and fork length was significantly related to reproductive success (P = 0.0004).  
Differences among rivers were significant (P < 0.0001).  There was no difference in how well either the 
zero-inflated model or the standard negative binomial GLM fit the data (Vuong’s test, P = 0.344).  Age 
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was unrelated to reproductive success (P = 0.105).  There were not enough parentage assignments to 
Snoqualmie Chinook to separately statistically analyze the data. 

 
Table 12. Average reproductive success of naturally-spawning, hatchery-produced (HOR) and naturally-
produced (NOR) adult Chinook salmon in the Snohomish basin. 

Basin Origin HOR NOR Unknown 
Skykomish Male 0.18 0.22 0.00 

 
Female 0.31 0.91 0.00 

     Snoqualmie Male 0.00 0.06 0.00 

 
Female 0.08 0.16 0.00 

 
 

Discussion 
Summary 

Using tGMR methods, we produced total systemwide abundance estimates for Chinook in the 
Snohomish basin (Skykomish/Snohomish basin and the Snoqualmie basin combined) of about 8,000 adult 
Chinook (Table 9, Table 10), much higher than the redd-count based estimate.  There was support in the 
data for a bias due to unequal mark rates among spawning areas that are likely correlated with average 
reproductive success.  Specifically, carcasses are easier to sample in small tributaries, so mark rates were 
high for those areas, and Chinook spawning in those same tributaries likely have lower reproductive 
success, hence lower capture probabilities in the second sampling event, leading to an upward bias in the 
estimates.  We also sampled fish at Sunset Falls at a nearly 100% mark rate.  How representative the 
reproductive success of fish spawning upstream of Sunset Falls is of Chinook elsewhere in the Skykomish 
system is unknown, but data for two years suggest that reproductive success of South Fork Skykomish 
spawners is lower than expected.  Monte Carlo resampling with sampling rates proportional to estimated 
mark rates produced abundance estimates lower than the original point estimates, but still larger than the 
redd count-based estimates.  Rarefaction curve estimates of the effective number of spawners, which, like 
previous years were much lower than estimated tGMR spawner abundance estimates, were not affected 
by these issues.  Development of a correction factor for redd-based estimates should consider the mark 
rate controlled estimates as a possible cause for disparity between tGMR abundance estimates and redd-
count based estimates.   

 
Comparison of tGMR and redd count-based abundance estimates 

While Rawding et al. (2014) and Small et al. (2012) found much closer alignment between redd-
based and tGMR-based spawner abundance estimates on the Coweeman and Stillaguamish Rivers, 
respectively, the Snohomish River tGMR abundance estimates, like the Green River tGMR abundance 
estimates (Seamons et al. 2013; Seamons et al. 2012), were much larger than the redd-based estimates for 
the system and for the area upstream of the smolt traps (Table 9, Table 10).  A simple explanation for the 
discrepancy is neither obvious nor intuitive.   

One explanation may be that tGMR and redd count-based methods measure different metrics.  
Mark-recapture estimates, including tGMR, estimate the number of fish at the time of marking (adult 
sample collection), while redd count-based methods estimate the number of females that constructed 
redds, which is then mathematically expanded to include males.  Any factor that reduces the number of 
females that dig redds, for example, pre-spawning mortality (Heard 1991; Keefer et al. 2010; Gilhousen 
1990 cited in Quinn 2005), will increase the disparity between the redd based and tGMR estimates.  Some 
female carcasses that, by the presence of a belly full of eggs, are judged to be unspawned are found on the 
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spawning grounds during spawning surveys every year.  Only four of the female carcasses sampled in the 
fall of 2014 were judged to be unspawned.  Pre-spawning mortality is thought to be up to 20% in bad 
years.  However, even 20% is not high enough to account for much of the difference between the tGMR 
and redd count-based estimates.   

Redd count-based estimates may be affected by many problems in redd identification including 
superimposition, misidentification due to overlap in spawning time with other species (Gallagher and 
Gallagher 2005), potential for more than one redd per female (Bentzen et al. 2001; Kuligowski et al. 
2005), the presence of test digs and variation in redd characteristics (Crisp and Carling 1989), and 
counting errors due to experience or training of redd counters, and other factors (Dunham et al. 2001; 
Muhlfeld et al. 2006).  While any of these issues may affect the redd count-based estimate, the magnitude 
and direction of the effect would not be consistent.   

The following assumptions must be met in order to produce an unbiased tGMR estimate of 
abundance (Seber 1982):  

1. Genetic marking (as opposed to adipose fin clipping or CWT) will not affect capture 
probability in the second sampling event,  

2.  Genetic marks will not be lost before the second sampling event,  
3. All genetically-marked and unmarked fish are correctly identified and enumerated,  
4. The population is closed, and  
5. All fish in the population have the same probability of being captured (genetically marked) in 

the first sampling event OR all fish, genetically-marked and unmarked, have the same 
probability of being captured in the second sampling event.   

Violations of these assumptions lead to both upwardly- and downwardly-biased estimates, and it is not 
obvious whether the upward or downward biases are stronger.   

tGMR Assumption 1 –The probability of capture in the second sampling event is a function of 
an adult’s reproductive success.  Adults are sampled after they have spawned and died (or died without 
spawning).  Thus, assumption 1 was met because clipping a fin off a fish that has already spawned and 
died did not affect the number of offspring it may (or may not) have produced.   

tGMR Assumptions 2 and 3 – Using traditional mark recapture methodology, loss of a tag could 
result in a marked individual being incorrectly identified as unmarked in the second sampling event.  
Using tGMR methods, a genetically-marked adult that failed to produce offspring could be said to have 
lost its mark.  However, instead of resulting in the possibility of that fish being incorrectly identified as 
unmarked in the second sampling event, ‘mark loss’ of this type would render recapture of that 
genetically-marked individual impossible.  This problem is more correctly associated with tGMR 
Assumption 4, population closure, and tGMR Assumption 5, identical, independent capture probabilities, 
discussed below.  Alternatively, genotyping or process errors that prevent the correct parentage 
assignment of a genetically-marked adult to its captured offspring, while not obviously a ‘loss’ of a mark, 
has the same result as mark loss using traditional mark recapture methods or genetic analogues of 
traditional mark recapture (Lukacs and Burnham 2005).  However, genotyping and process errors seem 
more suited to tGMR Assumption 3, correct identification and enumeration of marked and unmarked 
individuals.  Thus, for tGMR, we consider assumptions 2 and 3 together, and meeting these assumptions 
deals with genotyping and parentage assignment errors.  

Genotyping error is a common problem for all studies using genetic data, and genotyping errors 
are typically higher when degraded tissues, such as tissues from carcasses, are used for obtaining DNA 
(e.g., Copeland et al. 2009).  Genotyping errors may lead to parentage assignment errors, and parentage 
assignment errors may occur in the absence of genotyping errors (Jones and Ardren 2003).  If ignored, 
genotyping and parentage errors will have varying effects on the tGMR estimate depending on the type of 
error.  Erroneously failing to assign a carcass-sampled parent will result in fewer recaptures per capture 
and an upwardly-biased binomial tGMR estimate or may or may not result in fewer recaptures per capture 
and a biased hypergeometric tGMR estimate depending on whether or not parentage assignments of the 
same adult were made to other juveniles.  Erroneously assigning the wrong carcass-sampled parent will 
affect only the hypergeometric estimator, and may cause no bias, or a downward bias, depending on 
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whether or not that parent had also been assigned to other offspring.  Erroneously assigning no parent 
when the true parent was sampled will result in fewer recaptures per capture and an upwardly-biased 
tGMR estimate.  However, due to field and laboratory protocols and parentage algorithms that explicitly 
account for genotyping error, neither genotyping errors nor parentage assignment errors should bias 
tGMR abundance estimates.  Genotyping errors were minimized first, by high-grading carcasses, taking 
tissue from only high quality, freshly dead fish, and secondly, by keeping only those genotypes that two 
laboratory technicians agree upon.  This mainly results in the loss of marks due to errors of omission, i.e., 
our sample size of genetically-marked fish is reduced because many carcass samples are thrown out for 
lack of complete genotypes (Copeland et al. 2009).  Third, any erroneous genotypes that slip through are 
accounted for by the likelihood methods used to assign parents, which explicitly account for genotyping 
error (Wang 2004).  Thus, tGMR assumptions 2 and 3 were likely to be met using tGMR methods.  

While the assumptions regarding genotyping and parentage were met, parentage assignments 
were probabilistic with associated uncertainty.  The two algorithms used to infer parentage produced 
slightly different parentage assignment numbers (i.e., recaptures, Table 9 and Table 10).  Most parentage 
assignments were the same.  The few that were different involved assignments of a single parent to an 
offspring.  The power to infer single parent assignments is much less than that of inferring two parents 
simultaneously (Meagher and Thompson 1986), so this result is not unexpected.  Ford and Williamson 
(2010) found parentage was more often assigned to natural-origin ancestry offspring than hatchery-origin 
ancestry offspring when a statistical threshold was used to infer parentage with statistical confidence.  
This bias appeared to be caused by a much smaller effective population size in the hatchery stocks.  We 
did not use an arbitrary statistical threshold for assigning parents to offspring, and as a result, our analysis 
should have been free of this bias.   

There is greater uncertainty in sibship analysis than in the parentage assignments, which affects 
hypergeometric estimates.  COLONY2 infers unsampled parents based on inferred full- and half-sibling 
relationships.  COLONY2 has been shown to incorrectly split large full-sibling families into multiple 
smaller full-sibling families (Almudevar and Anderson 2012).  Presumably, COLONY2 would identify a 
large full-sibling family incorrectly split into two full-sibling families as related at the half-sibling level.  
This would create an extra inferred, unsampled parent, the numbers of which are used in the tGMR 
hypergeometric model and the tRC Nb abundance estimates, and would bias N and Nb estimates high.  
However, the size of large families tested by Almudevar and Anderson (2012) was much larger than 
families the size of those identified through parentage and any family that could plausibly have been 
sampled.  Furthermore, we used the latest version of COLONY2 (v.2.0.4.4), which has been updated to 
address this problem (Wang 2013).  Still, for a given set of markers, the power to distinguish half-sibling 
families is much less than the power to identify full-sibling families (Blouin 2003).  Incorrectly lumping 
two unrelated familes at the half-sibling level would produce downward biased numbers of inferred, 
unsampled parents and downward biased N and Nb estimates.  One way to assess the ability of 
COLONY2 to correctly infer unsampled parentage is to compare the distribution of individual 
reproductive success of sampled parents (recaptures) to that of inferred, unsampled parents.  In the 
Skykomish and Snoqualmie datasets, the distribution of reproductive success of sampled Chinook parents 
was different than that of the inferred, unsampled parents suggesting either the carcass samples were 
unrepresentative, or COLONY2 did not correctly infer relationships.  Researchers at Humboldt State 
University have found that COLONY2 underestimates the number of inferred, unsampled parents for 
offspring sample sizes similar to those sampled from the Snohomish River (A. Kinziger and R. 
Whitmore, unpublished data).  Thus, abundance is likely underestimated with the hypergeometric model.   

Improvements in the algorithms of COLONY2 have significantly decreased the time needed to 
complete COLONY2 analysis.  In combination with using SNPs instead of microsatellites, the 
computational time needed to complete long runs has been dramatically reduced.  Thus, we dropped 
FRANz analysis completely and are only reporting results using COLONY2.  Parental assignments are 
probabilistic, but the uncertainty of the inferred pedigree is not propagated through to the abundance 
estimates.  Therefore, our estimates of the variance and CV are also likely biased low.  
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tGMR Assumption 4 – The assumption of a closed population broadly means that the same 
individuals available for capture in the first event are available for capture in the second event, i.e., no 
births, deaths, immigration, or emigration.  Using tGMR methods, births and deaths are irrelevant, but 
“immigration” and “emigration” are possible.  Using tGMR methods, an immigrant is any juvenile 
captured in the smolt trap whose parents were not part of the spawning population of interest.  In the 
Snohomish River system, the main type of immigrants were untagged (no CWT) and unmarked (no 
adipose fin clip), hatchery-origin recruit (HOR) juvenile Chinook presumed to have been released from 
Wallace River Hatchery directly from the hatchery at RM 4.0 of the Wallace River, a tributary to the 
Skykomish River beginning at RM 35.7.  If left uncorrected, the presence of these HOR juvenile 
immigrants in our sample would inflate capture numbers and upwardly bias estimates of N.  However, we 
estimated that no unmarked HOR juveniles were genotyped, so no adjustment to capture number was 
necessary.     

Juveniles produced by Chinook adults spawning in any spawning reaches that were not sampled 
could also be considered immigrants (natural origin recruits or NOR progeny of unsampled adults).  
However, in contrast to HOR juvenile immigrants, NOR immigrants are actually of interest to the 
abundance estimate, i.e., we want our tGMR abundance estimate to include the parents of all NOR 
juveniles upstream of the smolt traps.  We know of no way to estimate the NOR immigrant fraction of our 
juvenile collection.  However, spawners released upstream of Sunset Falls were sampled in BY 2013, so 
fish from all known spawning areas were marked, i.e., to our knowledge there were no NOR immigrants.   

Using tGMR methods, ‘emigration’ may occur conceptually when an adult fails to spawn (e.g., 
pre-spawning mortality) or its offspring fail to survive or migrate to the second sampling event, or 
literally when all of their offspring emigrate before or after the second sampling event.  All potential 
offspring (ova) are not fertilized and offspring mortality occurs after spawning due to, among other 
things, sedimentation, bed scour, predation, and disease (Quinn 2005).  Nevertheless, if the mortality rate 
is random or equal for sampled and unsampled carcasses, the tGMR estimator provides a consistent 
estimate at the time of tagging (Seber 1982; Williams et al. 2002).  

Genotyped carcasses collected from areas downstream of smolt trap sites could also be 
considered ‘emigrants’ since their offspring would never be caught in the smolt trap.  Some carcasses 
collected downstream of the Skykomish River smolt trap were genotyped, but they were removed from 
tGMR analysis and accounted for by expanding the tGMR estimate based on redd count-based estimates 
of abundance and the count of fish passed upstream of Sunset Falls.  Although the smolt traps are in place 
for the majority of the outmigration period, it is possible that some families migrate at other times or ages.  
However, emigration only changes the existing heterogeneity in capture probabilities at the second 
sampling event, which is the subject of assumption 5.  

tGMR Assumption 5 – To meet assumption 5, all individuals must have identical, independent 
probabilities of capture 1) during the first sampling event, or 2) during the second sampling event (or 
during both events).  Using tGMR methods, assumption 5, part 2 is always violated because the 
probability of capturing a parent in the form of its offspring is a function of its reproductive success, 
which, in salmon and trout, is highly variable among individuals (Seamons et al. 2004b; Williamson et al. 
2010).  This is why emigration, discussed above, does not cause a violation of an assumption; it only 
shifts or changes the already highly variable capture probabilities.   

Violation of part 2 necessitates part 1 be met, i.e., the carcass collection must be representative 
and unbiased with regard to reproductive success in order to produce an unbiased abundance estimate.  
tGMR assumption 5 may be met if the probability of being captured in the first event is independent of 
the probability of capture in the second event (Schwarz and Taylor 1998).  Skykomish and Snoqualmie 
River basin Chinook carcass collections were likely biased with regard to age and body size (Murdoch et 
al. 2010; Zhou 2002), and these traits are known to be positively correlated with Chinook reproductive 
success (Williamson et al. 2010).  Thus, it is possible the Snohomish River carcass collections are biased 
with regard to reproductive success.  However, any bias is likely to be small since correlations of body 
size and reproductive success are typically weak (Dickerson et al. 2005; Rawding et al. 2014; Seamons et 
al. 2004a; Williamson et al. 2010).  Since carcass collections typically consist of larger, older carcasses, 
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unbiased abundance estimates would be even larger than the current estimates, further increasing the 
difference between the tGMR estimates and redd count based estimates.   

While it is impossible to directly test whether or not a carcass collection is representative or 
biased with regard to reproductive success with a two-sample model, we can speculate on possible biases.  
Too many fish in the carcass collection that “emigrated” or failed to spawn or produce offspring (e.g., 
prespawning mortalities; Keefer et al. 2010) would mean fewer recaptures per capture biasing the tGMR 
estimate high.  Too many productive fish in the carcass collection would mean more recaptures per 
capture biasing the tGMR estimate low.  In BY 2014 adults were sampled from all known spawning areas 
including upstream of Sunset Falls in the South Fork Skykomish, so there should be no issue with 
additional production upstream of Sunset Falls.  However, based on redd counts, carcasses in some 
tributaries and the South Fork Skykomish spawners were sampled or marked at a higher rate than other 
areas.  Reproductive success likely varies with spawning area creating the possibility of a bias induced by 
a correlation of marking rates and recapture probabilities.  We have argued that under these conditions, 
the hypergeometric tGMR estimator may be preferred because the heterogeneity in individual capture 
probabilities is reduced by restricting the offspring per spawner from many to one (Rawding et al. 2014).  
The Monte Carlo (MC) sampling controlling for mark rate supported this argument; the average MC 
hypergeometric systemwide abundance estimates were closer to the original hypergeometric systemwide 
abundance estimates than the binomial MC systemwide abundance estimates to the original binomial 
estimates.  However, controlling mark rates also showed that the hypergeometric estimates were likely 
still heavily influenced by variability in mark rate and reproductive success.   

While the degree of bias remains unknown, the average MC abundance estimates were likely less 
biased than the original tGMR estimates (with the exception of the BY 2013 Snoqualmie estimates, which 
suffered from very low recapture rates).  We recommend that the MC mark-rate controlled estimates, if 
any, be used in formulating correction factors for redd-based estimates.  It should be recognized, 
however, that the mark rate per spawning area estimate depends on the redd counts, which have known 
issues (see above).   

 
Comparison of rarefaction curve (tRC) estimate (Nb) to tGMR and redd count-based abundance estimates 

Estimates of Nb were much smaller than tGMR spawning escapement estimates, suggesting that 
roughly 80 to 90% of the spawners failed to produce offspring if both estimates are accurate.  Studies of 
salmonid reproductive success have found as few as 28% and as many as 75% of spawners failed to 
produce offspring (Anderson et al. 2010; Ford et al. 2006; Hauser et al. 2011; Hess et al. 2012; Seamons 
et al. 2004a; Seamons et al. 2007; Williamson et al. 2010).  Five years of data for Chinook salmon on the 
Stillaguamish River, which is adjacent to the Snohomish River system, indicated that, on average, 58% of 
spawners failed to produce offspring (range 45% to 78%, Maureen Small, WDFW pers. comm.).  Thus, 
the difference between estimates of Nb and tGMR spawner abundance for BY 2014 is mostly within the 
expected range.   

Differences may have been exaggerated by violation of tRC assumptions and downward bias in 
estimates of Nb.  Rarefaction curve analysis to estimate population abundance rests on several 
assumptions (Eggert et al. 2003; Petit and Valiere 2006):  

1. Offspring sample size is sufficient,  
2. The population is stable and closed,  
3. The capture probability does not vary among individuals,  
4. Collections are representative of the population under study, and  
5. Families are randomly and independently dispersed.   

 
tRC Assumption 1 – Offspring sample sizes must be large enough to capture the total number of 

parents that produced them, i.e., they show asymptotic behavior in the rarefaction curve.  Thus, needed 
sample sizes vary with the number of parents that produced them, which is the unknown parameter we are 
interested in estimating.  Additionally, the sample size needed also depends on the distribution of 
offspring among parents, i.e., very large sample sizes are necessary to have a decent chance of sampling 
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rare families (see also tRC Assumption 3).  Thus, target sample sizes need to be large to accommodate a 
large range of possible Nb values.  Power analysis has not been done, but empirical data in figures 8 and 9 
do not appear to be reaching an asymptote.  The estimated numbers of unique sampled and inferred 
parents (unadjusted hypergeometric capture number, 5,822 – Skykomish River basin; 877 – Snoqualmie 
River basin) were very different from the estimated asymptotic values estimated through rarefaction 
(1,133 – Skykomish River basin; 135 – Snoqualmie River basin), suggesting that the sample size and data 
were inadequate to capture most of the larger families.  In addition, unlike estimates from previous years, 
the Beverton-Holt model fit the data better than the Continuous Smooth Hockey Stick model.  Thus, we 
likely did not meet tRC assumption 1. 

tRC Assumption 2 – Like tGMR, rarefaction curve analysis assumes the population of interest is 
closed, thus immigrants are of concern for tRC analysis.  However, since the tRC method does not rely on 
the carcass sample, and the juvenile sample is assumed to be unbiased with regard to upstream spawning 
area (tRC Assumption 4), only hatchery-produced immigrants are of any concern.  Identification of 
unmarked and untagged HOR juvenile individuals is impossible.  Adjustment using the marking and 
tagging rates is also impossible because individual data is necessary for the tRC method.  Thus, no 
adjustment can be made to the tRC Nb estimate to correct for these immigrants.  Any immigrants would 
likely cause an upward bias in the Nb estimate, though fewer families would mean less bias.  Immigrant 
HOR juveniles are likely to all be from different families, so the bias due to the presence of immigrants is 
likely to be the maximum possible.  The overall effect of the bias is dependent on the number of families 
in the NOR population.  If few families exist in the NOR population, the bias due to HOR immigrants 
will be large, but if the number of families in the NOR population is the same or more than those in the 
HOR immigrant population, the bias will be very small or non-existent.  No genotyped juveniles were 
estimated to be hatchery origin fish, so there was no bias from this source.   

Emigration of entire families before or after the smolt trapping period would cause a downward 
bias by reducing the number of families that could be sampled.  Both smolt traps are in place throughout 
most of the emigration period.  Reproductive success data from another system suggests that, while there 
are differences among families in average outmigration date, the within-family variance in outmigration 
date can be very large, i.e., members of the same full-sibling family were captured in the smolt trap very 
early and very late in the trapping season (Green River Chinook salmon, Seamons et al. unpublished 
data).  Thus, emigration may add to the already existing heterogeneity in probability of capture and 
plausibly does not cause significant bias above and beyond that induced by the heterogeneity of capture 
probabilities (assumption 3).   

tRC Assumption 3 – Like tGMR, the tRC method assumes the probability of capture does not 
vary among individuals.  This assumption is violated because of individual variability in reproductive 
success (see above).  Variation in capture probability causes more recaptures of some families and fewer 
of others than would occur otherwise leading to a downward bias in estimates of Nb.  Thus, both the 
Skykomish and Snoqualmie River basin Nb estimates are likely biased low.   

tRC Assumption 4 – Sampling must be representative of the population under study in order to 
produce an unbiased estimate of Nb using tRC methodology.  Immigrants have already been 
acknowledged.  Our smolt trap collections are likely to be representative of NOR Chinook spawners 
upstream of the smolt traps since all juveniles produced in spawning reaches upstream of the smolt trap 
must pass by or through the smolt trap.   

tRC Assumption 5 – Families must be randomly and independently dispersed as they migrate in 
order to produce an unbiased estimate of Nb.  Any non-random clumping of families during outmigration 
may lead to an unrepresentative sample and a downwardly biased estimate of Nb.  As stated above (under 
tRC Assumption 2), differences in family average outmigration date exist, but within-family variance is 
large.  The limited parentage assignment results showed that multiple members of the same family were 
sampled, but whether or not this differs from random expectations is unknown and the number of 
assignments is too small for statistical testing.  

tRC Additional concerns – The tRC estimate of Nb is for upstream of the smolt traps only.  One 
could expand Nb estimates based on redd count-based abundance estimates, similar to the expansion of 
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the tGMR abundance estimate.  Such an expansion would create an additional assumption that 
reproductive success of spawners downstream of the smolt traps is distributed the same as spawners 
upstream of the traps.  There is no a priori reason to believe that individual reproductive success of fish 
spawning in reaches downstream of the smolt traps was any different than those spawning upstream of the 
smolt traps.  The added uncertainty would also need to be incorporated.   

tRC, like the hypergeometric model of tGMR, relies on the ability of COLONY to accurately 
infer unsampled, inferred parents.  Unpublished data from researchers at Humboldt State University show 
that with sample sizes used for this study, COLONY2 underestimates the number of unsampled, inferred 
parents (A. Kinziger and R. Whitmore, unpublished data).  Thus, the tRC estimates are biased low.  The 
magnitude of the underestimate depends on the sample size.  It remains to be seen if the underestimation 
is predictable enough that a mathematical correction can be made to fix this bias. 

 
Reproductive success of adults sampled at Sunset Falls Fishway 

Nearly all fish passed upstream of Sunset Falls were sampled and genotyped (320 of 325, 98%).  
The number of smolts assigned Sunset Falls Chinook parents was low (22 of 1409) representing only 
1.6% of the total genotyped smolt collection.  These 22 smolts were assigned 26 different Sunset Falls 
parents, ~8% of all fish handled at Sunset Falls Fishway.  While not as stark as the results from BY 2013, 
these data suggest that juvenile production upstream of Sunset Falls in the South Fork Skykomish is low.    

Project summary and conclusions 
Carcass collection and sampling were performed and completed according to schedule and there 

were no delays or problems with redd surveys in the fall of 2014.  In the spring of 2015, smolt trapping 
was conducted without delay or problems, biological samples were collected and juvenile abundance was 
estimated and provided to WDFW by the Tulalip Tribes with no delays.   

Genotyping of adult carcass and juvenile tissues was completed on schedule.  Yearling juveniles 
outmigrating in 2015 were produced in BY 2013.  BY 2013 tGMR analysis can be augmented and 
reanalyzed with yearling juveniles that migrated in 2015.     

In 2014-15, we implemented the fourth year of the tGMR study in the Snohomish system to 
estimate Chinook salmon abundance.  We modified the basic tGMR study design to account for 
unmarked hatchery releases, age-1 smolts, and expanded total tGMR escapement estimates for unsampled 
production downstream of the Skykomish trap site.  Our brood year 2014 tGMR estimates were roughly 
twice the demographic-based abundance estimates based on redd surveys and counts of adults passed over 
Sunset Falls.  In 2014, the precision standards were met for the Skykomish abundance estimates but not 
the Snoqualmie abundance estimates.  Nearly all of the adults passed over Sunset Falls were sampled in 
the fall of 2014 and included in this report.  The reproductive success of these fish was low, possibly due 
to low juvenile production in the South Fork Skykomish.   
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Appendix 
 
Table A1. 2014 Skykomish summer/fall Chinook SNP genetic parameter estimates 
Locus n NA He Ho FIS P value 
AOts001 503 2 0.50 0.52 -0.048 0.284 
AOts002 501 2 0.43 0.42 0.026 0.600 
AOts003 500 2 0.42 0.43 -0.019 0.748 
AOts004 502 2 0.45 0.45 0.010 0.844 
AOts005 502 2 0.35 0.37 -0.073 0.124 
AOts006 502 2 0.29 0.30 -0.044 0.356 
AOts007 499 2 0.50 0.51 -0.021 0.655 
AOts008 501 2 0.33 0.31 0.082 0.080 
AOts009 503 2 0.02 0.02 -0.010 1.000 
AOts010 502 2 0.23 0.23 -0.009 1.000 
AOts011 502 2 0.19 0.18 0.088 0.060 
AOts012 499 2 0.50 0.51 -0.018 0.720 
AOts013 503 2 0.35 0.35 -0.012 0.898 
AOts014 500 2 0.19 0.20 -0.074 0.147 
AOts016 502 2 0.50 0.50 -0.007 0.929 
AOts017 501 2 0.50 0.50 0.003 1.000 
AOts018 503 2 0.29 0.26 0.081 0.086 
AOts019 500 2 0.38 0.38 -0.023 0.635 
AOts020 502 2 0.23 0.22 0.042 0.332 
AOts021 503 2 0.32 0.31 0.033 0.481 
AOts022 502 2 0.19 0.20 -0.035 0.637 
AOts023 502 2 0.11 0.11 -0.025 1.000 
AOts024 503 2 0.48 0.47 0.031 0.515 
AOts025 502 2 0.49 0.51 -0.043 0.357 
AOts026 466 1 0.00 0.00 0.000 NA 
AOts028 502 2 0.12 0.12 -0.032 0.711 
AOts029 503 2 0.14 0.15 -0.054 0.345 
AOts031 499 2 0.23 0.22 0.050 0.254 
AOts033 503 2 0.05 0.05 -0.027 1.000 
AOts034 503 1 0.00 0.00 0.000 NA 
AOts035 500 2 0.40 0.42 -0.033 0.507 
AOts036 501 2 0.34 0.32 0.068 0.145 
AOts037 502 2 0.25 0.25 0.005 0.860 
AOts038 498 2 0.37 0.37 0.002 1.000 
AOts039 502 2 0.47 0.47 0.003 1.000 
AOts040 480 2 0.26 0.28 -0.067 0.160 
AOts041 503 2 0.19 0.20 -0.054 0.340 
AOts042 501 2 0.49 0.51 -0.041 0.412 
AOts043 503 2 0.00 0.00 0.000 NA 
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Locus n NA He Ho FIS P value 
AOts044 502 2 0.33 0.30 0.070 0.133 
AOts046 503 1 0.00 0.00 0.000 NA 
AOts047 503 2 0.27 0.26 0.010 0.866 
AOts048 501 2 0.13 0.12 0.023 0.489 
AOts049 502 2 0.49 0.54 -0.089 0.056 
AOts050 503 2 0.50 0.49 0.020 0.720 
AOts051 503 2 0.39 0.37 0.049 0.299 
AOts052 501 2 0.39 0.41 -0.043 0.361 
AOts053 500 2 0.48 0.49 -0.016 0.782 
AOts054 499 2 0.49 0.51 -0.032 0.521 
AOts055 500 2 0.33 0.32 0.049 0.282 
AOts057 503 2 0.45 0.47 -0.042 0.377 
AOts058 503 2 0.42 0.45 -0.063 0.172 
AOts059 500 2 0.28 0.30 -0.062 0.204 
AOts060 503 2 0.35 0.36 -0.047 0.368 
AOts061 503 2 0.34 0.32 0.046 0.354 
AOts062 501 2 0.46 0.46 0.005 0.923 
AOts063 503 2 0.32 0.35 -0.081 0.073 
AOts064 503 2 0.28 0.28 -0.007 1.000 
AOts065 497 2 0.10 0.10 0.024 0.642 
AOts066 503 2 0.38 0.38 0.003 1.000 
AOts067 501 2 0.50 0.49 0.020 0.653 
AOts068 502 2 0.19 0.20 -0.016 1.000 
AOts069 501 2 0.40 0.39 0.022 0.652 
AOts070 501 2 0.48 0.49 -0.034 0.510 
AOts072 503 2 0.00 0.00 0.000 NA 
AOts073 503 2 0.20 0.20 0.012 0.823 
AOts074 503 1 0.00 0.00 0.000 NA 
AOts079 502 2 0.34 0.33 0.040 0.361 
AOts081 502 2 0.26 0.25 0.047 0.304 
AOts082 503 2 0.07 0.07 -0.037 1.000 
AOts083 501 2 0.33 0.32 0.014 0.784 
AOts088 503 2 0.46 0.42 0.074 0.118 
AOts091 503 2 0.08 0.08 0.012 0.554 
AOts093 503 2 0.04 0.04 0.067 0.227 
AOts095 500 2 0.20 0.18 0.079 0.107 
AOts146 502 2 0.40 0.39 0.034 0.441 
AOts147 502 2 0.50 0.46 0.064 0.176 
AOts149 502 2 0.37 0.37 0.016 0.720 
AOts150 502 2 0.13 0.13 0.046 0.298 
AOts151 500 2 0.39 0.42 -0.080 0.084 
AOts152 480 2 0.36 0.27 0.244 0.000 
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Locus n NA He Ho FIS P value 
AOts153 502 2 0.16 0.17 -0.022 0.786 
AOts154 500 2 0.50 0.49 0.010 0.857 
AOts155 501 2 0.45 0.46 -0.012 0.844 
AOts156 496 2 0.50 0.44 0.114 0.012 
AOts157 503 2 0.10 0.10 -0.013 1.000 
AOts158 502 2 0.40 0.41 -0.022 0.659 
AOts159 499 2 0.49 0.51 -0.034 0.468 
AOts160 502 2 0.41 0.40 0.026 0.589 
AOts161 503 2 0.38 0.37 0.037 0.412 
AOts162 502 2 0.05 0.06 -0.028 1.000 
AOts163 502 2 0.49 0.46 0.060 0.205 
AOts164 500 2 0.42 0.44 -0.048 0.292 
AOts165 503 2 0.09 0.08 0.082 0.095 
AOts166 500 2 0.27 0.28 -0.045 0.409 
AOts167 446 2 0.24 0.23 0.033 0.545 
AOts168 500 2 0.48 0.49 -0.011 0.853 
AOts169 503 2 0.37 0.36 0.019 0.715 
AOts170 498 2 0.39 0.41 -0.048 0.301 
AOts171 501 2 0.31 0.31 -0.020 0.769 
AOts172 463 2 0.43 0.40 0.060 0.231 
AOts173 502 2 0.47 0.46 0.021 0.705 
AOts174 502 2 0.26 0.24 0.065 0.167 
AOts175 475 2 0.24 0.23 0.077 0.129 
AOts176 503 2 0.49 0.50 -0.032 0.520 
AOts177 503 2 0.09 0.09 0.033 0.348 
AOts178 501 2 0.22 0.23 -0.048 0.407 
AOts179 503 2 0.50 0.50 -0.005 0.929 
AOts180 494 2 0.16 0.16 0.008 0.779 
AOts181 502 2 0.50 0.53 -0.055 0.246 
AOts182 502 2 0.30 0.32 -0.077 0.100 
AOts183 465 2 0.43 0.42 0.026 0.591 
AOts184 495 2 0.41 0.43 -0.033 0.515 
AOts185 484 2 0.36 0.29 0.209 0.000 
AOts186 502 2 0.49 0.48 0.019 0.717 
AOts187 501 2 0.45 0.43 0.054 0.233 
AOts188 500 2 0.50 0.48 0.035 0.472 
AOts189 501 2 0.49 0.53 -0.086 0.057 
AOts190 501 2 0.47 0.45 0.048 0.298 
AOts191 498 2 0.42 0.44 -0.028 0.596 
AOts192 498 2 0.49 0.45 0.092 0.044 
AOts193 490 2 0.33 0.34 -0.032 0.586 
AOts194 503 2 0.27 0.28 -0.034 0.516 
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Locus n NA He Ho FIS P value 
AOts195 494 2 0.26 0.24 0.068 0.164 
AOts196 500 2 0.35 0.32 0.081 0.093 
AOts197 501 2 0.42 0.42 0.013 0.833 
AOts198 486 2 0.09 0.10 -0.051 0.621 
AOts199 501 2 0.48 0.47 0.024 0.639 
AOts200 499 2 0.49 0.54 -0.099 0.029 
AOts201 502 2 0.41 0.41 -0.008 0.912 
AOts202 501 2 0.21 0.22 -0.044 0.405 
AOts203 497 2 0.48 0.43 0.094 0.040 
AOts204 502 2 0.28 0.30 -0.051 0.274 
AOts205 501 2 0.20 0.19 0.033 0.499 
AOts206 503 2 0.29 0.31 -0.085 0.062 
AOts207 477 2 0.50 0.51 -0.016 0.783 
AOts208 500 2 0.47 0.53 -0.122 0.008 
AOts209 500 2 0.35 0.36 -0.039 0.443 
AOts210 502 2 0.36 0.37 -0.023 0.711 
AOts211 500 2 0.14 0.14 -0.024 1.000 
AOts212 473 2 0.33 0.33 0.017 0.679 
AOts213 503 2 0.26 0.25 0.048 0.304 
AOts214 486 2 0.03 0.03 -0.014 1.000 
AOts215 498 2 0.34 0.33 0.038 0.431 
AOts216 502 2 0.47 0.43 0.068 0.150 
AOts217 501 2 0.35 0.36 -0.027 0.609 
AOts218 498 2 0.38 0.42 -0.095 0.035 
AOts219 500 2 0.31 0.29 0.058 0.240 
AOts220 501 2 0.42 0.41 0.033 0.457 
AOts221 490 2 0.25 0.24 0.038 0.375 
AOts222 492 2 0.41 0.43 -0.038 0.442 
AOts223 499 2 0.45 0.47 -0.043 0.372 
AOts224 479 2 0.40 0.40 0.017 0.734 
AOts225 501 2 0.50 0.46 0.083 0.074 
AOts226 491 2 0.15 0.15 -0.008 1.000 
AOts227 503 2 0.00 0.00 0.000 NA 
AOts228 498 2 0.41 0.44 -0.064 0.158 
AOts229 484 2 0.21 0.24 -0.099 0.031 
AOts230 501 2 0.47 0.48 -0.030 0.564 
AOts231 492 1 0.00 0.00 0.000 NA 
AOts232 503 2 0.39 0.37 0.049 0.306 
AOts233 501 2 0.50 0.51 -0.022 0.654 
AOts234 489 2 0.49 0.46 0.068 0.141 
AOts235 485 2 0.50 0.46 0.088 0.056 
AOts236 499 2 0.15 0.14 0.047 0.358 
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Locus n NA He Ho FIS P value 
AOts237 499 2 0.21 0.22 -0.060 0.209 
AOts238 503 2 0.12 0.10 0.107 0.032 
AOts239 502 2 0.24 0.25 -0.016 0.854 
AOts240 494 2 0.19 0.22 -0.122 0.002 
AOts241 501 2 0.36 0.36 0.009 0.902 
AOts242 503 2 0.09 0.09 -0.007 1.000 
AOts243 501 2 0.16 0.15 0.032 0.406 
AOts244 502 2 0.39 0.39 0.003 1.000 
AOts245 503 2 0.45 0.42 0.071 0.112 
AOts246 496 2 0.29 0.28 0.028 0.534 
AOts247 503 2 0.14 0.13 0.038 0.332 
AOts248 500 2 0.33 0.33 0.003 1.000 
AOts249 502 2 0.27 0.28 -0.017 0.869 
AOts250 503 2 0.17 0.17 0.011 0.795 
AOts251 503 2 0.21 0.21 0.012 0.833 
AOts252 500 2 0.33 0.32 0.046 0.346 
AOts253 502 2 0.40 0.41 -0.021 0.657 
AOts254 501 2 0.19 0.17 0.075 0.096 
AOts255 502 2 0.40 0.37 0.072 0.117 
AOts256 467 2 0.41 0.37 0.085 0.068 
AOts257 498 2 0.14 0.14 -0.025 0.758 
AOts258 502 2 0.39 0.39 -0.009 0.908 
AOts259 500 2 0.15 0.15 -0.057 0.349 
AOts260 501 2 0.50 0.52 -0.060 0.206 
AOts261 502 2 0.08 0.09 -0.044 1.000 
Average 499 1.97 0.32 0.32 0.004 0.487 
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Table A2. 2014 Snoqualmie fall Chinook SNP genetic parameter estimates 
Locus n NA He Ho FIS P value 
AOts001 115 2 0.49 0.53 -0.077 0.449 
AOts002 115 2 0.41 0.43 -0.058 0.649 
AOts003 116 2 0.43 0.56 -0.315 0.000 
AOts004 113 2 0.44 0.42 0.040 0.674 
AOts005 114 2 0.37 0.38 -0.026 1.000 
AOts006 115 2 0.32 0.37 -0.137 0.238 
AOts007 115 2 0.49 0.55 -0.108 0.262 
AOts008 113 2 0.31 0.31 -0.001 1.000 
AOts009 116 2 0.05 0.05 -0.022 1.000 
AOts010 116 2 0.24 0.22 0.062 0.449 
AOts011 114 2 0.30 0.29 0.023 0.757 
AOts012 116 2 0.50 0.53 -0.061 0.574 
AOts013 116 2 0.43 0.49 -0.135 0.195 
AOts014 116 2 0.27 0.23 0.136 0.163 
AOts016 114 2 0.50 0.47 0.054 0.578 
AOts017 115 2 0.50 0.51 -0.023 0.853 
AOts018 115 2 0.33 0.34 -0.039 0.780 
AOts019 114 2 0.44 0.41 0.057 0.666 
AOts020 116 2 0.20 0.21 -0.035 1.000 
AOts021 116 2 0.39 0.37 0.048 0.635 
AOts022 116 2 0.21 0.22 -0.044 1.000 
AOts023 115 2 0.16 0.17 -0.091 1.000 
AOts024 116 2 0.49 0.51 -0.035 0.849 
AOts025 112 2 0.48 0.50 -0.036 0.844 
AOts026 98 1 0.00 0.00 0.000 NA 
AOts028 116 2 0.11 0.11 -0.055 1.000 
AOts029 116 2 0.08 0.09 -0.041 1.000 
AOts031 115 2 0.30 0.31 -0.044 0.762 
AOts033 116 2 0.01 0.01 0.000 NA 
AOts034 116 2 0.01 0.01 0.000 NA 
AOts035 112 2 0.42 0.43 -0.009 1.000 
AOts036 115 2 0.32 0.36 -0.128 0.236 
AOts037 116 2 0.34 0.34 0.024 0.790 
AOts038 115 2 0.46 0.43 0.046 0.682 
AOts039 115 2 0.50 0.44 0.117 0.263 
AOts040 104 2 0.31 0.35 -0.110 0.351 
AOts041 116 2 0.20 0.22 -0.122 0.355 
AOts042 116 2 0.49 0.57 -0.162 0.090 
AOts043 116 1 0.00 0.00 0.000 NA 
AOts044 116 2 0.35 0.35 0.002 1.000 
AOts046 116 1 0.00 0.00 0.000 NA 
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Locus n NA He Ho FIS P value 
AOts047 113 2 0.29 0.30 -0.028 1.000 
AOts048 116 2 0.05 0.05 -0.022 1.000 
AOts049 116 2 0.49 0.49 -0.012 1.000 
AOts050 113 2 0.50 0.48 0.043 0.706 
AOts051 115 2 0.42 0.43 -0.040 0.823 
AOts052 116 2 0.46 0.49 -0.077 0.539 
AOts053 114 2 0.48 0.56 -0.180 0.074 
AOts054 112 2 0.50 0.49 0.016 1.000 
AOts055 114 2 0.43 0.38 0.125 0.195 
AOts057 115 2 0.44 0.56 -0.271 0.005 
AOts058 115 2 0.44 0.50 -0.140 0.195 
AOts059 116 2 0.33 0.31 0.059 0.572 
AOts060 116 2 0.45 0.45 0.012 1.000 
AOts061 116 2 0.34 0.34 0.024 0.790 
AOts062 115 2 0.44 0.42 0.048 0.670 
AOts063 114 2 0.34 0.35 -0.020 1.000 
AOts064 115 2 0.31 0.30 0.049 0.558 
AOts065 113 2 0.08 0.09 -0.042 1.000 
AOts066 115 2 0.40 0.36 0.108 0.250 
AOts067 115 2 0.48 0.51 -0.068 0.558 
AOts068 114 2 0.15 0.13 0.143 0.165 
AOts069 116 2 0.31 0.28 0.094 0.370 
AOts070 116 2 0.48 0.45 0.068 0.560 
AOts072 116 1 0.00 0.00 0.000 NA 
AOts073 116 2 0.22 0.18 0.177 0.075 
AOts074 116 1 0.00 0.00 0.000 NA 
AOts079 116 2 0.31 0.32 -0.016 1.000 
AOts081 116 2 0.19 0.16 0.152 0.122 
AOts082 116 2 0.08 0.07 0.168 0.183 
AOts083 116 2 0.30 0.28 0.062 0.539 
AOts088 114 2 0.47 0.46 0.034 0.842 
AOts091 116 2 0.07 0.07 -0.031 1.000 
AOts093 116 2 0.06 0.06 -0.027 1.000 
AOts095 115 2 0.11 0.12 -0.060 1.000 
AOts146 112 2 0.48 0.46 0.039 0.698 
AOts147 112 2 0.50 0.51 -0.017 1.000 
AOts149 116 2 0.33 0.34 -0.046 0.779 
AOts150 114 2 0.11 0.11 -0.056 1.000 
AOts151 115 2 0.46 0.57 -0.221 0.025 
AOts152 114 2 0.40 0.34 0.149 0.157 
AOts153 115 2 0.17 0.13 0.218 0.048 
AOts154 115 2 0.49 0.51 -0.037 0.709 
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Locus n NA He Ho FIS P value 
AOts155 114 2 0.46 0.46 0.003 1.000 
AOts156 111 2 0.50 0.41 0.194 0.057 
AOts157 116 2 0.13 0.14 -0.070 1.000 
AOts158 114 2 0.36 0.39 -0.102 0.428 
AOts159 115 2 0.45 0.48 -0.069 0.532 
AOts160 113 2 0.39 0.42 -0.085 0.470 
AOts161 115 2 0.40 0.43 -0.078 0.488 
AOts162 115 2 0.12 0.13 -0.065 1.000 
AOts163 113 2 0.50 0.56 -0.111 0.262 
AOts164 113 2 0.44 0.48 -0.096 0.386 
AOts165 116 2 0.06 0.06 -0.027 1.000 
AOts166 112 2 0.21 0.22 -0.048 1.000 
AOts167 104 2 0.23 0.21 0.097 0.388 
AOts168 115 2 0.50 0.52 -0.041 0.710 
AOts169 116 2 0.38 0.45 -0.191 0.047 
AOts170 115 2 0.34 0.37 -0.069 0.586 
AOts171 115 2 0.31 0.34 -0.111 0.356 
AOts172 100 2 0.46 0.50 -0.080 0.515 
AOts173 115 2 0.50 0.53 -0.057 0.579 
AOts174 116 2 0.23 0.22 0.009 1.000 
AOts175 101 2 0.24 0.22 0.093 0.396 
AOts176 115 2 0.36 0.37 -0.012 1.000 
AOts177 116 2 0.07 0.06 0.195 0.149 
AOts178 116 2 0.27 0.27 0.008 1.000 
AOts179 116 2 0.50 0.53 -0.054 0.580 
AOts180 111 2 0.16 0.18 -0.095 0.597 
AOts181 116 2 0.50 0.53 -0.066 0.577 
AOts182 115 2 0.40 0.40 -0.011 1.000 
AOts183 98 2 0.40 0.41 -0.017 1.000 
AOts184 111 2 0.40 0.36 0.109 0.343 
AOts185 108 2 0.48 0.34 0.292 0.003 
AOts186 116 2 0.47 0.56 -0.191 0.048 
AOts187 110 2 0.45 0.47 -0.041 0.833 
AOts188 115 2 0.50 0.53 -0.065 0.573 
AOts189 113 2 0.50 0.51 -0.036 0.849 
AOts190 114 2 0.43 0.47 -0.092 0.388 
AOts191 115 2 0.43 0.38 0.101 0.280 
AOts192 113 2 0.45 0.46 -0.014 1.000 
AOts193 110 2 0.38 0.31 0.190 0.075 
AOts194 116 2 0.28 0.32 -0.136 0.190 
AOts195 110 2 0.30 0.31 -0.034 1.000 
AOts196 114 2 0.27 0.25 0.069 0.490 
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Locus n NA He Ho FIS P value 
AOts197 114 2 0.44 0.43 0.017 1.000 
AOts198 108 2 0.11 0.11 -0.054 1.000 
AOts199 114 2 0.49 0.46 0.048 0.700 
AOts200 112 2 0.50 0.54 -0.079 0.447 
AOts201 116 2 0.30 0.34 -0.159 0.116 
AOts202 115 2 0.18 0.15 0.183 0.080 
AOts203 110 2 0.46 0.51 -0.108 0.300 
AOts204 116 2 0.31 0.30 0.039 0.765 
AOts205 115 2 0.15 0.15 0.029 0.555 
AOts206 115 2 0.29 0.31 -0.085 0.519 
AOts207 105 2 0.50 0.52 -0.044 0.698 
AOts208 114 2 0.46 0.49 -0.062 0.546 
AOts209 116 2 0.47 0.50 -0.067 0.551 
AOts210 115 2 0.33 0.33 0.004 1.000 
AOts211 116 2 0.16 0.17 -0.090 1.000 
AOts212 100 2 0.37 0.35 0.059 0.591 
AOts213 115 2 0.33 0.37 -0.101 0.396 
AOts214 106 2 0.03 0.03 -0.010 1.000 
AOts215 108 2 0.32 0.34 -0.070 0.558 
AOts216 115 2 0.47 0.47 0.001 1.000 
AOts217 115 2 0.28 0.28 -0.004 1.000 
AOts218 113 2 0.31 0.29 0.057 0.546 
AOts219 116 2 0.37 0.38 -0.031 0.805 
AOts220 115 2 0.37 0.40 -0.081 0.454 
AOts221 109 2 0.28 0.27 0.061 0.505 
AOts222 112 2 0.40 0.41 -0.021 1.000 
AOts223 112 2 0.46 0.54 -0.162 0.101 
AOts224 103 2 0.44 0.41 0.083 0.503 
AOts225 114 2 0.50 0.54 -0.085 0.453 
AOts226 109 2 0.16 0.17 -0.091 1.000 
AOts227 116 2 0.02 0.02 -0.004 1.000 
AOts228 113 2 0.40 0.33 0.174 0.092 
AOts229 107 2 0.24 0.23 0.007 1.000 
AOts230 116 2 0.50 0.50 -0.006 1.000 
AOts231 109 1 0.00 0.00 0.000 NA 
AOts232 116 2 0.38 0.38 -0.007 1.000 
AOts233 116 2 0.47 0.44 0.075 0.438 
AOts234 110 2 0.48 0.43 0.118 0.239 
AOts235 109 2 0.49 0.36 0.273 0.006 
AOts236 116 2 0.17 0.16 0.010 1.000 
AOts237 112 2 0.23 0.20 0.158 0.105 
AOts238 116 2 0.08 0.09 -0.041 1.000 
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Locus n NA He Ho FIS P value 
AOts239 115 2 0.26 0.29 -0.108 0.464 
AOts240 110 2 0.17 0.19 -0.101 0.594 
AOts241 115 2 0.46 0.49 -0.057 0.684 
AOts242 116 2 0.03 0.03 -0.013 1.000 
AOts243 116 2 0.11 0.10 0.092 0.341 
AOts244 116 2 0.39 0.38 0.036 0.812 
AOts245 116 2 0.47 0.42 0.103 0.322 
AOts246 116 2 0.26 0.27 -0.039 1.000 
AOts247 115 2 0.11 0.11 -0.056 1.000 
AOts248 115 2 0.35 0.33 0.060 0.593 
AOts249 116 2 0.19 0.18 0.063 0.617 
AOts250 115 2 0.28 0.31 -0.131 0.303 
AOts251 115 2 0.15 0.15 0.029 0.555 
AOts252 114 2 0.40 0.37 0.074 0.479 
AOts253 115 2 0.48 0.51 -0.061 0.564 
AOts254 116 2 0.26 0.27 -0.039 1.000 
AOts255 115 2 0.38 0.30 0.220 0.025 
AOts256 112 2 0.41 0.40 0.011 1.000 
AOts257 116 2 0.13 0.14 -0.070 1.000 
AOts258 113 2 0.39 0.41 -0.039 0.810 
AOts259 115 2 0.16 0.17 -0.091 1.000 
AOts260 112 2 0.50 0.52 -0.031 0.850 
AOts261 116 2 0.05 0.05 -0.022 1.000 
Average 114 1.97 0.32 0.33 -0.010 0.624 
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