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Abstract 

 

We used genotypic data from 15 microsatellite loci to characterize the stock structure of 

Oncorhynchus mykiss in the upper Willamette River basin.  We then used two analytical 

approaches, implemented in the programs ONCOR and STRUCTURE, to assign (presumably) 

natural-origin, unmarked fish to their most likely reporting group or hybrid class.  We 

investigated sibling relationships among unknown samples with the program ML RELATE.  In 

the upper Willamette River, O. mykiss genetic structure can be characterized by four principal 

groups: summer steelhead of Skamania stock ancestry, eastern tributaries winter steelhead, 

western tributaries winter steelhead and resident rainbow trout.  We found that about 10% of 

unmarked juvenile O. mykiss sampled at Willamette Falls in 2009-2011 were summer steelhead 

and that an additional 10% of samples were summer x winter steelhead hybrids.  Most O. mykiss 

sampled from the McKenzie River were either summer steelhead or summer x winter steelhead 

hybrids.  Natural production of pure summer steelhead appeared to be very low in the North and 

South Santiam rivers, though summer steelhead hybrids represented 11.1% and 14.8% of 

samples.  Results from ML RELATE analyses appeared unreliable and inconclusive, and may 

have been limited by low genetic diversity among summer steelhead samples. We provide 

several recommendations to better understand and reduce potentially negative interactions 

between hatchery summer steelhead and native upper Willamette River O. mykiss populations.  

These include reductions in adult steelhead on natural spawning grounds, improved reproductive 

isolation between hatchery and native populations and additional research to evaluate genetic 

integrity within and among O. mykiss populations. 
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Introduction  

 

In the upper Willamette River (UWR) basin, Oncorhynchus mykiss is represented by both 

resident rainbow trout and anadromous steelhead.  Native winter steelhead typically return to the 

Willamette River from the ocean between February and May, then spawn (March-June) in the 

Molalla, North Santiam, South Santiam, and Calapooia rivers (Figure 1; ODFW and NMFS 

2011).  Some winter steelhead also spawn in westside tributaries of the Willamette River, such as 

the Tualatin, Yamhill, and Luckiamute rivers.  Winter steelhead are rarely observed in the 

McKenzie or Middle Fork Willamette rivers and these subbasins are not considered to be critical 

habitat for the UWR steelhead distinct population segment (DPS) (NMFS 2012; ODFW and 

NMFS 2011).  Much of the historic spawning habitat for UWR winter steelhead became 

inaccessible to the species in the mid-1960s, with the construction of high-head Willamette 

Project dams on the North and South Santiam rivers (NMFS 2008). 

In 1966, the Oregon Department of Fish and Wildlife (ODFW) initiated a summer 

steelhead hatchery program to mitigate for winter steelhead habitat losses caused by Willamette 

Project dams and to provide an enhanced sport fishery in the Willamette River basin.  Summer 

steelhead are not native to the Willamette basin, and Skamania stock steelhead from Washington 

State were used to found hatchery broodstocks.  Adult summer steelhead typically return to the 

UWR basin between March and October, and spawn timing can overlap with native winter 

steelhead that typically spawn in March and April (Firman et al. 2004).   

Since 1984, all juvenile hatchery summer steelhead released into the Willamette River 

have been marked by removing the adipose fin to distinguish them from natural origin steelhead.  

Marked summer steelhead have been observed on spawning grounds (Schroeder et al. 2006), 

raising concerns about negative ecological interactions and genetic introgression with native 

winter steelhead in the upper Willamette River Evolutionarily Significant Unit, which are listed 

as Threatened under the Federal Endangered Species Act (NMFS 1999).  These concerns 

prompted development of Reasonable and Prudent Alternative (RPA) 9.5.2.1 (NMFS 2008), 

which recommended implementation of a study to ñdetermine the extent of summer steelhead 

reproduction in the wildò by collecting ñtissue samples from juvenile steelhead for genetic 

analysis to determine if offspring are of winter- or summer-run origin.ò  In addition, RPA 6.1.9 

(Future Summer Steelhead Management Actions) states that, ñThe Action Agencies, in 

cooperation with ODFW, will implement future management actions aimed at reducing the 

impacts of the summer steelhead hatchery program on ESA-listed species.ò  Finally, the Upper 

Willamette River Conservation and Recovery Plan for Chinook Salmon and Steelhead (ODFW 

and NOAA 2011) listed interbreeding with summer steelhead as a key threat for winter steelhead 

in the North and South Santiam rivers (among others) and noted that the impact of genetic 

introgression and past or current hatchery practices is largely unknown. 
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Figure 1.  The Willamette River and designated habitats of the upper Willamette River steelhead 

distinct population segment. 
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To evaluate the level of natural production by summer steelhead in the upper Willamette 

River basin, ODFW collected tissue samples from unmarked juvenile O. mykiss in 2009-2011.  

These tissue samples and others that had been collected in previous years were provided to the 

NOAA Fisheries Manchester Research Laboratory for genetic analyses.  Results from those 

analyses indicated that naturally produced upper Willamette River O. mykiss could be described 

as four genetically distinct groups: 1) Skamania stock summer steelhead (S); 2) eastside tributary 

Willamette winter steelhead (EW); 3) westside tributary Willamette winter steelhead (WW); and 

4) resident rainbow trout (RB) (Figure 2; Van Doornik and Teel 2010).  Moreover, significant 

genetic structure among these groups (Table 1) conferred high accuracy for genetic stock 

identification (GSI), which was used to assign samples of unknown origin to their mostly likely 

source population complex (i.e., reporting group; Van Doornik and Teel 2010). 

Using GSI, Van Doornik and Teel (2010, 2011, 2012) estimated that 5.4-13.2% of 

unmarked juvenile steelhead sampled at Willamette Falls (2009-2011) were Skamania summer 

steelhead.  However, samples collected at Willamette Falls could not be used to identify which 

subbasin(s) supported natural production of summer steelhead.  In 2011, ODFW collected 

samples of unmarked juvenile O. mykiss from sites in the McKenzie, North Santiam, South 

Santiam and various locations of the mainstem Willamette rivers to address this information 

need.  Analyses of these samples suggested that the stock structures of naturally produced O. 

mykiss differed among Willamette River subbasins, explained in part through higher natural 

production of summer steelhead in the McKenzie River (Van Doornik and Teel 2012). 

In this report, we have summarized and expanded upon the work of Van Doornik and 

Teel (2010, 2011, 2012) by addressing the following research objectives: (1) further explore the 

genotypic data for evidence of introgression and relatedness among individuals; (2) identify 

which upper Willamette River subbasins support the natural production of summer steelhead; (3) 

determine the proportion of natural steelhead production that is represented by summer-run stock 

within each subbasin; (4) describe differences in the proportion of naturally-produced summer 

steelhead among subbasins, and (5) summarize the results to date from recent Willamette basin 

steelhead genetics research. 

Our findings provide novel information related to the natural production of non-native 

summer steelhead in the Willamette River basin and introgression of summer steelhead with 

native O. mykiss populations.  We discuss our findings in the context of previous results and 

provide recommendations for management. 



7 

 

 

Figure 2. Neighbor-joining dendrogram of Cavalli-Sforza Edwards genetic distances among 

Willamette River steelhead populations. Bootstrap values (%) greater than 50% are shown. The last 

two digits of the brood year for the earliest samples are included in the sample names. Major 

groupings, which also correspond to the reporting groups used for GSI analyses, are circled.  Figure 

is from Van Doornik and Teel (2010). 
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Table 1. Pairwise ɗ values (Weir and Cockerham 1984) among major Willamette River O. 

mykiss groups.  All values are significant (P <0.01). 

 

 

Resident 

rainbow trout 

  Summer 

steelhead 

Western winter 

steelhead 

Eastern winter steelhead 0.06727 0.03922 0.03697 

Resident rainbow trout --------- 0.10294 0.12737 

Summer steelhead --------- --------- 0.04257 

Western winter steelhead --------- --------- --------- 

 

Methods 

We performed statistical analyses with existing genotypic data for Willamette O. mykiss 

and synthesized results from previous reports.  We analyzed data from ñknownò samples, 

obtained primarily from adult fish that had been classified in the field (S, EW, WW, RB) from 

morphology, collection date and location, and mark status.  Data from these samples were used 

to establish baseline allele frequencies for each group and evaluate the accuracy of results from 

GSI and other analyses.  Some of the baseline genetic data used in this study were compiled from 

Blankenship et al. (2011) and supplemented with additional samples and microsatellite loci.  We 

also analyzed data from ñunknownò samples collected from unmarked, naturally produced, adult 

and juvenile fish.  Detailed methods for sample collections, DNA isolation, microsatellite 

genotyping and GSI analyses are described in Van Doornik and Teel (2010, 2011, 2012). 

Genetic introgression and relatedness 

Genetic introgression ï STRUCTURE analyses 

Using the software ONCOR (Kalinowski 2007) to perform GSI, Van Doornik and Teel 

(2010, 2011, 2012) found that most of the Willamette O. mykiss that they examined could be 

assigned with high probability to one of four reporting groups (S, EW, WW, and RB).  Yet some 

samples assigned with low probability, possibly because they were hybrids.  Although ONCOR 

is widely recognized as a powerful GSI tool, it is not particularly well suited to quantify genetic 

introgression.  However, the methods of Pritchard et al. (2000), implemented in the program 

STRUCTURE, were developed to detect cryptic genetic structure and estimate the ancestral 

lineages of individual genomes.  This program has been used to describe patterns of 

hybridization between fall and spring run Chinook salmon (Kinziger et al. 2008) and several 

trout species (e.g., Boyer et al. 2008; Pritchard et al. 2007; Pritchard et al. 2009; Sanz et al. 2009; 

Simmons et al. 2009). 
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In brief, STRUCTURE (Pritchard et al. 2000) employs Bayesian clustering algorithms to 

allow the user to infer the most likely number of groups (K) present within a set of genotypic 

data and the proportion of each constituent genome (q) descended from each of the K groups.  

Threshold values for q can then be used to classify individuals as pure or hybrid samples (see 

Sanz et al. 2009). 

A critical first step when performing STRUCTURE analyses is to identify an appropriate 

value for the parameter K, the maximum number of populations present in the data.  Samples 

will be partitioned among too few populations if K is set too low, ignoring real population 

structure, and the model will effectively overfit the data if K is set too high.  Pritchard et al. 

(2000) suggested that STRUCTURE analyses should be performed with a range of values for K.  

The optimal value could then be selected through examination of posterior probabilities for the 

data under models that differed by K.  However, Evanno et al. (2005) found that the value of 

posterior probabilities often increased slightly (yet with greater variance) even as K exceeded the 

real number of groups present in the data.  They recommended that K be selected through 

examination of an ad hoc statistic, ȹK, which is based on the second order rate of change in 

posterior probabilities for models with successive values of K (Evanno et al. 2005).  In 

hierarchically structured (nested) populations, ȹK will identify the number of groups at the 

highest level of the hierarchy, and subsequent analyses may be required to resolve population 

substructure. 

We used STRUCTURE to analyze genotypic data for 15 microsatellites from 2,082 

Willamette River basin O. mykiss samples.  Of these samples, 780 were from known groups 

(e.g., summer steelhead) and were used by Van Doornik and Teel (2010, 2011, 2012) as baseline 

samples to perform GSI assignments for unknown samples (see Table 2).  By including these 

baseline samples in our analyses, we were able to evaluate the programôs ability to partition 

samples among known groups, while providing the software with additional linkage 

disequilibrium information to improve accuracy of assignment for unknown samples.  We used 

STRUCTURE to examine the data under models that contained a wide range of K values (1-8), 

with three replicates performed for each value.  We performed 100,000 Markov chain Monte 

Carlo repetitions (initial burn in of 20,000), used an admixture model with sampling locations 

specified as a prior
1
 (Hubisz et al. 2009), inferred Ŭ from the data

2
, assumed FST to be different 

among subpopulations (prior for mean FST = 0.01) and maintained ɚ constant at one
3
.  Detailed 

parameter descriptions are provided in Pritchard et al. (2000) and the STRUCTURE software 

                                                 
1
 This prior provided information of ancestry for some samples (e.g. adult hatchery summer steelhead)  included in 

our analysis and thereby assisted with clustering of unknown samples 

2
 Here, Ŭ represents the degree of admixture, which can be set by the user or inferred from the data 

3
 Under this parameter setting, the model specifies that allele frequencies are expected to be different among 

populations, thereby reducing the risk of overestimating K 
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documentation (Pritchard et al. 2010).  We used STRUCTURE HARVESTER (Earl and 

vonHoldt 2012) to examine STRUCTURE output and assessed alternate model likelihoods 

through an analysis of ȹK (Evanno et al. 2005). 

After establishing the most appropriate value for K, we used an approach similar to that 

of Burgarella et al. (2009), whereby individual samples were classified by q values into the 

following general categories: 

1) Pure: q > 0.50 for a single population and q < 0.20 for all other populations 

2) Two-way hybrid :  0.20 < q < 0.80 for exactly two populations 

3) Three-way hybrid : 0.20 < q < 0.80 for exactly three populations 

We then evaluated consistency of our results across replicate simulations and calculated the 

proportion of individuals that assigned to each class for each collection site and year.  See Vähä 

and Primmer (2006) and Sanz et al. (2009) for more information on q-value criteria in 

hybridization studies. 

Relatedness ï ML RELATE analyses 

Information on the relatedness among juvenile steelhead could help to characterize the 

demographics of naturally reproducing summer steelhead in the upper Willamette River.  For 

example, if a high proportion of juvenile summer steelhead were found to be full siblings, we 

might infer that natural production was the result of a relatively small number of highly 

successful parents.  Inversely, if juvenile summer steelhead were found to have very low 

pairwise genetic relatedness, we might infer that natural production was supported by a greater 

number of parents with low reproductive success. 

We used the program ML RELATE (Kalinowski et al. 2006) to infer pairwise 

relationships between all juvenile O. mykiss samples identified as summer-run steelhead with the 

program ONCOR (Van Doornik and Teel 2010, 2011, 2012).  We performed 1,000 random 

genotype simulations for likelihood ratio tests and identified plausible relationships (full-sibling, 

half-sibling, parent-offspring, unrelated) from a 99% confidence interval (see Kalinowski et al. 

2006).  We estimated the percentage of sample pairs identified to be plausibly related as full-

siblings, half-siblings or (ambiguously) either.  We included adult summer steelhead samples 

collected in 1986-1988 together with juvenile O. mykiss samples collected in 2005 and 2009-

2011 for our analyses to evaluate the logical accuracy of results, recognizing that sibling 

relationships between these adult and juvenile samples would be impossible. 

Natural production of summer steelhead by subbasin 

 To identify which upper Willamette River subbasins support the natural production of 

summer steelhead, we first reviewed GSI results provided by Van Doornik and Teel (2012) that 
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related the percentage of unmarked juvenile samples from the McKenzie, North Santiam, South 

Santiam and mainstem Willamette rivers that assigned as summer-run steelhead.  We then 

compared those results to our classifications made with STRUCTURE analyses of the same data. 

Differences among subbasins for summer steelhead production 

We used two-sided Fisherôs exact tests to compare the frequencies of summer steelhead 

present among juvenile samples collected from the McKenzie, North Santiam and South Santiam 

subbasins in 2011.  We performed pairwise tests between the ONCOR class assignment counts 

for each subbasin and used a Bonferoni corrected critical value of Ŭ = 0.017 to assess statistical 

significance (Holm 1979). 

We repeated these tests using class assignment counts from STRUCTURE analyses.  For 

this analysis we considered EW, S, WW, RB classes and all hybrid classes that involved S, 

pooled.  That is, counts for SxEW, SxWW, SxRB were pooled for each subbasin and counts of 

other hybrid classes (e.g., EWxWW) were ignored.  This approach ignored few samples and 

provided a contingency table of acceptable size for pairwise exact tests.  As before, we used Ŭ = 

0.017 to assess significance.
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Table 2. The number of adult and juvenile O. mykiss samples, collected in different years from various locations of the Willamette 

River basin, genotyped at 15 microsatellite loci and analyzed with the program STRUCTURE (Pritchard et al. 2000).  Group is 

indicated for baseline samples used in the GSI analyses of Van Doornik and Teel (2010, 2011, 2012) and for samples that were 

classified in the field.  Baseline samples are indicated by an asterisk; H = hatchery. 

Subbasin or river Collection location(s) Group Life stage Collection year n 

Clackamas Clackamas H. Summer-run*  Adult  2006 50 

South Santiam South Santiam H. Summer-run*  Adult  2007 47 

Calapooia various Winter-run East tributaries* Juvenile  1997 38 

Clackamas North Fork Dam Winter-run East tributaries*  Adult  2005 42 

Clackamas various Winter-run East tributaries*  Juvenile  2000 80 

Eagle Creek various (wild) Winter-run East tributaries*  Adult  2000 63 

Molalla North Fork Winter-run East tributaries*  Juvenile  1996 50 

North Santiam Bennett Dam Winter-run East tributaries*  Adult  2005 45 

North Santiam various Winter-run East tributaries*  Juvenile  1998 45 

South Santiam Foster Dam Winter-run East tributaries*  Adult  2005 49 

South Santiam Wiley Creek Winter-run East tributaries*  Juvenile  1997 39 

Canyon Creek Canyon Creek Winter-run West tributaries*  Juvenile  1997 34 

Eagle Creek Eagle Creek H. Winter-run West tributaries*  Juvenile  2000 62 

Luckiamute various Winter-run West tributaries*  Juvenile  1997 31 

Willamina various Winter-run West tributaries*  Juvenile  1997 34 

Deer Creek various Resident rainbow* Juvenile  1998 40 

Willamette N. Fork of Middle Fork Resident rainbow* Juvenile  1998 31 

Clackamas various Summer-run Adult 1986 84 

Molalla various Summer-run Adult 1988 46 

North Santiam various Summer-run Adult 1986 23 

Clackamas various Winter-run Adult 1986 40 

Molalla various Winter-run Adult 1986 65 

North Santiam various Winter-run Adult 1986 39 

North Santiam various Summer-run Adult 1987 16 

Willamette Upper Mainstem Unknown Juvenile 2010 6 

Willamette Upper Mainstem Unknown Juvenile 2011 30 

 



13 

 

Table 2 (continued).  

 

Subbasin or river Collection location Group Life stage Collection year n 

Willamette Willamette Falls Unknown Juvenile 2009 240 

Willamette Willamette Falls Unknown Juvenile 2010 287 

Willamette Willamette Falls Unknown Juvenile 2011 56 

McKenzie Leaburg bypass Unknown Juvenile 2005 72 

McKenzie Leaburg bypass Unknown Juvenile 2011 91 

North Santiam Upper North Santiam Unknown Juvenile 2011 36 

Santiam Mouth of Santiam Unknown Juvenile 2011 11 

South Santiam Upper South Santiam Unknown Juvenile 2011 27 

South Santiam Foster Trap Unknown Adult 2009 50 

North Santiam Minto Ponds Unknown Adult 2009 11 

North Santiam Bennett Trap Unknown Adult 2003 28 

North Santiam Minto Ponds Unknown Adult 2010 1 

Willamette Mainstem Unknown Adult 2005 1 

McKenzie Mohawk River Unknown Adult 2005 1 

McKenzie Leaburg bypass Unknown Adult 2011 6 

Middle Fork Willamette Fall Creek Unknown Adult 2010 19 

Middle Fork Willamette Fall Creek Unknown Adult 2011 16 

    Total  2,082 
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Results 

Genetic introgression and relatedness 

Genetic introgression ï STRUCTURE results 

We found that the posterior probability of the data increased sharply as the model 

parameter K was increased from 1 to 3, and continued to increase (albeit at a lesser rate) until 

reaching a plateau at about K = 7 (Figure 3).  However, examination of ȹK suggested that only 

two groups, K, were present in our data (Figure 4).  We suspected that these ȹK results were 

strongly influenced by the nested structure of our data
4
.  To address this issue, we examined 

individual STRUCTURE assignments for samples (including baseline samples) under models 

with different K values, as suggested by Evanno et al. (2005). 

We found that for K = 4, strong partitioning of q values could be observed between 

samples of known life history type, corroborating the four reporting group genetic structure 

identified by Van Doornik and Teel (2010).  Figure 5 presents an excerpt of graphically depicted 

q values for samples of known type and all q values for K = 4 are provided in the Appendix.  

When K was increased to five, results among replicate runs were inconsistent
5
 and no evidence 

for additional substructure was apparent when the data were modeled with K values greater than 

four. 

STRUCTURE results were highly consistent among replicate simulations with K = 4; the 

difference between individual sample q values was a mean 0.003 between runs and exceeded 

0.05 for only 25 of 2,082 samples.  For 21 of these, differences between replicate q value 

estimates had no influence on sample classification.  We used the consensus classification for the 

four ambiguous samples (samples 412, 1452, 1810 and 2081), provided in the Appendix. 

By parsing results for replicate models with K = 4 by collection year and location, we 

found that STRUCTURE identified a mean 10.5% of the juvenile O. mykiss sampled at 

Willamette Falls (2009-2011) as ñpureò summer steelhead.  An additional mean 10.6% of 

juveniles sampled at this location appeared to be the offspring of summer steelhead that 

hybridized with a native O. mykiss, most frequently eastern tributary winter steelhead (Table 3). 

 Although sample sizes were small, we found no evidence for pure juvenile summer 

steelhead in the North, South or lower mainstem Santiam rivers.  However, hybrids of summer  

                                                 
4
 Willamette O. mykiss population structure is nested as: {O. mykiss{native Willamette{Eastern tributaries{resident 

rainbow trout}}}}  

5
 Results from one K = 5 run suggested that some EW samples from the Clackamas comprised a distinct group, 

whereas in another K = 5 run all EW samples formed a single group but WW samples parsed into two groups. 
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Figure 3. Posterior probabilities of Willamette O. mykiss genotypic data in function of model 

values for K, the maximum number of groups assumed to occur within the data (Pritchard et al. 

2000).  Data are mean values ± SD over 3 replicates. 
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Figure 4.  Magnitude of ȹK as a function of K (mean ȹK ± SD over 3 replicates) for 

STRUCTURE (Pritchard et al. 2000) analyses of Willamette O. mykiss microsatellite data. 
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Figure 5.  Graphical representation of q values, the proportions of the genome assigning to each 

of K = 4 groups, for 350 Willamette River O. mykiss samples analyzed with the program 

STRUCTURE (Pritchard et al. 2000).  Each numbered bar represents an individual fish.  Colors 

represent the proportions of the genome that assign to each of the four groups.  These 350 

samples were from ñknownò groups and were used by Van Doornik and Teel (2010, 2011, 2012) 

as GSI baseline data for Willamette eastern tributaries winter steelhead (samples 401-451), 

resident rainbow trout (samples 452-522), summer steelhead (523-619) and western tributaries 

winter steelhead (620-750).  Note that distinct delineations can be seen among groups (yellow = 

EW, red = RB, blue = S and green = WW) and that samples 412, 644 and 732 are likely hybrids. 
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and eastern tributaries winter (SxEW) steelhead comprised 9.1-14.8% of juveniles sampled from 

these locations.  In the McKenzie River, most juvenile samples (73.0%) were pure summer 

steelhead and several summer hybrid classes were present.  Pure summer steelhead comprised 

10.0% of juvenile samples from the mainstem Willamette River, and two samples from the 

mainstem were summer steelhead hybrids.  Juvenile O. mykiss STRUCTURE results are 

summarized in Table 3. 

Most juvenile samples from all locations, except the McKenzie River, had low q values (< 

0.10) for the summer steelhead (S) group (Figure 6).  Moreover, samples classified as S hybrids 

from the North and South Santiam rivers tended to have summer steelhead q values less than 

0.30.  In contrast, most juvenile samples from the McKenzie had high summer steelhead q values 

(> 0.80) and most summer steelhead hybrids from that subbasin presented summer steelhead q 

values greater than 0.40 (Figure 6). 

In addition to juvenile samples, we analyzed 133 genotypes from unmarked adult O. 

mykiss, sampled at various locations of the Willamette River.  Many of these samples were 

classified in the field as winter steelhead, rainbow trout, etc., based on phenotype and date of 

collection.  Overall, our STRUCTURE analyses suggested that pure summer steelhead were 

among adult samples from the North Santiam and McKenzie rivers, but not the South Santiam or 

Middle Fork Willamette rivers (Table 4). 

Although most South Santiam River adult steelhead samples appeared to be pure EW 

steelhead, five fish (10%) appeared to be SxEW hybrids.  Similarly, most samples collected from 

the Middle Fork Willamette River were pure EW steelhead (92%), although a single fish 

appeared to be a EWxRB hybrid.  Adult samples collected in 2009 and 2010 at the Minto Ponds 

Collection Facility on the North Santiam River included no pure summer steelhead, but 2 of 12 

samples were classified as SxEW hybrids.  Most of the adult samples collected at the Bennett 

fish trap on the North Santiam River and at the Leaburg fish trap on the McKenzie River 

appeared to be either summer steelhead or SxEW hybrids (Table 4).  We emphasize that these 

adult samples were collected opportunistically, in some cases because they exhibited peculiar run 

timing (e.g. November arrival), and should not be considered representative of local O. mykiss 

stock structures.  Adult O. mykiss STRUCTURE results are summarized in Table 4. 

Relatedness ï ML RELATE results 

We used the program ML RELATE to infer all plausible pairwise relationships for 367 

samples; 196 juvenile samples (collected in 2005, 2009-2011) and 171 adult samples (collected 

in 1986-1988), all of which assigned as summer steelhead through ONCOR analyses.  Of the 

67,162 possible pairwise relationships, ML RELATE identified 35 as strictly full-sibling pairs, 

788 as strictly half-sibling pairs and 691 as either full- or half-sibling pairs (P < 0.01).  However, 

4 of 35 (11.4%) full-sibling relationships identified by ML RELATE were not logically possible; 

as they paired samples that had been collected decades apart (adults identified as full siblings of 



18 

 

Table 3.  Genetic composition of juvenile O. mykiss sampled from various locations of the upper Willamette River, as determined by 

STRUCTURE (Pritchard et al. 2000) analyses of genotypic data for 15 microsatellite loci.  Individual samples were classified as 

summer steelhead (S), eastside tributary Willamette winter steelhead (EW), resident rainbow trout (RB), westside tributary Willamette 

winter steelhead (WW) or hybrids of these groups.  Data are presented as counts and percent of total counts for each location. 

 

Year Location n S EW RB WW SxWW SxEW SxRB WWxEW WWxRB EWxRB 3x Hybrid 

2009 Willamette Falls 240 19 126 1 34 1 23 1 31 0 1 3 

2010 Willamette Falls 287 39 144 1 37 4 29 0 25 0 3 5 

2011 Willamette Falls 56 3 29 0 13 1 3 0 5 0 0 2 

 Percent of Total  10.5 51.3 0.3 14.4 1.0 9.4 0.2 10.5 0.0 0.7 1.7 

              

2005 McKenzie R., Leaburg  72 56 1 0 0 1 11 1 1 0 0 1 

2011 McKenzie R., Leaburg  91 63 2 4 0 1 11 6 0 0 2 2 

 Percent of Total  73.0 1.8 2.5 0.0 1.2 13.5 4.3 0.6 0.0 1.2 1.8 

              

2010 Mainstem Willamette R. 30 3 10 10 0 1 1 0 0 0 5 0 

 Percent of Total  10.0 33.3 33.3 0.0 3.3 3.3 0.0 0.0 0.0 16.7 0.0 

              

2011 N. Santiam R. 36 0 25 0 1 0 4 0 4 0 1 1 

 Percent of Total  0.0 69.4 0.0 2.8 0.0 11.1 0.0 11.1 0.0 2.8 2.8 

              

2011 Santiam R., Mouth 11 0 6 2 0 0 1 0 1 0 0 1 

 Percent of Total  0.0 54.5 18.2 0.0 0.0 9.1 0.0 9.1 0.0 0.0 9.1 

              

2011 S. Santiam R. 27 0 20 0 1 0 4 0 2 0 0 0 

 Percent of Total  0.0 74.1 0.0 3.7 0.0 14.8 0.0 7.4 0.0 0.0 0.0 
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Figure 6. The proportion of juvenile O. mykiss samples (y-axis) with various levels of summer 

steelhead ancestry (x-axis) by sample location and year.  The proportion q describes the fraction 

of each genome descended from the summer steelhead group.
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Figure 6 (continued). 
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Figure 6 (continued). 
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Figure 6 (continued).
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Table 4.  Genetic composition of adult O. mykiss sampled from various locations of the upper Willamette River, as determined by 

STRUCTURE (Pritchard et al. 2000) analyses of genotypic data for 15 microsatellite loci.  Individual samples are classified as 

summer steelhead (S), eastside tributary Willamette winter steelhead (EW), resident rainbow trout (RB), westside tributary Willamette 

winter steelhead (WW) or hybrids of these groups.  Data are presented as counts and percent of total counts for each location. 

 

Year Location n S EW RB WW SxWW SxEW SxRB WWxEW WWxRB EWxRB 3x Hybrid 

2009 S. Santiam R., Foster  50 0 42 0 0 0 5 0 2 0 1 0 

 Percent of Total  0.0 84.0 0.0 0.0 0.0 10.0 0.0 4.0 0.0 2.0 0.0 

              

2003 N. Santiam R., Bennett  28 2 7 0 0 0 16 0 1 0 1 1 

2009 N. Santiam R., Minto Ponds 11 0 8 0 0 0 2 0 1 0 0 0 

2010 N. Santiam R., Minto Ponds 1 0 1 0 0 0 0 0 0 0 0 0 

 Percent of Total  5.0 40.0 0.0 0.0 0.0 45.0 0.0 5.0 0.0 2.5 2.5 

              

2005 Mainstem Willamette R. 1 0 1 0 0 0 0 0 0 0 0 0 

2010 Willamette R., Fall Cr. 19 0 16 0 0 0 0 0 0 0 3 0 

2011 Willamette R., Fall Cr. 16 0 16 0 0 0 0 0 0 0 0 0 

 Percent of Total  0.0 91.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.3 0.0 

              

2005 McKenzie R., Mohawk R. 1 0 1 0 0 0 0 0 0 0 0 0 

2011 McKenzie R., Leaburg  6 3 0 1 0 0 1 1 0 0 0 0 

 Percent of Total  42.9 14.3 14.3 0.0 0.0 14.3 14.3 0.0 0.0 0.0 0.0 
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juveniles).  Many (378 of 788; 48%) half-sibling relationships identified by ML RELATE were 

illogical pairings, and may have occurred as a result of low genetic diversity among summer 

steelhead samples.  Results from this analysis therefore appeared to be unreliable, precluding 

further inference. 

Natural production of summer steelhead by subbasin 

ONCOR 

 In their GSI analyses of Willamette River steelhead, Van Doornik and Teel (2010, 2011, 

2012) used the program ONCOR to perform population assignments for juvenile and adult O. 

mykiss sampled at various locations of the basin.  They found that in 2009, 2010 and 2011, 

summer steelhead comprised 7.5%, 13.2% and 5.4% of juveniles sampled at Willamette Falls.  

Analyses of samples collected within major subbasins of the upper Willamette River provided 

evidence for substantial natural production of summer steelhead in the McKenzie River, 

contrasted with scant evidence for natural summer steelhead production in the North Santiam 

River and no evidence from the South Santiam River (Table 5; Van Doornik and Teel 2012).  

Summer steelhead were found at several locations along the mainstem Willamette River (Table 

5), though the subbasin of origin for these summer steelhead remained uncertain and could 

include the McKenzie River. 

Table 5.  Estimated percentage of Willamette River basin juvenile O. mykiss samples assigned to 

each reporting group (EW = eastern tributaries winter steelhead, S = summer steelhead, WW = 

western tributaries winter steelhead, RB = resident rainbow trout) with the program ONCOR 

(Kalinowski 2007).  Table adapted from Van Doornik and Teel (2010, 2011, 2012). 

Location Year  N  EW S WW RB 

Willamette Falls 2009 240 88.3% 7.5% 4.2% 0.0% 

Willamette Falls 2010 287 78.0% 13.2% 8.7% 0.0% 

Willamette Falls  2011  56  89.3%  5.4%  5.4%  0.0%  

Willamette R., TOTAL of 8 samples below  2011  29  58.6%  13.8%  0.0%  27.6%  

    Willamette R., Buena Vista  2011  3  66.7%  0.0%  0.0%  33.3%  

    Willamette R., Harrisburg  2011  14  35.7%  21.4%  0.0%  42.9%  

    Willamette R., Marshall downstream  2011  1  100.0%  0.0%  0.0%  0.0%  

    Willamette R., Marshall Island  2011  2  100.0%  0.0%  0.0%  0.0%  

    Willamette R., McCartney  2011  4  50.0%  25.0%  0.0%  25.0%  

    Willamette R., McKenzie to Marshall  2011  1  100.0%  0.0%  0.0%  0.0%  

    Willamette R., Mouth of Santiam  2011  1  100.0%  0.0%  0.0%  0.0%  

    Willamette R., Salem  2011  3  100.0%  0.0%  0.0%  0.0%  

Upper Willamette R., Blue Ruin Island  2011  1  0.0%  0.0%  0.0%  100.0%  

Santiam R., Mouth  2011  11  90.9%  9.1%  0.0%  0.0%  

North Santiam R.  2011  36  94.4%  2.8%  0.0%  2.8%  

South Santiam R.  2011  27  100.0%  0.0%  0.0%  0.0%  

McKenzie R., Leaburg Bypass  2005  72  25.0%  75.0%  0.0%  0.0%  

McKenzie R., Leaburg Bypass  2011  91  27.5%  68.1%  0.0%  4.4%  
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STRUCTURE 

In several respects, results from our STRUCTURE analyses of juvenile Willamette O. 

mykiss genotypes corroborate the findings of Van Doornik and Teel (2012).  For example, both 

STRUCTURE and ONCOR analyses provided strong evidence for substantial natural production 

of summer steelhead in the McKenzie River and no evidence of pure summer steelhead among 

juveniles sampled in the South Santiam River (Table 3; Table 5).  Most of the juveniles that 

assigned as summer steelhead by ONCOR (90%) were found to be pure summer steelhead with 

STRUCTURE (Appendix). 

However, ONCOR and STRUCTURE employ different population assignment 

algorithms and provide different forms of information.  Whereas ONCOR assigns individuals to 

their most likely population of origin (and provides a second best population estimate), 

STRUCTURE estimates the proportion of each individualôs genome that assigns to clusters 

inferred to be present in the data.  It is therefore not surprising that we observed some 

noteworthy differences between results from these two programs.   

First, STRUCTURE provided compelling evidence for low levels of SxEW hybridization 

in the South Santiam River (Table 3), where no juvenile summer steelhead were detected with 

ONCOR (Table 5).  For the four putative SxEW hybrid samples collected from the South 

Santiam River (samples 2058-2060, 2079 in Appendix), an estimated mean 27.6% of their 

genomes assigned to the summer steelhead group, suggesting that these were not F1 hybrids, but 

instead offspring of hybrids (F2 hybrids). 

STRUCTURE results also indicated that four SxEW hybrids (samples 2009, 2013, 2024, 

2038 in Appendix) were among the 36 juvenile samples from the North Santiam River.  Only 

one of these appeared to be a F1 hybrid (sample 2009 in Appendix), as all others presented q < 

25% for the summer steelhead (S) group.  Interestingly, the single juvenile sample assigned by 

ONCOR as a summer steelhead from this subbasin had a 90% WW genome, according to 

STRUCTURE results. 

Overall, our results suggested that naturally-produced O. mykiss sampled in the 

McKenzie River were predominately summer steelhead, and that very few pure summer 

steelhead were naturally produced in the Santiam rivers.  However, some SxEW hybrids were 

found in the McKenzie, South Santiam and North Santiam rivers. 

Differences among subbasins for summer steelhead production 

 Both ONCOR and STRUCTURE analyses indicated that the majority of juvenile O. 

mykiss samples from the North and South Santiam rivers were EW steelhead (Table 6).  In 

contrast, most samples from the McKenzie River assigned as S steelhead.  Results from ONCOR 

and STRUCTURE generally agreed, though STRUCTURE results suggested that some 

individuals that assigned as EW by ONCOR were instead SxEW or other hybrids.  Such 
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classification differences were particularly common among samples from the McKenzie River, 

where all but 2 of 25 samples that assigned as EW by ONCOR were determined to be S hybrid 

classes by STRUCTURE analyses (Table 6; Appendix). 

 

Table 6. Counts of juvenile O. mykiss, according to group or hybrid class (EW = eastern 

tributaries winter steelhead, S = summer steelhead, WW = western tributaries winter steelhead, 

RB = resident rainbow trout) as inferred through ONCOR and STRUCTURE analyses of 

genotypic data from 15 microsatellite loci.  Samples were collected in 2011 from the McKenzie, 

North Santiam and South Santiam rivers.  The S hybrid classes include SxEW, SxWW and 

SxRB.  See Appendix for other hybrid classes. 

 

 

 

 

 

 

 

 

  

  

Pairwise Fisherôs exact tests indicated no significant difference (P = 1.00) between the 

proportions of fish assigned to different classes for the North and South Santiam rivers, 

regardless of assignment method (ONCOR or STRUCTURE).  Proportions for class assignment 

counts were significantly different between the McKenzie River and both Santiam rivers (P < 

0.001), as samples from the McKenzie River included a relatively high proportion of summer 

steelhead. 

 

 

 Class McKenzie R. N. Santiam R. S. Santiam R. 

ONCOR     

 S 62 1 0 

 EW 25 34 27 

 RB 4 1 0 

 WW 0 0 0 

     

STRUCTURE    

 S 63 0 0 

 EW 2 25 20 

 RB 4 0 0 

 WW 0 1 1 

 S hybrids 18 4 4 

Other hybrids 4 6 2 
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Discussion 

Overview 

Observations made during spawning surveys suggested that low levels of natural 

production by summer steelhead may occur in the UWR basin, as well as possible hybridization 

with winter steelhead (Firman et al. 2004).  Our findings substantiate these reports with the first 

quantitative evidence for natural production and genetic introgression from summer steelhead in 

the UWR basin. 

The UWR Conservation and Recovery Plan for Chinook Salmon and Steelhead (ODFW 

and NMFS 2011) established that the proportion of hatchery origin spawners (pHOS) should be 

< 0.05 total spawners in most subbasins of the UWR steelhead DPS, so as to allow threatened 

native populations to meet desired population status goals. Although our results do not provide 

direct estimates for pHOS, they do suggest that about 10% of unmarked juvenile O. mykiss 

sampled at Willamette Falls in 2009-2011 were summer steelhead and that an additional 10% of 

these were summer steelhead hybrids.  Most O. mykiss sampled from the McKenzie River were 

either summer steelhead or SxEW hybrids.  Natural production of pure summer steelhead 

appeared to be minimal or absent in the North and South Santiam rivers, though SxEW hybrids 

represented 11.1% and 14.8% of samples.  We emphasize that these estimates of hybrid fraction 

likely represent cumulative effects from multiple generations of natural production by hatchery 

summer steelhead in the basin and may therefore exceed pHOS of any single generation. 

Results from STRUCTURE and ONCOR analyses were generally in agreement, though 

we observed some minor differences.  We found no evidence for natural production of pure 

summer steelhead in the Santiam rivers from STRUCTURE analyses, though summer steelhead 

hybrids were detected in these subbasins.  Previous GSI results suggested that a single juvenile 

sample collected from the North Santiam River (n = 36) was a summer steelhead and that no 

summer steelhead were among the 27 juvenile samples collected from the South Santiam River 

in 2011.  ONCOR and STRUCTURE results agreed that most juvenile O. mykiss sampled from 

the McKenzie River were summer steelhead and that several summer steelhead were among 

samples collected from the mainstem Willamette River. 

Natural production and hybridization from summer steelhead 

By examining genetic and count data from adult and juvenile steelhead, Kostow et al. 

(2003) found that natural production by hatchery summer steelhead accounted for one third to 

one half of the naturally produced smolts in the Clackamas River (lower Willamette River 

basin), but contributed little to adult returns.  Those authors found little evidence for 

hybridization between native winter steelhead and introduced summer steelhead, but concluded 

that competition with naturally-produced summer steelhead likely posed a serious ecological risk 

to juvenile winter steelhead. 
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Similar to results from the Clackamas River, we found a high proportion of summer 

steelhead among unmarked juvenile O. mykiss samples from the McKenzie River, which clearly 

demonstrated that natural production of steelhead in this subbasin was dominated by either 

naturalized or stray hatchery fish.  However, unlike the Clackamas River, winter steelhead are 

not native to the McKenzie River.  Interactions between summer and winter steelhead in this 

subbasin have likely been limited by low local abundance of the latter.  However, summer 

steelhead may negatively affect other native forms of O. mykiss, such as resident rainbow trout, 

as suggested by our observation of SxRB hybrids among McKenzie River samples (Table 3).  

The low proportion of pure resident rainbow trout among samples from the McKenzie River is 

likely due to sampling bias (only fish with smolt-like appearance were sampled) and not a 

reflection of the true O. mykiss stock structure in that subbasin. 

 

In contrast with findings from the Clackamas River (Kostow et al. 2003) and McKenzie 

River (this study), we found little evidence for natural production by summer steelhead in the 

North, South or mainstem Santiam rivers.  Results from ONCOR suggested that only a single 

juvenile from the North Santiam River (n = 36) and another from the lower mainstem Santiam 

River (n = 11) were from the summer steelhead reporting group.  No juvenile O. mykiss from the 

South Santiam River (n = 27) was found to be a summer steelhead.  The STRUCTURE results 

from the same data similarly suggested low levels of natural production by summer steelhead in 

Santiam River subbasins.  However, STRUCTURE provided evidence of hybridization between 

summer steelhead and native winter steelhead. 

 

Our findings of genetic introgression suggest that temporospatial overlap can occur 

between naturally spawning summer and winter steelhead in UWR subbasins, and that 

assortative mating and current management have not entirely prevented hybridization between 

native and introduced O. mykiss stocks.  Interbreeding with hatchery summer steelhead could 

lower the fitness of native UWR winter steelhead, as hatchery-reared Skamania stock summer 

steelhead have low fitness in the wild (Chilcote et al. 1986; Kostow et al. 2003; Leider et al. 

1990).  Notwithstanding our findings, the proportion of summer steelhead hybrids among our 

samples was generally lower than has been described in hybrid zones of other trout and salmon 

species (Boyer et al. 2008; Kinziger et al. 2008; Ostberg et al. 2004; Simmons et al. 2009; 

Rubidge and Taylor 2004), though our ability to provide conclusions regarding interannual 

variability and site-specific patterns was limited by the small number of samples collected within 

subbasins during a single year. 

Management Implications 

Our findings of natural production by summer steelhead and genetic introgression 

between summer and winter steelhead provide empirical evidence of ecological and genetic risks 

from upper Willamette River hatchery steelhead programs and have implications for current and 
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future fisheries management.  Although the magnitude of risk appears to be low within the 

winter steelhead DPS, we recommend several actions to further understand and reduce risk from 

UWR hatchery steelhead: 

 

1) We recommend that managers consider strategies to reduce the occurrence of 

hatchery steelhead on natural spawning grounds.  Modifications to trap operations 

(opening and closure dates), recycling programs, acclimation and release protocols, 

and harvest regulations should all be considered. 

 

2) We recommend that managers investigate and apply measures to promote 

reproductive isolation between hatchery steelhead and native winter steelhead.  

Opportunities for spatial and temporal segregation (e.g., wild fish sanctuaries and 

selection on spawn timing by hatchery fish) should be exploited while novel 

approaches are considered for development. 

 

3) We recommend that additional sampling and genetic analyses be performed to further 

evaluate the genetic structure and integrity of both juvenile and adult steelhead from 

UWR subbasins.  This effort should include sampling of adult steelhead released into 

wild fish sanctuaries (currently, only above Foster Dam), which could be coupled 

with other research efforts and used to plan and improve reintroduction programs on 

the North and South Santiam rivers.  For example, a suite of phenotypic traits might 

be identified as characteristic of SxEW hybrids that would allow screening aimed to 

promote genetic integrity of the winter steelhead population. 

 

In addition to these actions, managers should define acceptable levels of natural 

production and introgression from hatchery steelhead in UWR subbasins, such that the 

effectiveness of management actions may be evaluated in the context of objective and clearly 

identified goals. 
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Appendix 

 

Location and collection year for Willamette O. mykiss samples analyzed with the program STRUCTURE.  The reporting group (RG) 

or identification number (ID) is provided for samples included in baseline (BL) or mixture files of ONCOR analyses by Van Doornik 

and Teel (2010, 2011, 2012).  ONCOR assignments are provided for mixture samples.  For each sample, the proportions of the 

genome (q) assigning to the groups summer steelhead (S), east tributaries winter steelhead (EW), resident rainbow trout (RB) and west 

tributaries winter steelhead (WW) were used to classify genome ancestry. Hybrids indicated as (e.g.) SxEW. 

   

STRUCTURE q Values STRUCTURE 

Classification 

ONCOR 

Assignment 

ONCOR 

Probability Sample Location, Year RG or ID S EW RB WW 

1 Calapooia, 1997 EW 0.005 0.986 0.007 0.001 EW BL NA 

2 Calapooia, 1997 EW 0.003 0.986 0.010 0.001 EW BL NA 

3 Calapooia, 1997 EW 0.059 0.931 0.008 0.003 EW BL NA 

4 Calapooia, 1997 EW 0.004 0.978 0.017 0.002 EW BL NA 

5 Calapooia, 1997 EW 0.003 0.986 0.008 0.003 EW BL NA 

6 Calapooia, 1997 EW 0.005 0.979 0.014 0.001 EW BL NA 

7 Calapooia, 1997 EW 0.021 0.962 0.014 0.003 EW BL NA 

8 Calapooia, 1997 EW 0.002 0.973 0.023 0.001 EW BL NA 

9 Calapooia, 1997 EW 0.009 0.951 0.039 0.001 EW BL NA 

10 Calapooia, 1997 EW 0.002 0.989 0.007 0.002 EW BL NA 

11 Calapooia, 1997 EW 0.018 0.934 0.045 0.002 EW BL NA 

12 Calapooia, 1997 EW 0.006 0.980 0.013 0.001 EW BL NA 

13 Calapooia, 1997 EW 0.006 0.972 0.018 0.003 EW BL NA 

14 Calapooia, 1997 EW 0.003 0.957 0.020 0.020 EW BL NA 

15 Calapooia, 1997 EW 0.006 0.976 0.015 0.003 EW BL NA 

16 Calapooia, 1997 EW 0.006 0.957 0.036 0.002 EW BL NA 

17 Calapooia, 1997 EW 0.003 0.982 0.014 0.001 EW BL NA 

18 Calapooia, 1997 EW 0.028 0.965 0.006 0.002 EW BL NA 

19 Calapooia, 1997 EW 0.004 0.976 0.017 0.003 EW BL NA 

20 Calapooia, 1997 EW 0.005 0.982 0.011 0.002 EW BL NA 

21 Calapooia, 1997 EW 0.003 0.979 0.017 0.001 EW BL NA 

22 Calapooia, 1997 EW 0.002 0.981 0.013 0.003 EW BL NA 

23 Calapooia, 1997 EW 0.011 0.976 0.010 0.002 EW BL NA 

24 Calapooia, 1997 EW 0.007 0.886 0.102 0.005 EW BL NA 

25 Calapooia, 1997 EW 0.005 0.979 0.011 0.004 EW BL NA 

26 Calapooia, 1997 EW 0.003 0.983 0.013 0.002 EW BL NA 

27 Calapooia, 1997 EW 0.002 0.984 0.012 0.001 EW BL NA 




