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University of Washington
Abstract
THE COASTAL CUTTHROAT TROUT (ONCORHYNCHUS CLARKI CLARKI):
GENETIC POPULATION STRUCTURE, MIGRATION PATTERNS AND LIFE
| HISTORY TRAITS

by John Keim Wenburg

Chairperson of the Supervisory Committee:
Assistant Professor Chris J. Foote
Department of Fisheries

Coastal cutthroat trout (Oncorhynchus clarki clarki) populations have undergone
major range wide declines over the past two decades. This study was initiated in light of
their declining status in an effort to augment the paucity of existing data, both in terms of
their general ecology and genetic population structuring. Multiplexed groups of
fluorescently labeled microsatellite primers were used in an analyses of allelic variation,
both on a statewide and microgeographic scale. Analysis of six loci for 13 anadromous
populations from throughout Washington revealed high within population variability (Hg
=71%; mean # alleles/locus = 24), significant differences in genotypic frequencies for
single-locus pairwise comparisons between all populations, and substantial population
subdivision (Fs7=0.121, Rsr = 0.093). Similarly, analysis of allelic variation at 10 loci
for 10 populations from within Hood Canal revealed high within population variability
(Hg = 69%; mean # alleles/locus = 17), signiﬁcant differences in genotypic frequencies
between all populations across all loci, and in 304 of 450 single-locus pairwise

comparisons, and significant population subdivision (Fsr = 0.030, Rsr = 0.029); all of
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which 'suggest that individual creeks form the basis for distinct breeding units in this
subspecies. Mantel tests supported an isolation by distance model of population structure
within Hood Canal using both Fsr (P=0.015) and the Cavalli-Sforza and Edwards’ (1967)
chord distance (P=0.001) as measures of genetic distance, and for the latter on a
statewide scale (P=0.01). Estimated levels of gene flow from direct observations,
through a 3-year tag-recapture study, were similar to those estimated indirectly from
allele frequency data, being on average approximately 5 to 10 effective migrants per
generation between neighboring populations. Intensive ecological study of the Big Beef
Creek population (Hood Canal, WA) revealed: differing migration patterns between the
sexes, with males migrating into freshwater sooner and remaining longer than females;
significant correlation between the upstream migration date for individuals across years
(R = 0.43, P=0.002); and evidence that some individuals likely overwintered at sea.
Survival estimates averaged 54% for the overwintering period in freshwater, and 12-24%

and 33-59% during salt water migrations for first and second-time migrants, respectively.
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INTRODUCTION

The coastal cutthroat trout (Oncorhynchus clarki clarki) is the most widely
distributed of 14 currently recognized cutthroat subspecies, exhibiting a wide array of
complex life history strategies and highly variable migration patterns (Behnke i992). Its
range extends from the Eel River in California, USA, to Gore Point on the Kenai
Peninsula in Alaska, USA, with inland penetration generally limited to less than 150 km
(Behnke 1992). Coastal cutthroat trout have received little study relative to other more
economically important, commercially harvested Pacific salmonids, and as such, there is
a relative paucity of genetic and ecological information available for coastal cutthroat

trout.

Coastal cutthroat trout have undergone a major range-wide decline over the past
two decades (Nehlsen et al. 1991; Trotter et al. 1993), although data are limited and
locally some populations remain healthy. The American Fisheries Society Endangered
Species Committee concluded that all native naturally spawning populations in the states
of California, Oregon and Washington are at some level of risk, being either of special
concern or on the threshold of becoming threatened or endangered (Nehisen et al. 1991).
The California Department of Fish and Game has classified the subspecies as a “Species

of Special Concern” (Gerstung 1997), in Oregon they are currently listed on the
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“Sensitive Species List’f (Hooton 1997), and in Washington, although there appears to be
a mix of healthy and depressed populations, many populations are in a state of steady
decline (Leider 1997). In addition, the United States NaﬁOt;al Marine Fisheries Service
(NMEFS) recently listed all forms of the coastal cutthroat trout of the North Umpqua River
in Oregon as endangered pursuant to the Endangered Species Act of 1973 (ESA) (NMFS

1996).

This study was designed to address some of the shortcomings in the available
information on coastal cutthroat trout; specifically, in three main areas: genetic
population structure, migration patterns and life history traits. This was achieved through
a combination of tracking of individual coastal cutthroat trout migrants in and among
four creeks in Hood Canal, Washington and genetic analysis of these and several other
populations from throughout the state of Washington, the results of which are reported in
the following five chapters. Detailed background information on coastal cutthroat trout
biology along with the questions raised and hypotheses tested are given in each chapter.
The chabters are intended to be complete on their own, however where appropriate, they
are cross-referenced to highlight the connectivity between them. Brief descriptions of the

specific contents for each of the chapters follow.

Chapters 1 and 2 report various methodological developments which were
necessary for the completion of the subsequent chapters. Specifically, Chapter 1
highlights the development of a novel tagging method used throughout the field portion

of this study. Placement of visible implant (VI) tags in the anal fin tissue allowed the
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tracking of individually identifiable coastal cutthroat trout migrants for up to three years
as they migrated into and out of fresh water. This chapter was previously published in an
almost identical form, and is published again here with permission from the American

Fisheries Society:

Wenburg JK, George GW (1995) Placement of visible implant tags in the anal fin of
wild coastal cutthroat trout. North American Journal of Fisheries Management,
15, 874-877.

Chapter 2 details the development of the genetic techniques used throughout this
study. Microsatellite primer fluorescent labeling technology was used to develop several
groups of multiplexed microsatellite loci that allowed for relatively fast acquisition of
allele frequency information in coastal cutthrdat trout and steelhead (Oncorhynchus
mykiss). This chapter repbrts the details of their development and highlights their
usefulness through the analysis of three populations each, for both coastal cutthroat trout
and steelhead. This chapter was also previously published in an almost identical form,

and is published again here with permission from Blackwell Science, Inc.:

Wenburg JK, Olsen JB, Bentzen P (1996) Multiplexed systems of microsatellites for
genetic analysis in coastal cutthroat trout (Oncorhynchus clarki clarki) and
steelhead (Oncorhynchus mykiss). Molecular Marine Biology and Biotechnology,
5,273-283. '
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This paper was published along with a companion paper that is included here as

Appendix A, again with permission from Blackwell Science, Inc.:

Olsen JB, Wenburg JK, Bentzen P (1996) Semiautomated multilocus genotyping of
Pacific salmon (Oncorhynchus spp.) using microsatellites. Molecular Marine
Biology and Biotechnology, 5, 259-272.

Chapter 3 details a genetic investigation of coastal cutthrdat trout populations
from throughout the state of Washington. Sample acquisition for this portion of the study
was performed in collaboration with the Washington Department of Fish and Wildlife
(WDFW). Specifically, this chapter reports on the results from the analysis of six
microsatellite loci for 13 anadromous populations and one Yellowstone cutthroat
(Oncorhynchus clarki bouvieri) population, which was used as an outgroup (raw data
given in Appendix B, D and E). This chapter was also previously published in almost

identical form, and is published again here with permission from Blackwell Science, Inc.:

Wenburg JK, Bentzen P, Foote CJ (1998) Microsatellite analysis of genetic variation in
an endangered salmonid: the coastal cutthroat trout (Oncorhynchus clarki clarki).
Molecular Ecology, In press.

Chapter 4 combines the analysis of allele frequency data for 10 microsatellite loci
from 10 coastal cutthroat trout populations with physical migrational pattern information

in an analysis of gene flow dynamics on a microgeographic scale in Hood Canal,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Washington (raw data given in Appendix C and E). Further, the genetic data from
Chapter 3 was integrated to provide an overall synthesis of coastal cutthroat trout
population structure on various geographic scales. In addition, these data were used to
investigate various issues involving the properties and mutational dynamics exhibited by

microsatellite loci.

Chapter S details the results of an ecological tag-recapture and scale analysis
study, which focused on the most intensely studied population, Big Beef Creek (scale
analysis results given in Appendix F, and data for individual recaptures given in
Appendix G). The University of Washington, in conjunction with the WDFW, maintains
a permanent weir facility located on Big Beef Creek, which empties directly into Hood
Canal from the Kitsap Peninsula, Washington. Big Beef Creek is a low gradient
watershed (lower than 400 m with gradient ranges from 0.5-1.5%) containing 18 km of
main stream channel with a basin area of approximately 38 km®. Big Beef Creek
contains a wild native population of anadromous coastal cutthroat trout. Periodic
planting of various strains of hatchery coastal cutthroat trout have occurred in Big Beef
Creek over the last several decades. However, throughout Hood Canal, plantings were
sporadic and have not occurred since the 1980’s due to poor returns and likely had little
affect on the genetic makeup of this population. Various survival estimates are reported
in this chapter along with details of habitat usage and results from tests for various
hypothesis on differential migration patterns and life history traits between male and

female coastal cutthroat trout.
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CHAPTER 1: PLACEMENT OF VISIBLE IMPLANT TAGS IN THE ANAL FIN OF WILD COASTAL
CUTTHROAT TROUT (ONCORHYNCHUS CLARKI CLARKI)

ABSTRACT

Typical periocular (adipose eyelid) placement of visible implant tags proved
inadequate for tagging of wild coastal cutthroat trout Oncorhynchus clarki clarki because
of individual variation in periocular tissue, excessive stress of tagging procedures, and the
inability to consistently tag fish smaller than 150 mm fork length (FL). A novel
technique for placement was developed which alleviated these problems. Tags wen;
placed in the clear tissue between rays of the anal fin. Migrating smolts and adults 110-
451 mm FL were successfully tagged in this manner. Adults recaptured 4-85 d after tag
placement (N = 59) exhibited 98% retention, with all but two tags readable in situ.
Smolts held in stream enclosures 24 h after tagging (N = 120) exhibited 97% tag retention
with all tags readable in situ. Inspection of insertion pdints revealed significant tissue

healing which rendered future tag losses unlikely.

INTRODUCTION

Individual identification of living fish is necessary for many fisheries studies.
Most available tagging methods providing individual identification involve external tags
(e.g., transbody, spaghetti, Petersen disc, anchor) which have significant disadvantages

(Nielsen 1992). External tags often have low retention rates .(Buckley and Blankenship
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1990; McFarlane et al. 1990); may impede swimming ability, and may increase metabolic
costs, mortality, and predation (Nielsen 1992). These drawbacks are often not acceptable
in ecological research, especially when populations of threatened or endangered fishes

are being studied.

Visible implant (VI) tags (Northwest Marine Technology, Shaw Island,
Washington), are internal tags that can be read externally, minimizing many of the
dmwl;acks of traditional external tags. Visible implant tags are made of biocompatible
plastic and are printed with a three-digit alpha-numeric code. Tags are available in two
sizes in each of six colors and are designed to be placed in transparent tissues. Tags are
inserted with a single-shot hypodermic syringe with a flattened push rod (Blankenship

’ and Tipping 1993). Haw et al. (1990) reported the development and initial testing of VI
tags placed in transparent periocular tissue (adipose eyelid) of hatchery strains of rainbow
;rout (Oncorhynchus mykiss). Blankenship and Tipping (1993) evaluated this technique
more intensively in a hatchery strain of coastal cutthroat trout (O. clarki clarki).

Although this method is becoming common in hatchery tagging operations for several

salmonid species, it proved to be unsuitable here.

The aﬁount of periocular tissue present was found to be extremely variable in
wild coastal cutthroat trout. Periocular tissue apparently varies between wild and
hatchery cutthroat troui, being less developed in the former. Others have reported
variation in periocular tissue between strains of rainbow trout (Haw et al. 1990) and

between full sibliné groups in hatchery Chinook salmon O. tshawytscha (J. Hooff,
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Washington Department of Fish and Wildlife, personal communication). In this study,
although a small percentage of wild cutthroat were easily tagged with traditional
placement, the majority did not possess adequate periocular tissue, thus proving difficult

to tag with this standard technique.

When periocular tag placement was attempted, injectors had to be extremely
sharp and fish had to be heavily anesthetized, as any movement could cause tearing of the
periocular tissue and make tagging impossible. In addition, the extreme amounts of
sedation necessary and the possibility of associated increases in handling mortality were
of concern, as was the potential for injury to fish when manipulating sharp instruments
near the eye. Even under heavy sedation, periocular tissue was often inadequate for
tagging fish of all size ranges (110 - 451 mm, all measurements given are fork length
unless otherwise noted), most notably for fish smaller than 150 mm, especially under
field conditions. Successful periocular tagging rates ranged from 10-50% in preliminary
tests. Others have reported that periocular placement is ineffective for salmonids less
than 150 mm (P. Bergman, Nonhwest Marine Technology, personal communication):
Haw et al. (1990) reported tagging of fish iarger than 149 mm, Blankenship and Tipping
(1993) used fish greater than 200 mm, and Bryan and Ney (1994) reported retention rates

of only 50% in wild brook trout Salvelinus fontinalis less than 160 mm total length.

Because of the problems outlined above, periocular insertion was rejected for
tagging of wild coastal cutthroat trout. In ecological research, especially that involving

threatened or endangered species, all possible efforts must be made to use noninvasive
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techniques. Such ethical considerations are too often lacking in modern ecological
research, and explicit discussion of them is almost non;existent (Fammsworth and
Rosovsky 1993). In striving to find a reliable, noniﬁvasive method of individually tagging
wild coastal cutthroat trout (110-451 mm), a novel technique was developed for placing

visible implant tags between the third to sixth rays of the anal fin.

METHODS

Standard size VI tags (2.5 mm long, 0.08 mm thick) printed in white on a black
background were used in this study. Best results were achieved by lightly anesthetizing
fish with MS-222 (tricaine: 1 g powder / 20 L water) and placing them on a board with
their belly along the length of a raised lip (2 cm) on the bottom edge. The anal fin was
then spread out with one finger along the flat surface of the lip for tagging. Addition of a
cloth or rubber flap on one side of tile board, under which the fish’s head was placed,
aided in immobilizing the fish and reducing stress. Initial insertion of the injector was
between rays of the anal fin at approximately two-thirds of the fin length away from the
body, with final tag placement near the half-way point (Figure 1.1). The injector was
slowly inserted towards the body of the fish, with care taken to prevent piercing the entire
fin. This was accomplishe& by initially inserting the injector at a 25° angle and flattening
out the injector to a nearly horizontal position once the top layer of tissue was pierced.
When the tissue had covered fhe entire opening of the injector, the tag was pushed in as
far as possible before injector removal. If placement was unsuccessful, or the tissue was

torn, another site was selected between an adjacent set of fin rays. After insertion of the
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tag, any air in the insertion point was pinched out, firmly seating the tag. Tags were
placed just under the surface of thq tissue in larger fish (> 250 mm) to facilitate reading.

This method provided rapid and reliable identification of large numbers of fish at a

relatively low cost (US $0.85/tag).

This method was used to tag 125 adults, 210-451 mm (mean = 357; SD = 42) and

544 smolts, 95-262 mm (mean = 153; SD = 31) at Big Beef Creek in central Hood Canal,
Washington. A permanent weir at this site allowed for year-round capture of migrant
cutthroat trout. Adults were captured entering or leaving fresh water from December 29,
1993, to June 1, 1994. To determine retention rates, each VI-tagged fish was double-
marked with a small upper caudal fin clip. It was assumed that these marks were retained
throughout the study because growth during the winter months is minimal for cutthroat,
exemplified by the fact that fin clips were easily recognized on all trout that were
recaptured with VI tags in place. Smolts were captured leaving fresh water from March

- 25 to June 1, 1994. The retention rates of VI tags in smolts were evaluated by holding a

subsample of fish for 24 h in stream enclosures.

Anal fin tissue did not vary among wild cutthroat trout, rendering all fish of a
given size equally taggable. The anal fin method was easily applied to cutthroat trout 125
mm or larger, with fish as small as 110 mm being taggable, but less reliably. Risk of
serious injury to fish during implantation was lessened with anal fin placement, because
anal fin tissue will regenerate if torn or punctured, whereas eye tissue will not. Tagging

in adipose, pectoral and ventral fins was not effective because placement was difficult
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and natural marks often made tags difficult to detect and read. For example, tag
placement in the adipose fin, as suggested by Haw et al. (1990), proved difficult in small
fish, and tag visibility was extremely limited by the natural coloration and spots on.the
adipose fins of coastal cutthroat trout. Similarly, although placement of tags in the dorsal
fin was easy to do and would likely prove to be extremely secure (because tags are
inserted from above), natural spotting rendered tags difficult or impossible to read in this
location. However, placement of VI tags in other fins warrants further study and may be

useful for other species.

Figure 1.1 Visible implant tag (number C14 on black background) in the anal fin
of a wild adult coastal cutthroat trout.
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RETENTION RATES

Tags were retained in 59 of 60 adults (98%) migrating to and from fresh water (4-
85 d). Some fish were captured multiple times while migrating back and forth between
ﬁesh water and salt water, but were counted only once in calculating tag retention. Two
tags were unreadable in large males with particularly dark anal fins, characteristic of the
spawning run. However, the presence of tags in these fis_h was obvious. These tags were
easily extracted with a small incision and reinserted closer to the surface of the tissue
between adjacent rays. This tagging procedure did not increase adult mortality. Survival
rates were actually higher for tagged fish (46%; .N=125) than for those not tagged (38%;

N=63).

Retention rates were high even after trout spawned. Of the 59 surviving adult
migrants retaining the anal fin tag, 55 (93%) were determined to have spawned between
initial tagging and recapture, based on visual assessment and comparison of condition
factors (K = weight in g/fork length in mm?®) at each point. Spawning behavior,
especially nest-digging by females, provided a strong testimony to security of anal fin
tags. In contrast, internal passive integrated transponder (PIT) tags yielded retention rates
of only 65% in spawning fish (N = 23), with fish presumably extruding this tag with their

eggs or sperm.

Smolt retention rates over a 24-h period were 97% (116 of 120) in fish ranging

from 110-250 mm (mean = 155; SD = 24). Fish that lost tags during this period were
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139, 153, 166, aﬁd 180 mm, suggesting that tag retention was independent of length
throughout the size range tagged. Smolt mortality during this period was zero.
Blankenship and Tipping (1993) found long-term retention rates (3-21 months) to be high
(94%) with periocular placement. Similar results are expected for longer term retention
rates for smolts tagged in the anal fin. Examination of anal fin tags 24 h after placement
revealed firmly seated tags with insertion wounds grown over, rendering future tag loss

unlikely.

DISCUSSION

Tagging with VI tags had previously been shown to be an effective method for
identifying individuals, eliminating the disadvantages of traditional external tags (Nielsen
1992). Typical VI tag placement in the periocular tissue provide-s relatively low-cost,

" externally readable tags. These tags have no external component which may hamper
swimming, become tangled in debris or pull loose, and tags are inconspicuous enough to
prevent them from being keyed upon by predators. As a complementary procedure, the
method of anal fin placement described here was easier to perform, required less sedation
of the fish, was less likely to cause serious harm, and could be performed on fish as small
as 110 mm. In addition, the amount of suitable anal fin tissue did not vary cﬁtically
among individuals of a given size as did periocular tissue, and overall retention rates
were high. Anal fin placement of VI tags p;oved to be a valuable technique for the
tagging of coastal cutthroat trout and is likely applicable to many species, providing a

relatively noninvasive tagging method for fisheries research.
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CHAPTER 2: MULTIPLEXED SYSTEMS OF MICROSATELLITES FOR GENETIC ANALYSIS IN
COASTAL CUTTHROAT TROUT (ONCORHYNCHUS CLARKI CLARKI) AND STEELHEAD
(ONCORHYNCHUS MYKISS)

ABSTRACT

This study reports on the first application of microsatellites to genetic surveys of
the endangered coastal cutthroat trout (Oncorhynchus clarki clarki). In addition, the
application of microsatellites derived from other species to steelhead/rainbow trout (O.
mykiss) is described, thus extending the suite of microsatellite markers available for this
species. Thirty-five microsatellite primer sets were screened, previously developed from
six salmonid species, to assess their value as genetic markers for cutthroat and steelhead;
of these, 21 primer sets yielded high-quality amplification products in both species. Ten
primer sets were used to develop four species-speciﬁc multiplex sets, containing six and
three loci for cutthroat, and six and four loci for steelhead, and applied to three
populations of each species. Each of the four sets were amplified in a single polymerase
chain reaction (PCR) using fluorescently labeled primers, visualized in a single gel lane,
and analyzed using a semi-automated multilocus genotyping system. Numbers of alleles
per locus averaged 12 in cutthroat and 8 in steelhead populations. Observed
heterozygosities were 0.26-0.97 in cutthroat and 0.00-0.92 in steelhead, (mean = 0.70

and 0.54, respectively). Significant differences in allele frequencies were fouhd in 54 of
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57 pairwise interpopulation comparisons in the two species. The probabilities of match
(Pwm) for the 9-locus and 10-locus systems were very low in each of the three populations
surveyed in cutthroat and steelhead (1.2 x 10'%t04.5x 10" and 42 x 10" t0 6.2 x 1078,
respectively). In all but one population, the average polymorphic information content
(PIC) per locus was greater than 0.5, and therefore considered highly informative. These
multiplex methods are reproducible, resolve extensive genetic variation, and are
compatible with non-lethal sampling; hence, they should prove useful for a wide range of

genetic investigations involving coastal cutthroat trout and steelhead.

INTRODUCTION

~ Coastal cutthroat trout (Oncorhynchus clarki clarki) have undergone a major
decline throughout their range from-California to Prince William Sound in Alaska over
the past 15 to 20 years (Trotter et al. 1993). Nehlsen et al. (1991) listed 13 stocks of
coastal cutthroat trout as being at risk of extinction, the Endangered Species Committee
of the American Fisheries Society identified all populations of coastal cutthroat trout in
Washington, Oregon and California as being at some level of risk of extinction, and the
National Marine Fisheries Service (NMFS) has recently ruled that the North Umpqua
coastal cutthroat trout warrants listing as an endangered species pursuant to the
Endangered Species Act of 1973 (for convenience “cutthroat” will hereafter refer to the

coastal/anadromous subspecies of cutthroat, O. clarki clarki, unless otherwise noted).
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As with any threatened or endangered species, identifying distinct intraspecific
population units is crucial to the development of comprehensive management plans
(Waples et al. 1990; Utter et al. 1993). To date, only one significant genetic study has
been reported for coastal cutthroat trout. This study analyzed allozyme variation in
populations from Puget Sound, Washington, and suggested that they were genetically
nested by region, and likely distinct at the tributary creek level (Campton and Utter
1987). It is important that more genetic studies be performed on this subspecies

throughout its native range to positively identify distinct population units.

DNA analysis can be performed from extremely small amounts of tissue, such as

a small fin clips, an;i therefore does not necessitate the sacrifice of organisms as do most
allozyme studies. In light of the endangered status of coastal cutthroat trout, noninvasive
DNA analysis provides a more conservative and ecologically responsible approach for

- genetic analysis than does further allozyme study. Microsatelliteé are one class of highly
polymorphic DNA markers which are being incréasingly used for a range of applications
in fisheries and aquaculture research (see references in Olsen et al. 1996, Appendix A).
The high variability and Mendelian inheritance exhibited by microsatellite loci make
them amenable to population differentiation studies, parentage determination in mixed
family groups, and even individual fingerprint “tagging”. Recent interest in
microsatellites for these and other applications has led to the development of primers

from a variety of salmonids (see Appendix A in Appendix A).
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-To date, there have been no microsatellite loci cloned from or applied to genetic
analysis in cutthroat trout. However, at many microsatellite loci, the priming sequences
flanking the tandem repeat motifs themselves are conserved among related taxa (e.g,
Morris et al. 1996; Scribner et al. 1996). Therefore, microsatellite primers derived from
one species may be used to amplify homologous loci in related species or genera. This
cross-specificity may eliminate the need for time-consuming and expensive development
of primer sequences from each species of interest, and makes possible evolutionary
comparisons of repeat sizes and variability among species (although such comparisons
require sequencing of amplified products to verify homology of loci and conservation of
repeat structures). Here the possibility of applying microsatellite primers developed from

othér salmonids to coastal cutthroat trout and steelhead (O. mykiss) was explored.

Steelhead and cutthroat are closely related, often occur sympatrically and are
morphologically very similar (Campton and Utter 1985; Trotter 1989; Phillips and Pleyte
1991). Fry, juveniles and even smolts of these species can be very difficult to identify to
the species level and natural hybridization is known to occur between them (Campton
and Utter 1985). The main focus here was the identification of microsatellite markers for
cutthroat research; however, given the broad sympatry, close genetic relationship, and
occurrence of hybridization between the two species, both species were surveyed with the
same markers. Species markers based on allozymes have been identified for
cutthroat/steelhead discrimination (Campton and Utter 1985), however, diagnostic

markers are not yet available for DNA analysis. The potential use of miérosatellites as
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species markers will be reported elsewhere. In a broader context, identifying suites of
microsatellites that can be assayed in both species serves to lay the ground_wgrk for future
studies of ggnetic differentiation between the two species in areas where they do or do
not hybridize. Finally, this approach augme;ats the set of microsatellite markers presently
available for steelhead/rainbow (Nielsen et al. 1994, Sakamoto et al. 1994; Morris et al.

1996).

To date, microsatellite studies have been constrained by several factors including
their relatively slow and costly data collection in comparison with allozyme analyses (see
also Olsen et al. 1996, Appendix A). To increase efficiency, it is possible to co-amplify
several microsatellite loci in a single tube polymerase chain reaction (PCR), referred to as
a multiplex PCR (Paetkau et al. 1995; Urquhart et al. 1995; O’Reilly et al. 1996; Olsen et
al. 1996, Appendix A). In addition, in-lane fluorescent size standards and fluorescent
labeling of primers, used in conjunction with automated genotyping detection systems
(see details in Olsen et al. 1996, Appendix A) can further improve efficiency of data
collection by permitting the scoring of multiplexed loci with overlapping allelic size
ranges in a singlé gel lane. These techniques can produce analytical systems with
extremely high throughput and sensitive discrimination. Such analyses potentially
approach traditional allozyme studies in efficiency, and typiéaliy exceed allozymes in
a;tssayable genetic variation. This stud)" reports on the development of such multiplex
systems using fluorescently labeled microsatellite primers, which, along with a

companion study by Olsen et. al. (1996, Appendix A), provides the first applications of
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this technology to salmonid research and the first DNA study of any kind in coastal

cutthroat trout.

The specific objectives of this study were as follows: 1) to determine which of 35
microsatellite laci (see Table 2.1, see also Appendix A in Appendix A) could be reliably
amplified and scored in coastal cutthroat trout and steelhead; 2) to develop muitiplexed
groups of fluorescently labeled versions of these loci to increase the speed and efficiency
of genetic surveys; and 3) to analyze three populations from each species using the
microsatellite systems developed to quantify the amount of variability assayable at these

loci and to assess their applicability to various genetic investigations.

RESULTS

SCREENING AND MULTIPLEXING

Table 2.1 summarizes the results of the unlabeled microsatellite screening for
cutthroat and steelhead at all 35 loci. For each locus, optimum annealing temperatures,
size range of products and product quality scores are given. Although in many cases a
wide range of annealing temperatures yielded acceptable results, those given in Table 2.1
provided the best results for each locus. In almost all cases, lower temperatures could be
used, but product quality tended to decline as annealing temperatures decreased below
the optimum. The annealing temperatures were not always increased to the point where
no product was produced; hence, in some cases product quality may be improved through

the use of higher annealing temperatures. For the eight loci that yielded no amplification
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product (score of 5) the annealing temperature given is the lowest attempted. Further
modifications of annealing temperature or magnesium concentrations (or both) might
have yielded products. Such modifications were not exhployed as the goal was to identify
suites of loci that amplify well under uniform and relatively stringent conditions. Of the
35 loci screened in each species, 21 were given quality codes of 1 or 2, and as such are

potentially useful for a range of genetic applications in these species.

Table 2.1 Microsatellite screening summary.

Microsatellite  Cutthroat  Steelhead
Locus® M-(Q-) M-Q-(5)
Fgtl (60)-3-2 (60)-2-3
Omy77 (56)-2-12  (S0)-2-1,2
6my7s (58)4-1 (58)4-1
Omy87 (60)-2-1,2  (60)-3-1,2
Omy207 (60)-223  (60)-2-1,2
Omy293 (55)4-1 (55)4-1
Omy325 (60)-2-1,2  (60)-2-1,2
Onepl (58)-1-1,2  .(58)-1-1,2
Onep2 (52)-2-34 ~(52)-2-34
Oneps (52)-234  (52)-2-34
Onep10 (56)-3-1,2  (56)-3-1,2
Onepull (56)-1-2 (56)-1-2
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Table 2.1 continued

Oneunld

Otsl
Ots2
Ots3

(56)-2-2-5

 (56)-2-34

@5)-5
(52)-1-1
(52)-1-1

@5)-5
(60)-1-3
(60)-1-5
(56)-2-3

(55)-5

(65)-5

(60)-5

(60)-2-2,3
(52)-22
(56)-2-1,2
(56)-1-1
(58)-1-1
(58)-5
(60)-5
(55)-3-1,2
(55)-5
(56)-3-1,2
(60)-1-2

(56)-2-2
(56)-2-2-4
45)-5
(52)-1-1,2
(52)-1-1

. (45)-5

(60)-1-3

-~ (60)-1-5

(56)-2-3,4
(55)-5
(65)-5
(60)-5

(60)-2-2,3

(52)-2-2

(56)-2-1,2

(56)-1-1

(58)-1-1,2
(58)-5
(60)-5

(55)-3-1,2
(55)-5

(56)-3-1,2

(60)-1-2
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Table 2.1 continued _
Total Screened 35 35

Score 1-2 21 21
Score 3-4 6 6
Score 5 8 8

Amplification results are coded as follows: (T) is

_ the PCR annealing temperature; (Q) indicates the
quality of the PCR amplification and (S) indicates
the approximate size range (bases) of the PCR
product. The loci used in multiplex development
are shown in bold. Code for product quality (after
Pepin et al. 1995): 1, amplification of one or two
bands and no stutter; 2, amplification of one or two
bands and some stutter; 3, multiple bands and no
smearing; 4, multiple bands and smearing; 5, no
amplification. Code for allelic size range: 1, 60-
120 b; 2, 120-180 b; 3, 180-240 b; 4, 240-300 b; 5,
>300 b. .

*Prefix Codes: Fgt, Omy and PuPuPy
(Oncorhynchus mykiss), Onep (O. nerka); Ots (O.
tshawytscha); Sfo (Salvelinus fontinalis); Ssa
(Salmo salar); pSat (S. trutta).

®Monomorphic in all fish tested.

Using a subset of the 15 primer pairs that yielded the highest-quality PCR
products two multiplex sets were optimized for each species. Table 2.2 summarizes the
fluorescent tag designations, primer concentrations, and the annealing temperatures for
the muitiplex groups developed. Two of the 15 pairs, uSat73 and Ots6, were found to be

fixed for a single allele in both species and therefore were not included in multiplex sets.
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Ssal71 was fixed for a single allele in cutthroat and appeared to amplify two

" monomorphic loci in steelhead, as two bands appeared in all individuals. Therefore, this
primer pair was also discarded for multiplex development, but is currently being used in
an ongoing species marker study. Although Ots3 yielded high quality products when
amplified and visualized alone, it was discarded as its products were often too small (< 75
b) to be scored on a consistent basis when included in multiplex groupings. In gels
containing multiplexed amplifications, fluorescent primers and small artifactual PCR
products tended to overlay such small alleles, rendering them unreadable. Ots4 provided
high quality products when amplified alone, but appeared to inhibit amplification of other
loci when multiplexed, and was also excluded from multiplex development.' Finally,
Onepu8 was used in steelhead multiplex set B but failed to amplify reliably in cutthroat
and therefore was not included in any cutthroat sets (this locus accounts for the overall
difference in the number of steelhead (10) and cutthroat loci (9) in multiplex sets). The

remaining nine loci were included in the multiplex sets for both species.
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Table 2.2 Muitiplex set composition. Fluorescent label assignment”,
PCR annealing temperature, and primer concentrations for each

multiplex set are given.
Microsatellite loci and primer concentration
uM)
Multiplex Anneal Fam Hex Tet
set label °C

Cutthroat A~ 56 Onepll1(0.1) Omy77(0.3) Ssa85 (0.15)
Sfo8 (0.2) Oneul4 (0.5)  Otsl (0.4)
CutthroatB 52  Onep2 (0.06) Omy325(.15) Ssal4 (0.55)
Steelhead A 56 Onepll (0.06) Omy77 (0.15) Ssa85 (0.06)
Sfo8 (0.1) Onepl4 (0.14) Otsl (0.17)
Steelhead B 52 Onep2 (0.055) Omy325 (.11) Ssal4 (0.55)
' Oneys8 (0.13)

*Fam=6-carboxyfluorescein, Hex=hexachloro-6-carboxyfluorescein,
Tet=tetrachloro-6-carboxyfluorescein. The fluorescent labels appear as
blue, yellow and green, respectively, using ABI filter set B.
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Within each multiplex set, alleles were identified based on the combination of
size range and fluorescent color label (see Figure 2 in Olsen et al. 1996, Appendix A).
All 9 or 10 loci, depending on species, were amplified and scored for each individual
using only two PCRs and two gel lanes. It is possible to run two gels in a typical day on
the ABI 373A, each with 36 lanes. Therefore, these systems allow one researcher to run
up to 36 samples per day at 9 or 10 loci, or alternatively 72 samples per day at 3,4 or 6

loci, depending on the multiplex sets used.

~ Two tests confirmed the precision and reproducibility of genotype scores. First,
PCRs, gel electrophoresis and allele scoring were repeaxed at least once in six or more
individuals for each locus in the multiplex sets. In all cases allele scores varied by less
than 0.5 bases (b) in repeat analyses of the same individual, and in most by less than 0.1 b
(see Table 4 in Olsen et al. 1996, Appendix A), effectively yielding identical allele
designations. Second, two families of each species were screened at each of the 15 loci
evaluated for multiplex development. In all cases, evéry allele exhibited by the offspring
was present in one or both parents (Figure 2.1). Although families were too small to
statistically assess inheritance patterns, allele distributions were consistent with expected
segregation ratios, further confirming genotype reproducibility and the expected

Mendelian inheritance of PCR amplification products.
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Figure 2.1 Electropherogram results from a coastal cutthroat trout
family at microsatellite locus Omy77 consisting of a mother (A),
father (B), and five offspring (C-G). Note that each offspring
allele is attributable to one or both parents. Two families were
screened for each species at all 15 loci evaluated for multiplex
development. Scales on the horizontal and vertical axis denote
-estimated fragment size and relative fluorescent units, respectively.
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POPULATION SCREENING AND DATA ANALYSIS
The 9 and 10-loci multiplexed surveys from three populations of cutthroat and

steelhead revealed extensive genetic variation (Table 2.3). The average number of alleles
per locus ranged from 10 to 13 in the three cutthroat populations and from 5 to 13 in the
three steelhead populations. Variati;m in the sizes of alleles at individual loci ranged
from 2 to 172 b (mean = 61 b) in cutthroat, and ranged from 0 to 113 b (mean = 28 b) in
steelhead. There were r'are.occurrences of allelic overlap between loci with the same
fluorescent label in two of the four multiplex sets (Ssa85 and Ots1 in cutthroat set A;
Omy77 and One}t14 in steclhead set A). In most of these cases, electropherogram peak
profiles revealed unique amplification signatures for each locus, allowing overlapping
alleles from various loci to be distinguished (Figure 2.2). For the few cases were this was
not possible, a single locus PCR for one of the overlapping loci was performed with
visualization in an independent gel lane. Comparison of these results with the original

multilocus results allowed unambiguous assignment of all alleles.
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Figure 2.2 Example of overlapping alleles for loci labeled with the same fluorescent
color. Note the qualitative variation in peak “signature” for Ssa85 and Ots! alleles.
Signatures remained consistent across samples and could often be relied upon to
distinguish between alleles falling within the size range overlap, as shown here between
160-170 b. Scales on the horizontal and vertical axes denote estimated fragment size
and relative fluorescent units, respectively. -
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Table 2.3 Summary statistics for microsatellite loci by pdpulation. “A” indicates number of alleles; “R” allele size
range; “N” sample size; “C” frequency of the most common allele with size in parentheses; “PIC” polymorphic
information content; and “Py,” match probability for the most frequent genotype.

Pop./Stat. Omy77 Oneull Onecpl4  Otsl Sfo8 Ssa8S  Omy325 Onep2 Ssal4  Onecu8 Average’
Cutthroat!

A 1 2 16 16 13 17 15 9 7 - 12
R 113-145 146-148 218-322 239-305 192-240 111-197 99-177 212-232  123-135 - -

N 31 33 33 33 33 33 31 3l 32 - 32
c 23(127) .70(146) .32(278) .20(271) .39(212) .27(153) .13(163) .29(228) .61(127) - 0.35
PIC 0835 0333 0.848 0.875 0.764 0.869 0.902 0.817 0.559 - 0.756
Pu 0017 0265 0015 0008 0045 0015 0004 0017 0.191 - 25x10M™
Cutthroat2

A 15 3 23 1.2 12 | 16 19 12 7 - 13
R 111-145 144-148 155-322 167-295 194-277 109-171 99-177 212-234 121-135 - -

N 49 42 47 48 49 49 49 48 49 - 48

c 20(123) .48(146) .19(290) .19(273) .22(212) .26(153) .19(99) .28(228) .57(127) - 0.29
PIC 0874  0.466 0914 0.870 0828 0.862 0.871 0.816 0.577 - 0.786
Py 0010 0.128 0.011 0.007 0.007 0.007 0.015 0.011 0.150 - 7.5x10"

0€
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Table 2.3 continued
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Table 2.3 continued
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N 36 41 41 41 34 41 37 41 41 40 39

c 1.00  .98(144) .50(159) .85(159) ".35(291) .82(130) .41(101) .33(256) .83(131) .54(160) 0.66
PIC 0000 0.046 0.563 0.219 0.745 0.306 0.739 0.798 0.271 0.564 0472
Py 1.000 0905  0.086" 0.500 0.031 0.466 0.059 0.029 0.101 0640 9.7x10”
Steelhe

A fixed fixed 5 3 6 4 9 11 4 5 5

R 153 14400 151-161 153-161 273-293 127135  97-145- 245-279 115-133 152-170 -

N 18 21 21 20 15 - 21 21 21 21 20 20

c 1.00 100 .43(159) .80(159) .43(279) .76(130) .26(101) .29(253) .75(131) .52(160) 0.62
PIC 0.000  0.000 0.644 0314 0.677 0.368 0.805 0.823 0.389 0.535 0.506
Py 1.000 1.000 0.057 0360 0.1 0.383 0.036 0.020 0.227 0423  6.4x107

* Cutthroat] indicates Bear Creek; Cutthroar2, Seabeck Creek; Cutthroat3, Gierin Creek; Steelheadl, Selway R,
Steelhead2, Kavachina R.; Steelhead3, Snotolvayam R.

® Average Py is the match probability multiplied across all loci. All other values are true averages.
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To further assess the; relative utility of each locus for applications to specific
genetic studies of cutthroat and steelhead, two descriptive index parameters were
estimated, PIC and Py (Table 2.3). PIC values provide a measure of the informativeness
of a locus as apphed to kinship, parentage and gene mapping studies, with values 0.5 or
above being considered highly informative (Botstein et al. 1980). Average PIC for the
Kavachina River steelhead population was 0.472, while the values for all other
pobulations ranéed from 0.506 to 0.786, and were higher, on average, in cutthroat. Py
values, which are a conservative estimate of the probability of choosing two unrelated
individuals from a population with identical genotypes, ranged from 1.2 x 10" t0 6.2 x

10® across the populations surveyed.

The population survey results are shown in Tables 2.4 and 2.5. Table 2.4
summarizes the observed and expected heterozygosities for all locus-populatioﬁ
combinations. Observed heterozygosities ranged from 0.00 in three fixed steelhead
locus-population combinations to 0.97 at Onep2 in the Bear Creek cutthroat population.
The average heterozygosity for all locus-population combinations was 0.70 for cutthroat
and 0.54 for steelhead. In 4 of 24 cases, signifiéant heterozygote deficiencies were
observed in cptthroat populations (initial o = 0.017), although no locus had significant
departures in all populations. In 7 of 30 steelhead locus-population comparisons,
significant heterozygote deficiencies were observed (initial a = 0.017), but again no locus

exhibited them in all populations. Table 2.5 summarizes %2 pairwise tests of
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independence between populations at each locus. Significant differences were found in

352 of 57 comparisons (initial o = 0.0055 for cutthroat, 0.005 for steelhead).
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Table 2.4 Heterozygosities by population. “H,” observed heterozygosity; and “H, expected heterozygosity are
given for each population-locus combination.

Population® Stat. Omy77 Onepll 0nepl4E Ots] Sfo8 Ssa85 Omy325 Onep2 Onep8 - Ssal4 Avg./pop

Cutthroat! Ho 084  0.36 -- 091 0.79 091 0.87 097 - 053 071
He 087 043 ~ 090 080 089 092 0.85 - 0.60

Cutthroat2 Ho 090 0.26* - 088 086 082 096 0.77 - 049* 0.69
Hg 089 057 - 089 085 088 0.89 0.84 -- 0.62

Cutthroat3 Ho 0.75* 0.66 - 092 088 081 088 0.88 - 062* 07
He 084 0.56 - 090 087 082 085 0.81 -- 0.73

Steelheadl Ho 087 047 053 082 0.74* 057 086* 092* 0.72* 071 072
He 082 0.38 051 085 083 063 091 095 084 0.67

Steelhead2 Ho 000 005 076 029 068 032 0.59* 063* 068 0.05* 041

SE
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Table 2.4 continued .
Hg -- 0.05 064 025 079 032

Steelhead3 Ho 000 0.00 081 040 073 0.29
Hg - - 071 035 074 041

076 0.30
062 043

*Population designations as in Table 2.3.

® Heterozygosities are not reported for cutthroat populations for this locus as alleles were binned by groups of four
bases for scoring, causing heterozygosities to be artificially decreased.

9t

*Values judged to indicate significant heterozygote deficiencies based on Hardy-Weinberg equilibrium following

sequential Bonferroni adjustment (initial a = 0.017).



Table 2.5 Pairwise tests of allelic independence between populations.
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Steelheadl x Steelhead3

Population* 6my77 Onepl!l Onepli4 Otsl Sfo8 Ssa85  Omy325 Onep2 Ssal4  Onep8
Cutthroatl x Cutthroat2
p  0002* 0004* <0001* <0.001* <0.001* <0.001* <0.001* 0003* 0.041* -
S.E. 0.001 0.001 <0.001 0.001 <0.001 <0.001 <0.001 0.001 0.008 --
Cutthroatl x Cutthroat3
p  <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* --
SE. <0.001 <0001 <0001 <0.001 <0.00i <0.001 <0.001 <0.001 <0001 --
Cdnhroatz x Cutthroat3
P <0.001* 0405 <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* --
SE. <0001 0010 <0001 <0001 <0.001 <0001 <0001 <0001 <0001 --
Steelheadl x Steelhead2
p  <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* <0.001*
SE <0001 <0001 <0001 <0001 <0.001 <0001 <0.001 <0001 <0.001 <0.001

LE



Table 2.5 continued
P <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* <0.001*

SE <0001 <0001 <0001 <0001 <0001 <0001 <0001 <0001 <0001 <0.001
Steelhead? x Steelhead3

.p <0.001* 0.544 0083 <0.001* 0.001* 0819 <0.001* <0.001* 0015 <0.001*

SE. <0001 0005 0010 <0001 0001 0011 <0001 <0.001 0003 <0.00l
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* Population designations as in Table 2.3.

*Probability values judged significant following sequential Bonferroni adjustment (initial a = 0.0055 for cutthroat populations
and 0.005 for steelhead).
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Unpuﬁﬁed DNA extracts obtained using a quick lysis DNA protocol provided
suitable DNA for microsatellite amplification in all populations with the exception of
Gierin Creek cutthroat. Initial attempts to use DNA from the quick lysis protocol for this
population yielded unacceptable results. It appeared that the process of freezing and
freezing and thawing of tissues before immersion in EtOH had a degenerative effect on
the quality of the DNA. This was also found this to be true with tissue from other

| populations (data not shown) which were frozen and thawed one or more times before
extraction. Phenol/chloroform DNA extraction of the Gierin Creck tissue samples did
yield acceptable results; however, these samples still proved to be more recalcitrant to
amplification than quick lysis extracts from the other populations where tissue was taken
from live fish and immediately placed in EtOH. In future sampling efforts, when the
possibility exists to either take tissue from live fish in the field or take tissue from frozen

fish at a later date, investigators may want to consider these findings.

DISCUSSION

This study represents the first genetic investigation of coastal cutthroat trout using
microsatellites. The application of heterol.ogous microsatellite primers to steelhead was
also demonstrated. As in a companion study by Olsen et al. (1996, Appendix A), the
success in application of ;nicrosatellites to these species, with primers developed from
other salmonids, demonstrates that interspecific and even intergeneric exchange of

primers may be used in lieu of or in addition to development of species-specific primers.
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Therefore, at least in salmonids, for which a relatively large number of microsatellite
primers are available, expensive and time-consuming cloning of microsatellites and the
sﬁbsequent development of new primers may not be necessary.for many genetic
applications. As demonstrated here, at least 21 of the 35 markers screened may be used
successfully in cutthroat and steelhead. Further, at these loci, allele designations were

consistent, apparently heritable, and reproducible and genetic variation was extensive.

Any attempts at multiplexing more than three loci (one for each available
ﬁuorescent color) must rely on size separation between similarly labeled products,
making allelic size ranges the major constraining factor in determining the maximum

_ number‘of multiplexed loci that can be visualized in a single gel lane. The average allelic
size range exhibited here for cutthroat (61 b) is among the highest reported for any fish or
mammal species, surpassed only by Atlantic cod (Gadus morhua) which averaged 71 b
across six loci (see O’Reilly et al. 1996, and references therein), making multiplexing of
six or more loci relatively difficult. Nonetheless, as khowledge of allelic size ranges for
particular species-locus combinations increases, so too will the possible number 6f
multiplexed loci. The results obtained here and by Olsen et al. (1996, Appendix A)

suggest that sailmonid multiplex systems of at least nine loci are feasible.

The few cases of heterozygote deficiency found were not prevalent enough to
strongly suggest the occurrence of null alleles at any of the loci examined (see discussion
in Olsen et al. 1996, Appendix A). Where deficiencies did occur, they were not present

in all populations of a species and are most likely indicative of population substructuring
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or a sampling bias. For instance, the popula;ion sample that exhibited the largest number
of heterozygote deficits was the Selway River which was the only artificially reared
population used in this study. This population consisted of offspring from a spawning of
only 18 females and seven males, which were unexpectedly found to be an admixture of

separate hatchery and wild populations, most likely causing the deficiencies observed.

Pairwise tests of independence for populations of each species conformed to
expectations based én their geographic proximity (Table 2.5). Bear Creek and Seabeck
Creek are sepe-u'ated by over 50 km of shoreline in Hood Canal; Gierin Creek, located in
the Strait of Juan de Fuca, is separated from both by large expanses of open water, which
act as an effective barriers to cutthroat migration (Trotter 1989). As expected, all
cutthroat populations were found to be ind;pendent from each other at the loci tested
here. The two Russian steelhead populations were from rivers that meet in tidewater, and
hence were expected to be much more closely related to each other than either was to the
Selway River (Idaho) population. In fact, the Selway River population differed
significantly from both Russian populations at al! loci, whereas the latter two differed

significantly from each other at only 6 of the 10 loci tested.

Use of the multiplexed groups of fluorescently labeled microsatellite primers
developed here hold the potential for substantial gains in speed and efficiency of genetic
data collection, relative to manual methods of single-locus analysis. Up to six loci were
co-amplified in a single tube PCR, the products of which were unambiguously identified

in a single gel lane. As such, one researcher, using the ABI373A automated sequencer
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was able to collect up to 432 single-locus genotypes per day. This approaches, and
possibly exceeds, protein allozyme studies in efficiency of data collection and cost. This
fact, along with the threatened status of coastal cutthroat trout, and the non-lethality of
tissue sampling, point to micr;>satellite analysis as an attractive alternative to allozyme

analysis for further genetic studies of depleted populations.

The multiplex systems reported here, and modifications thereof, have a number of
potential applications. The extremely low Py and correspondingly high PIC and
heterozygosity values for most of these loci indicate that even applications necessitating

high levels of discrimination, such as kinship and parentage studies, are feasible.

This study provides markers and methods for efficient nonlethal genetic
investigation of the endangered .coastal cutthroat trout subspecies. It also identifies
additional markers to augment existing microsatellites usable for steelhead. Along with
the companion study by Olsen et al. (1996, Appendix A), the results given here confirm
that microsatellite analysis can be a relatively fast and cost-effective investigative

technique, applicable to a.variety of genetic issues in fisheries and conservation.

EXPERIMENTAL PROCEDURES

DNA EXTRACTION
Small caudal fin clips (approx. 0.5cm?) were taken from live fish for two cutthroat

populations, Bear Creek (N = 33) (Cutthroatl), and Seabeck Creek (N = 50)
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(Cutthroat2), from Hood Canal, Washington, and three steelhead populations, Selway
River (N = 58) (Steelhgadl ), Idaho, and Kavachina River (N = 41) (Steelhead2) and
Snotolvayam River (N = 21) (Steelhead3), Kamchatka Peninsula, Russia. Clips were
placed immediately in vials containing 95% EtOH and stored at ambient temperature for
one day to two years before DNA extraction. DNA was released from approximately one
quarter to half of each clip using a quick lysis method (details in Olsen et al. 1996,
Appendix A). -DNA extracts were stored at -20°C for up to 12 months, and thawed at
room temperature immediately preceding PCR. Samples for the third cutthroat
population, Gierin Creek (N = 60) (Cutthroat3), Washington, were obtained from the
Washington Department of Fish and Wildlife (WDFW) from individuals which were
being lethally sampled for anoth.er study. Fish were placed on dry ice in the field and
transferred to -80°C freezers within 12 hours. One to six months later, caudal or pelvic
fin clips were taken and placed in 95% EtOH. One to 10 weeks later, approximately 25
mg of tissue was subjected to standard phenol/chloroform DNA extraction methods
(Hoelzel and Green 1992), resuspended in 100 pL of TE buffer (10 mM Tris-HCI, pH
8.0, | mM EDTA), stored at -20°C for up to three monttis, and thawed at room

temperature immediately preceding PCR.

SCREENING AND MULTIPLEXING OF LOCI

Two rounds of microsatellite screening were completed in this study. The first
was performed using unlabeled microsatellite primers to determine which loci were

amplifiable in cutthroat and steelhead, and which were most promising for multiplex
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development. Loci producing the highest quality amplification products were subjected
to a second round of screening using flucrescently labeled versions of the primer pairs,
and a subset of these were further used in multiplex group developﬁxent. All
microsatellite primers, labeled and unlabeled, were synthesized c;n a Beck.man Oligo
1000 DNA syntlfesizer or purchased from Keystone Laboratories (Menlo Park, Calif.,
U.S.A.) (see Appendix A in Appendix A, for a complete list of primer sequences). For
initial tests, annealing temperatures, PCR temperature profiles, and reaction conditions
were based on those reported by the developers of each microsatellite locus. Typically,
the recommended annealing temperatures were reduced by 3° to 5° in initial screening to

- accommodate for possible variations in repeat flanking regions. Temperatures and
primer concentrations were then incrementally increased or decreased where appropriate
to produce the cleanest possible products. To maintain the highest possible level of
reproducibility (see Olsen et al. 1996, Appendix A), standard PCR profiles and reaction
conditions were used for all cutthroat and steelhead microsatellite screening, with only
the annealing temperature and primer concentrations being varied. The standard PCR
profile was one cycle of 94°C for 180 sec; 10 cycles of 94°C for 60 s + X °C for 30 sec +
72°C for 15 sec + 14 cycles of 94°C for 30 sec + X °C for 30 sec + 72°C for 15 sec; and
one cycle of 94°C for 30 sec + X °C for 30 sec + 72°C for 300 sec, where X was the loci-
specific annealing temperature. Amplifications were carried out in 10mM TrisHCI (pH
8.3), 50 mM KCl, 1.SmM MgCl,, 0.8mM dNTP’s (0.2mM each), 0.4 units Taq

polymerase, 1 L crude DNA extract from quick lysis samples or 100-250 ng purified
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DNA from phenol/chloroform extractions, 0.04-0.60 uM forward and reverse primer, and

dH,0 to yield a final volume of 10 uL.

For unlabeled primer reactions, the amplification products were electrophoresed
on standard 6% acrylamide gels and stained with SYBR Green (Molecular Probes Inc.)
before being scanned aqd visualized on a Molecular Dynamics FluorImager 575 (details
in Olsen et al. 1996, Appendix A). Product quality was then visually scored on a scale of
1-5 (Table 2.1) (see Figure 1 in Olsen et al. 1996, Appendix A, for examples of
FluorImager gel images used to assess PCR product quality). For the 21 loci scoring 1 or
2, fluorescently labeled versions of the primers were synthesized and subjected to a

second round of screening and optimization.

Fluorescently labeled primer reaction products were electrophoresed on a 6%
denaturing polyacrylar;lide gel on a Perkin-Elmer Applied Biosystems Inc. (ABI) 373A
automated sequencer using GeneScan 672 analysis s;>ftware, ver. 1.1 (ABI, 1993) (details
in Olsen et al. 1996, Appendix A). Amplification prociucts were scored for quality using
the output electropherograms generated by Genotyper software, version 1.1 (ABIL, 1994)
and quality codes analogous to those used for the unlabeled primer products above (see
Figure 1 in Olsen et al. 1996, Appendix A, for examples of Genotyper electropherogram
images used to assess PCR product quality), and subjected to similar optimization as

were unlabeled primers (details in Olsen et al. 1996, Appendix A).
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Of the 21 Iabeled primers screened, the 15 most promising (bold-faced type in
Table. 2.1) were selected for further use in multiplex group development. Initially, sets of
three primers, one for each available flubrescent label color, were formed for each
species. By repeatedly varying annealing temperatures and primer concentrations (details
in Olsen et al. 1996,‘ Appendix A), it was possible to increase the size of the multiplex
sets up to a maximum of six by duplicating colors for loci determined to have non-

overlapping allelic size ranges.

POPULATION SCREENING AND DATA ANALYSIS
Three cutthroat and three steelhead populations were genotyped at 9 and 10

microsatellite loci, respectively, using the multiplexing PCR sets developed here (Table
2.2). For scoring, each allele peak was selected manually in the Genotyper program
which then autoxﬁatically estimated the product size in bases (b). Category templates
were constructed in Genotyper allowing automated binning of alleles in various size and
color categories, dictated by the user. For all loci except Onepl4 in cutthroat, categories
were determined by rounding allele designations to the nearest base and forming a bin of
+/-1 b around them (all loci in this study were dinucleotide repeats). Laddér-like peak
profiles (referred to as “stutter”, see Olsen et al. 1996, Appendix A) of the
electrol;herogram results for Onéu.l4 in cutthroat made exact determination of allele sizes
unreliable for heterozygotes differing by only one repeat (2 b). Therefore, as a
conservative measure, bins of +/- 2 b were used for this locus which had the effect of

reducing the occurrence of heterozygote detection.
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Two methods were employed to assess accuracy and reproducibility of allele
scoring, which has been called into question for microsatellite loci (see Olsen et al. 1996,
Appendix A). First, PCR, electrophoresis, and allele scoring were repeated for at least
six individuals at each locus. Second, two families of each species consisting of a

mother, father and five offspring were scored at each locus.

Allele size data was summarized and analyzed using the GENEPOP version 1.1
computer program (Raymond and Rousset 1995). With this program, tests for
conformity to Hardy-Weinberg equilibrium were performed for each locus-population
combination using the algorithms of Louis and Dempster (1987) and Guo and Thompson
(1992), and estimates of independence between three populations within each species
were made at each locus following the % analysis of independence according to
Raymond -and Rousset (1995). Sequential Bonferroni adjustments (Rice 1989) were used
throughout this study to judge significance levels for simultaneous tests with an initial o
level of 0.05. The polymorphic information content (PIC) was computed for every locus
in each population following Botstein et al. (1980). The match probability (Py) was
calculated for every locus-population combination independently by squaring the
frequency of the most common genotype, and for multilocus genotypes by multiplying

Py values across all loci for each population (Edwards et al. 1992).
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CHAPTER 3: MICROSATELLITE ANALYSIS OF GENETIC POPULATION STRUCTURE IN AN
ENDANGERED SALMONID: THE COASTAL CUTTHROAT TROUT (ONCORHYNCHUS CLARKI
CLARKI)

ABSTRACT
The genetic population structure of coastal cutthroat trout (Oncorhynchus clarki

clarki) in Washington state was investigated by analysis of variation in allele frequencies
at six highly polymorphic microsatellite loci for 13 anadromous populatiohs, along with
one outgroup population from the Yellowstone subspecies (O. clarki bouvieri) (mean
heterozygosity = 67%; average number of alleles per locus = 24). Tests for genetic
differentiation revealed highly significant differences in genétypic frequencies for
pairwise comparisons between all populations within geographic regions and overall
population subdivision was substantial (Fsr = 0.121, Rer = 0.093), with 44.6% and 55.4%
of the among population diversity being attributable to differences between streams
(Fsrry = 0.054) and between regions (Fgr = 0.067), respectively. Analysis of genetic
distances and geographic distances did not support a simple model of isolation by
distance for these popﬂaﬁom. With one exceptibn, neighbor-joining dendrograms from

. the Cavalli-Sforza and Edwards’ chord distances and maximum likelihood algorithms
clustered populations by physiogeographic region, although overall bootstrap support was

| relatively low (53%). Overall, the results given here suggest that coastal cutthroat trout
populations are l}lﬁmately structured genetically at the level of individual streams. The

dynamic balance between gene flow and genetic drift in the subspecies favors a high
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degree of genetic differentiation and population subdivision with the simultaneous
maintenance of high heterozygosity levels within local populations. Results are
discussed in terms of coastal cutthroat trout ecology along with implications for the
designation of evolutionarily significant units pursuant to the U.S. Endangered Speci_es

Act of 1973 and analogous conservation units.

INTRODUCTION

A primary focus in conservation genetics is the delineation of intraspecific
population structure. Identification of distinct population segments is crucial to the
devel;)pment of comprehensive management plans and the designation of conservation
units, such as evolutionarily significant units (ESUs; Waples 1991) under the U.S.

| Endangered Species Act of 1973 (ESA) (Utter et al. 1993; Milligan et al. 1994). In
fisheries, it has been long recognized that species may be composed of many
reproductively isolated sub-groub§ that respond independently to harvest and
management activities (Ryman 1983; Moritz 1994 and references therein). This
substructuring is perhaps best demonstrated in Pacific salmon and trouts (Oncorhynchus
spp.) which have a well documented tendency to “home” to their natal streams for
spawning (Scheer 1939; Ricker 1972; Quinn 199;3’). Such phylopatric behavior limits
gene flow between populations and promotes the formation of genetically distinct groups
that often display both genetic and phenotypic adaptations to local environmental
conditions (Taylor 1991). Homing precision is correlated with other life history tralts

such as duration of freshwater residence and duration and distance of saltwater
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migrations (Quinn 1993) which vary extensively among Oncorhynchus species (Groot
and Margolis 1991). Consequently, homing rates, and therefore the extent of
intraspecific population structure, also vary extensively among these species. Homing is
highly developed in some species facilitating the formation of multiple populations
within a drainage or even within a single river (e.g., sockeye salmon (O. nerka)
(Altukhov and Salmenkova 1991; Wood and Foote 1996)), whereas in others homing is
less precise and the tendency is to form population segments over large geographic areas
(e.g., pink salmon (O. gorbuscha) (Aspinwall 1974; Shaklee and Varnavskaya 1994)).
Analysis of presumably neutral genetic markers provides one means to determine the
basic population structure of a given species, which can then be combined with
complementary phenotypic or ecological data to identify adaptively distinct population

segments (STOCS 1981; Utter 1981; Utter et al. 1993; Bernatchez 1995).

One salmonid for which conservation genetics has recently become a pressing
concern is the coastal cutthroat trout (O. clarki clarki). Coastal cutthroat trout have
undergone a major range-wide decline over the past two decades (Nehlsen et al. 1991;
Trotter et al. 1993), although data are limited and locally some populations remain
healthy. The American Fisheries Society Endangered Species Committee concluded that
all native naturally spawning populations in the states of California, Oregon and |
Washington are at some level of risk, being either of special concern or on the threshold
of becoming threatened or endangered (Nehisen et al. 1991); and the United States

National Marine Fisheries Service (NMFS) recently listed the coastal cutthroat trout of
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the North Umpqua River in Oregon as endangered pursuant to the ESA (NMFS 1996).
Due to the ﬁéucity of genetic and ecological information available for coastal cutthroat
trout, and the anticipation of future petitioning to list other populations as threatened or

endangered, NMFS is currently conducting a coastwide status review for coastal cutthroat

trout in an effort to designate ESUs throughout their range (NOAA 1994a).

Coastal cutthroat trout have received little study relative to other more
economically important, commercially harvested Pacific salmonids. Although extensive
genetic analysis has been performed on inland subspecies of cutthroat (Allendorf and
Phelps 1980; Leary et al. 1987; Allendorf and Leary 1988; Forbes and Allendorf 1991),
few population level genetic studies have been performed on the coastal subspecies. The
major study to date (Campton and Utter 1987) examined allozyme variation in
populations from a limited geographic area in Puget Sound, Washington (WA), U.S.A.
The authors concluded that coastal cutthroat trout populations were highly structured
genetically with geographically édjacent streams in Puget Sound supporting
reproductively isolated populations, which were further structured by region. However,
broad-scale details about how genetic variation is apportioned in the subspecies remain
uncharacterized, as are details on homing precision among native populations, rendering
the designation of distinct population segments and appropriate conservation units

difficult.

The coastal cutthroat trout is the most widely distributéd of 14 currently

recognized cutthroat subspecies, exhibiting a wide array of complex life history strategies

Y
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and highly variable migration patterns (Behnke 1992). Its range extends from the Eel
River in California, USA, to Gore Point on the Kenai Peninsula in Alaska, USA, with
inland penetration generally limited to less than 150 km (Behnke 1992). Important
aspects of the migration patterns exhibited by anadromous coastal cutthroat trout are
unusual among Oncorhynchus species. Anadromous populations are believed to remain
near riverbmouths and estuarine areas and not to migrate to the open ocean or cross large
bodies of open water (Johnston and Mercer 1976; Jones 1976) as is common with
anadromous populations of other Oncorkynchus species (Leggett 1977). In addition,
migrations are relatively short, both temporally and spatially, being generally limited to
less than six months and less than 100 kin (Giger 1972; Johnston 1982; Trotter 1989)
whereas migrations of hundreds to thousands of kilometers over periods up to six years or
more are common among the other species (Leggett 1977). Previous research has shown
(Quinn 1993 and references therein) the duration of saltwater migration to be inversely
correlated with homing precision in Oncorhynchus species. Therefore, the limited
saltwater migrations of coastal cutthroat trout suggest that homing is relatively precise,

and consequently, that population subdivision is strong.

Microsatellites are a class of highly polymorphic DNA markers fhat are ideally
. suited for studies on the level of intraspecific population structure (Bruford and Wayne
1993). The extensive variability and co-dominant Mendelian inheritance exhibited by
microsatellites have stimulated their use in intraspecific population differentiation studies

in taxa ranging from mammals (Paetkau and Strobeck 1994; Taylor et al. 1994; Forbes et
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al. 1995) to fishes (Nielsen et al. 1994; Angers et al. 1995; McConnell et al. 1995a;
McConnell et al. 1995b; Tessier et al. 1995; Bentzen et al. 1996; O’Reilly et al. 1996;
Ruzzante et al. 1996a,b; Scribner et al. 1996; Tessier et al. 1997). Recently, Wenburg et.
al. (1996, Chapter 2; see also Olsen et al. 1996, Appendix A) applied microsatellite
primers previously developed from a variety of salmonids to genetic analysis in coastal
cutthroat trout. These authors developed groups of fluorescently-labeled primer pairs
which, after being multiplexed together in a single polymerase chain reaction (PCR),
could be visualized in a single lane on an automated DNA sequencer, allowing rapid

. genetic data acquisition for this subspecies.

Based on our knowledge of coastal cutthroat trout ecology and previous allozyme
work by Campton and Utter (1987), it was predicted that coastal cutthroat populations
throughout WA would be highly structured genetically, being differentiated at the level
of individual streams, which were likely to be further structured by physiogeographic
region. Here these predictions are tested by applying the procedures developed by
Wenburg et al. (1996, Chapter 2), with minor modifications, to the first broad-scale study
of genetic population structuring in coastal cutthroat trout. DNA samples from thirteen
native anadromous coastal cutthroat trout populations in WA, and one outgroup
population from the inland Yellowstone cutthroat subspecies (O. clarki bouviert), were
analyzed using a multiplexed set of six fluorescently-labeled microsatellite primer pairs.

Results are discussed in light of coastal cutthroat trout ecology and in relation to other
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Oncorhynchus species with emphasis on implications for the de;ignation of conservation

units.

. MATERIALS AND METHODS

TISSUE PREPARATION AND DNA EXTRACTION
'Tissuc samples for the 13 coastal cutthroat trout populations in this study were

collected by the Washington Department of Fish and Wildlife (WDFW) as part of a
related allozyme study. Six collection areas were designated a priori to represent the
major physiogeographic coastal regions in WA: Hood Canal (HC), South Puget Sound
(SPS), North Puget Sound (NPS), Strait of Juan de Fuca (SJF), North Coast (NC) and
South Coast (SC) (Figure 3.1). Except for SIF where three populations were collected,
two populations were sampled from within each region (Table 3.1). Juvenile fish were
collected by electrofishing wiﬁﬁn stream reaches ranging in size from approximately 100
m to 2 km, then placed on dry ice in the field before being transferred to -80°C freezers.
Samples from the Yellowstone cutthroat subspecies, obtained from a hatchery broodstock
(McBride Lake, Montana, USA) that has received periodic inclusion of wild spawners in
an effort to maintain heterozygosity levels, were also stored at -80°C. One to six months
later, small caudal or pelvic fin clips were removed, placed in 95% EtOH and stored at
room temperature. Original sample sizes ranged from 25 to 60 per population (Table
3.1). DNA was isolated from approximately S mg of tissue by standard

phenol/chloroform DNA extraction methods (Hoelzel and Green 1992) and resuspended
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in 100 uL of TE buffer (10 mM Tris-HCI, pH'8.0, 1 mM EDTA). The DNA was then
quantified, diluted to 100 ng/pL, stored at -20°C for up to three months, and thawed at

room temperature immediately preceding PCRs.
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Figure 3.1 Map of sampling locations. North Puget Sound (NPS): (1) Double Ditch
Creek, (2) Parker Creek. South Puget Sound (SPS): (3) Covington Creek, (4) Fennel
Creek. Hood Canal (HC): (5) Gold Creek, (6) Stavis Creek. - Strait of Juan de Fuca
(SJF): (7) Gierin Creek, (8) Peabody Creek, (9) Salt Creek. North Coast (NC): (10)
Goodman Creek, (11) Snahapish River. South Coast (SC): (12) Wildcat Creek, (13)
Oxbow Creek.
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Table 3.1 Sampling locations by region
and sample size (N). Numbers of
samples that exhibited putative steelhead
alleles are given in parenthesis.

Region

Creek N
Hood Canal

Gold Creek 55

Stavis Creek 56(13)
South Pugét Sound

Fennel Creek 43

Covington Creek 50(12)
North Puget Sound

Parker Creek 50

Double Ditch Creek 50(2)

Strait of Juan de Fuca
Gierin Creek 60(3)
Peabody Creek 59
Salt Creek 53(10)
North Coast
Goodman Creek 34(2)
Snahapish River 56 A
South Coast
~ Wildcat Creek 25
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Table 3.1 continued

Oxbow Creek 26
Y;ellowstone subspecies

McBride Lake 25
Total 642(42)

MICROSATELLITE AMPLIFICATION AND ALLELE SCORING

PCR conditions, electrophoresis details and methods for scoring amplification
products followed those described by Wenburg et al. (1996, Chapter 2). Primer pair
sequences and concentrations used in this study correspond to the “Cutthroat A”
multiplex set described in that study except for one primer pair (Table 3.2). Onep14 was
removed due to the strong stuttering tendencies observed in products from this locus in
several populations. This primer pair was replaced with Ots4, which, when labeled with

* the Fam fluorescent label, still allowed for single tube amplification and visualization of
all six loci in a single gel lane with all alleles being unambiguously identifiable through
size and color separation. Briefly, PCRs were carried out in a Perkin Elmer 9600
thermocycler with a profile consisting of 1 cycle at (94°C for 180 s), 10 cycles at (94°C
for 60 s + 56 °C for 30 s + 72°C for 15 s), 14 cycles of (94°C for 30 s + 56 °C for 30s +
72°C for 15 s), and 1 cycle at (94°C for 30 s + 56 °C for 30 s + 72°C for 300 s).
Reactions were carried out in 10 pL. volumes comprised of 10 mM TrisHCI (pH 8.3), 50

mM KCl, 1.5 mM MgCl;, 0.8 mM dNTP’s (0.2 mM each), 0.4 units Tag polymerase,

approximately 100 ng DNA, and primer concentrations as given in Table 3.2. Following
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PCRs, 1 pL product was combined with 3.5 pL formamide, 0.7 uL. 50 mM EDTA and
0.25 pL Perkin Eimer GS350 internal size standard, heated to 95°C for 5 m, snap-cooled
in ice water and electrophoresed on a 6% denaturing polyacrylamide gel using a Perkin-

Elmer Applied Biosystems Inc. 373A automated sequencer.
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Table 3.2 Multiplex set details following “Cutthroat set A” from Wenburg et al. (1996, Chapter 2). Primer concentrations

(uM) are given in parentheses for each locus. Size ranges for alleles in loci used for distinguishing between coastal
cutthroat trout and steelhead are given in base pairs (b).

Locus  Primer Sequence

(M)  P>Forward, R>Reverse Label® Reference Source Species  Cutthroat  Steelhcad

Omy77 PF>5-CGT-TCT-CTA-CTG-AGT-CAT Hex Morrisetal.  Oncorhynchus

(0.30) 1996 mykiss
R>5-GGG-TCT-TTA-AGG-CTT-CAC-TGC-A

Onepll PF>5-GTT-TGG-ATG-ACT-CAG-ATG-GGA-CT 6Fam  Scribner Oncorhynchus

0.10) etal. 1996 nerka
R>5-TCT-ATC-TTT-CCT-GTC-AAC-TTC-CA

Otsl P>5'-GGA-AAG-AGC-AGA-TGT-TGT-T Tet David Oncorhynchus  231-311 153-251

(0.40) : Hedgecock®  tshawyrscha
R>5-TGA-AGC-AGC-AGA-TAA-AGC-A

Ots4 F>5-GAC-CCA-GAG-GAC-AGC-ACA-A 6Fam David Oncorhynchus

(0.08) Hedgecock®  tshawytscha
R>5'-GGA-GGA-CAC-ATT-TCA-GCA-G

Sfo8 PF>5'-CAA-CGA-GCA-CAG-AAC-AGG 6Fam Angersctal,  Salvelinus 192-244 228-315

(0.20) . 1995 fontinalis
R>5-CTT-CCC-CTG-GAG-AGG-AAA

Ssa85  P>5-AGG-TGG-GTC-CTC-CAA-GCT-AC Tet O'Reilly Salmo salar

(0.15) et al. 1996

R>5'-ACC-CGC-TCC-TCA-CTT-AAT-C

19
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Coastal cutthroat trout, steelthead (O. mykiss), their F1 hybrids and backcrossed
individuals exist within the geographic range covered by this study (Campton and Utter
1985; Hawkins 1997). Further, juveniles of even the two pure species are often difficult
to distinguish morphologically (Campton et al. 1991). Therefore, it was necessary to
attempt to distinguish between the species in the laboratory. Species-specific allozyme
markers have been previously identified for this purpose by Campton and Utter (1985).
As part of a related study, the WDFW screened all 13 coastal populations used in this
study at three of these loci along with five others they identified as species markers
(Bruce Baker, personal communication, WDFW, Olympia, WA, USA). In addition, it
was determined that two of the six microsatellite loci used in this study, Ots1 and Sfo8,
were effective species markers. Although size ranges did overlap slightly (Table 3.2), the
alleles exhibited by these loci for over 90% of the putative “pure” representatives from
each species were well within non-overlapping sections of their respective size ranges.

As a conservative approach two data sets were created, the first with all steelhead and
hybrids identified by both systems (allozyme and microsatellite) removed, and the second
with all individuals included; hereafter feferred to as data sets #1 and #2, respectively.
Except where specifically noted, all results given are from analysis of data set #1. To test
the influence these individuals, had they been included, ahd to estimate the affect that
further undetected introgression may have had on the results, various analyses from both

data sets were compared.
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DATA ANALYSIS

The following statistical tests were performed using the GENEPOP version 3.1
computer program (Raymond and Rousset 1995; available by anonymous ftp at:
isem.isem.univ-montp2.fr in the directory pub/pc/genepop; details of tests and references
given here are from GENEPOP documc_:ntation where further information can be found)
(GENEPOP input file for the analyses in this chapter is given in Appendix B). Tests for
deficits from Hardy-Weinberg equilibrium (HWE) were performed for each
locus/population combination using an exact test where the P-values are estimated
without bias using a Markov chain method following the algorithm of Guo and
Thompson (1992). Tests for genotypic iinkage disequilibrium for all pairs of loci within
each population were also made using the Markov chain method. Tests for population
differentiation at each locus and over all loci among all populations, and between all
possible population pairs, within each region and overall, were made by estimating an
unbiased P-value.of a log-likelihood (G) based exact test. As a conservative approach,
the genotypic differentiation test was invoked in each case. Multilocus estimates of the
effective number of migrants (Nm) between populations, within regions and overall, were
calculated using the private allelg method of Slatkin (1985) and \;lere corrected for
sample size as given in Barton and Slatkin (1986). For all Markov chain tests, default
parameters in GENEPbP for dememorization number (1000), batches (50) and iterations
(1000) were invoked. Sequential Bonferroni adjustments were used to jt.ldge,significance

levels for all simultaneous tests in this study (Rice 1989) with an initial o level of 0.05.
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Assessments of genetic subpopulation structuring were made with the aid of the
computer programs GENEPOP and FSTAT (Goudet 1995) and manual calculations
following equations in Chakraborty and Leimar (1987), Hartl and Clark (1989) and Nei
(1987). FSTAT was used to calculate unbiased estimates for analogues of Wright’s
(1951) F-statistics: Fys, Frrand Fst (65, Orrand sy, following Weir and Cockerman
1984). Permutation procedures (N=1000) were used to test whether values were
significantly 'greater than zero by permuting multi-locus genotypes among samples.
Heterbzygosity components (H;, Hs, Hr and Hr, where ;= individuals, s =
subpopulations, r = regions, = total) were manually calculated from allelic frequency
data to facilitate the partitioning of gene diversity components at the following four
hierarchical levels: 1) within populations (Fis = (Hs - Hj) / H), 2) between populations
within regions (Fsge) = (Hg - Hs) / Hr), 3) among regions (Frr = (Hr - Hg) / Hy) and 4)
overall among populations (Fsr= (Hr - Hs) / Hy). GENEPOP was also used to calculate
pst (Rousset 1996), a weighted analogue of Rsr (Slatkin 1995), which is itself an
analogue of Fsr taking account differences in allele size under a stcpwise mutation model
of mutation (SMM; Ohta and Kimura 1973) rather than simply identity or non-identity

under an infinite alleles model (IAM; Kimura and Crow 1964)..

The Mantel test analogue in GENEPOP was used to test for isolation by distance
among coastal populations, using Fsr (0)and Rst (p)as measures of genetic distance. The
geographic distance matrix was constructed by measuring the distances (river + ocean)

between populations. Ocean distances were approximated by measuring along coastlines,
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and not necessarily by the most direct route, as this measurement most closely represents

the likely migration routes of coastal cutthroat trout.

The following analyses were performed using the PHYLIP software package
(version 3.5c; Felsenstein 1993). Nei's (1978) standard distance (D) and the Cavalli-
Sforza and Edwards’ (1967) chord distance (CSE) were calculated for all populations in
GENDIST. The neighbor-joining algorithm in the NEIGHBOR program was used to
generate dendrograms from these distance matrixes. The maximum likelihood distance
matrixes and dendrograms were calculated in the program CONTML. To assess the
robustness of tree topologies, 1000 bootstrap replicates were created in the SEQBOOT
program from the original data sets and used as input files for the distance programs
before being analyzed for best fit in the CONSENSE program. Dendrogram diagrams

were created in DRAWTREE and DRAWGRAM.

RESULTS

MULTIPLEX AMPLIFICATIONS
As a conservative measure, any PCR products that did not exhibit easily scored

peaks were considered “unsuccessful” and were excluded from analysis. It is likely that
many of these could have been successfully reamplified in single locus reactions.
However, due to the relatively small increases in sample sizes that would have been
obtained for mos't loci and the correspondingly small benefits that would have been

derived for this study, single locus reamplification was not attempted. Among the 642
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samples from the 14 populations, 42 individuals from six populations exhibited putative

“steelhead” alleles (Table 3.1) and were thus excluded from data set #1.

The average number of samples analyzed per population was 43, and the average
number of successfully scored products for individual loci across all populations ranged
from 33 (Otsl) to 40 (Onejt11, Omy77 and Ssa8S; mean = 38 (88%); Table 3.3).
Previous study has shown that multiplex PCRs are often less successful, especially for
loci yielding relatively large products, when DNA is extracted from tissue that was
initially frozen (Wenburg et al. 1996, Chapter 2). All tissue samples from coastal
populations used in this study were frozen before being placed in ethanol, as they were
originally collected by WDFW for allozyme study. This treatment appeared to cause a
slightly lower success rate for multiplexing in this study as compared to Wenburg et al.

(1996, Chapter 2) and other related work in progress (Wenburg, unpublished data).

Table 3.3 Allelic variability at six microsatellite loci in 14 coastal cutthroat trout
populations. “A” number of alleles per locus; “R” allelic size range in b; “S™ size in b and
“F” frequency of the most common alleles; “Hg” expected heterozygosity; “Ho” observed
heterozygosity; and “N’* number of samples successfully genotyped are given for each
population and locus. H,, values representing significant HWE deficits using sequential
Bonferroni corrections are marked with * (initial o = 0.008 for simultaneous tests across
loci) and ** (initial &t = 0.0035 for simultaneous tests across populations).

Region Locus ' Mean
Creek Omy77 Oneull Otsl Ots4  Sfo8  Ssa85 All Loci
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Table 3.3 continued

Hood Canal
Gold Creek A 12 3 13 10 12 17 11
R 119-145 146-148 259-305 101-123 192-240 111-197 -
S 133 146 275 121 198212 141 -
F 029 080 019 052 0.22 0.26 0.38
Hg 084 035 088 068 0.5 0.86 -
Ho 089 023 083 032* 0387 0.84 -
N 54 '52 52 53 52 51 52
Stavis Creek A 16 4 14 7 13 18 12
R 111-145 144-148 239-295 111-129 192-238 115-197 -
s 133 146 271 121 198 135 -
F 026 056 028 050 0.24 0.17 0.34
He 087 060 086 068 0.86 0.90 -
Ho 086 048** 079 071 0.74 0.86 -
N 43 42 39 | 41 43 43 42
South Puget Sound
Fennel Creek A 12 1 8 5 8 10 7
R 111-143 146 231-299 111-125 192-216 125-169 -
S 133 146 239 121 214 153 -
. F 024 100 034 069 029 0.19 046

He 08 000 080 047 083 0.88 -
Ho 088 000 055 036 095 0.76 -
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Table 3.3 continued
N 40 42 22 42 19 41 34

Covington Creek A 13 3 16 8 13 14 11

R 111-155 146-148 201-301 111-131 194-226 115-179 -

S - 129 146 277 121 210 139 -

F 021 059 041 0.65 0.22 0.20 0.38
Hg 090 058 0.80 0.55 0.89 0.90 -
Ho 0.67* 0.51 069 043* 0.83 0.85 -

N 36 35 35 37 36 33 35
North Puget Sound

Parker Creek A 11 3 11 4 10 7 8
R 107-143 146-148 243-295 111-123 194-242 129-149 -
S 119 147 283 121 214 143 -
F 0383 075 038 061 031 051 049
He 077 042 083 053 084  0.66 -
Ho 087 028* 063 072 081 083 -
N 41 4 16 47 26 47 38

Double Ditch Creek A 11 4 8 5 14 15 10
R 109-141 144-148 263-295 109-127 194-240 109-175 -
S 133 146 263 121 212 141 -

F 033 062 038 0.48 0.20 0.27 0.38
Hg 0381 054 079 0.61 0.89 0.85 -
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Table 3.3 continued

Ho 089 058 0.81 0.60 0.80 0.85 -
N 47 48 21 48 30 47 40

Strait of Juan de Fuca

Gierin Creek

Peabody Creek

Salt Creek

A 11 3 13 8 10 8 9
R 109-141 144-148 239-293 .101-123 192-228 125-161 -
S 129 148 265,277 121 214 145 -
F 025 .054 0.8 . 0.22 0.28 0.23 0.28
He 084 056 090 085 0.85 0.83 -
Ho 0.80** 0.63 091 0.72* 086 0.82 -
N 55 57 57 43 57 56 54

A 6 3 7 3 8 5 5
R 111-141 144-148 261-277 111-121 198-222 135-151 -
S 135 146 271 111 200 135 -
F 051 076 044 075 0.29 0.59 0.56
Heg 068  0.38 0.71 041 0.81 0.56 -
Ho 066 038 058** 044 0.90 0.53 -
N 53 56 50 54 52 51 53

A 13 3 12 7 12 13 10
R 109-143 146-148 239-301 109-127 192242 103-179 -
S 129 146 277 121 210 139 -
F 018 063 044 052 022 026 038
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Hg 0.90
Ho 0.73%*

N 41
North Coast

Goodman Creek A 10

R 109-155 144-148 231-301 111-127 192-244 115-201

71

0.54

077 065 0.88 0.87 -

050 0.65 053 086 0.81 -
38 26 34 43 37 37
4 12 6 13 17 10

s 111 146 301 111 214 147 - -
F 022 069 026 042 030 0.19 0.35
He 085 049 0388 071  0.88 091 -
Ho 059* 042 086* 077 0.87 0.78 -
N 29 31 29 30 30 32 30
Snahapish River A 8 4 11 5 9 16 9
R 109-141 144-148 235-311 111-125 200-244 119-205 -
s 137 146 255 111 214 147 -
F 026 044 022 042 032 0.23 0.31
He 084 066 085 069 082 0.89 -
Ho 0.47* 049 080* 076 0.76* 092 -
N 51 55 49 51 49 53 51
South Coast
Wildcat Creek A 8 1 10 5 10 12 8
R 121-155 146 243-289 111-127 192-238 119-203 -
S 141 146 269,281 121

210 137 -
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72

0.27

F 043 100 023 036 024 042
Heg 075 000 087 076 0.87 0.86 -
Ho 068 000 077 059 087 0.95 -
N 22 24 22 22 23 22 23
Oxbow Creek A 12 3 13 5 10 16 10
R 109-159 146-148.243-297 111-127 192-238 115-197 -
S 131 146 263 111 214 143 -
F 027 0.81 028 056 035 0.16 041
He 08 033 084 064 079 0.92 -
Ho 096 038 078 071 079  0.92* -
N 24 24 23 24 24 25 24
Yellowstone
McBride Lake A 4 1 5 2 2 3 3
R 115-137 144 273-295 115-119 206-210 115-119 -
S 119 144 291 119 210 115 -
F 056 100 048 054 054 0.50 0.60
He 061 000 068 000 0.51 0.53 -
Ho 050 000 065 000 048 0.21* -
N 24 23 23 24 23 24 24
Mean All Populations A 11 3 10 6 10 12 9
F 031 073 031 051 0.28 0.29 0.41
He 082 040 0.82 0.59 0.3 0.81 0.71
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Table 3.3 continued

Ho 0.77 0.34 0.73 056 081 0.78 0.67
N 40 40 33 39 37 40 38

Total All Populations N 566 574 464 550 507 562 537

VARIABILITY OF MICROSATELLITE LOCI

Considerable variation was observed at. the six microsatellite loci studied.
Numbers of alleles per locus across all populations ranged from 4 (Onept11) to 45 (Ssa85;
mean = 24; Table 3.3). Observed heterozygosities averaged over all populations ranged
from 34% (Oney11) to 81% (Sfo8; mean = 67%; Table 3.3). Allele frequency data for
all Washington populations are given in Appendix D, and those for the Yellowstone

population are given in Appendix E.

Tests for c;ouformity to HWE indicated a significant deficit of heterozygotes in 11
of 84 (13.1%) cases when analyzing individual loci across populations (initial
ot =0.0035), and in 16 of 84 (19.0%) cases when analyzing across loci within each
population (initial o =0.008). Using data set #2, significant deficits were found in 14 of

84 (16.7%) and 16 of 84 (19.0%) cases, respectively.

Tests for genotypic linkage disequilibrium rejected the null hypothesis of '
independen.ce in 26 of 210 comparisons (12.4%; o = 0.0035) (data not shown). The

rejected cases were spread among 14 locus pair combinations with a maximum of 4 out

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



74

of a possible 14 occurring between any pair. F;)r data set #2, rejections increased to 34 of

210 (16.2%) and were similarly distributed.

POPULATION DIFFERENTIATION AND STRUCTURE
Log-likelihood (G) based exact tests for population differentiation revealed

significant differences in genotypic ﬁ:equencies overall among populations, for each of
the six loci independently and combined, and between all pairs of populations within
each region (P < 0.0001, P <0.0001 and P < 0.017, respectively; initial a = 0.008; Table
3.4). Tests between all possib-le population pairs revealed significant differences in all
but 18 of 1092 pairwise tests (0.016%; initial a = 0.008, data not shown). Nine of these
18 non-significant results were at the least variable locus, Onep11, and four of them were
between the Salt Creek (SJF) and Covington Creek (SPS) populations. Results from data
set #2 were similarly Signiﬁcant with the exception of pairwise tests between all possible
population pairs where the number of non-significant cases increased slightly to 20 of
1091 (0.018%). Again, the majority of these (13) involved Onep11, and five were

between the Salt Creek and Covington Creek populations.
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Table 3.4 P-values from G-tests for population differentiation among 13 coastal cutthroat populations at six
microsatellite loci (McBride Lake excluded). All values shown were judged significant following sequential
Bonferroni adjustments (initial o = 0.008).

Comparison . P-value

Omy77 Onepll Otsl Ots4 Sfo8 Ssa85 Allloci
All populations i E :

} } }

Within regions:
Hood Canal

Gold Creek x Stavis Creek ¥ 0.002 it 3 0006 % t
South Puget Sound

Fennel Creek x Covington Creek b3 i 3 0017 ¢ : $
North Puget Sound

Parker Creek x Double Ditch Creek b3 $ i ¥ ¥ i

6L
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Table 3.4 continued
Strait of Juan de Fuca

Gierin Creek x Peabody Creek
Gierin Creek x Salt Creek

Peabody Creek x Salt Creek

North Coast

Goodman Creek x Snahapish River

South Coast

Wildcat Creek x Oxbow Creek

0.002

0.009

"Denotes P < 0,0001.
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The corrected multilocus estimates for the effective number of migrants between
populations per generation (Nm) within each region ranged from 0.9 (SJF) to 4.3 (HC;
Table 3.5) with an average of 1.7. Excluding HC, Nm-averaged 1.2 within regions. The
overall corrected Nm for the 13 populations (McBride Lake excluded) was 3.2; for data

set #2, the overall_ Nm increased to 4.7.

Table 3.5 Regional subpopulation structure. Fsz estimates for coastal cutthroat trout
populations within each region. Values judged to be significantly greater than zero, using
permutation procedures described in the text, are marked with an *; “Nm” estimated
number of effective migrants per generation between populations using the private alleles

method as described in the text.

Fsp
Region : Omy77 Onepll Otsl Ots4 Sfo8 Ssa85 AllLoci Nm
Hood Canal 0.008 0.076* 0.035* 0.014 0.003 0.023* 0.023* 423

~ South Puget Sound 0.031* .0325* 0.156* 0.020 0.053*0.043* 0.087* 1.2
North Puget Sound 0.117* 0.412* 0.146* 0.125* 0.059* 0.222* 0.179* 1.3
Strait of Juande Fuca  .0.128* 0.147* 0.112*0.230*0.072* 0.192* 0.145* 09
North Coast 0.046* 0.125* 0.083* 0.012* 0.032* 0.042* 0.056* 1.3
South Coast 0.150* 0.126* 0.073* 0.090* 0.056* 0.054* 0.087* 1.1

Within population variation accounted for 87.9% of the gene diversity observed
(Table 3.5). The remaining 12.1%, the index of gene diversity (Fsr= 0.121), was the

proportional decrease in total heterozygosity attributable to population subdivision.
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Subdivision at the among streams and among region levels accounted for 5.4% (Fsg =
0.054) and 6.7% (Frr = 0.067) of the overall genetic diversity, respectively. Single locus
estimates for Fisr values ranged from 0.064 (Sfo8) to 0.226 (Onep11; Table 3.6) and were
all significantly greater than zero. The within region Fiz values ranged from 0.023 (HC)
to 0.179 (NPS) and were significantly greater than zero in 32 of the 36 single locus
estimates (Table 3.7). The overall index of gene diversity decreased slightly for data set

#2 (Fst=0.115).
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Table 3.6 Distribution of genetic diversity among coastal cutthroat trout populatlons throughout Washington for six

microsatellite loci,(McBride Lake excluded).

Absolute Gene Diversity Relative Gene Diversity (%)
Total Within  Within Within Within Between  Between Between
streams individuals regions streams  streams streams within  regions
(Hy) (Fs) regions (Fsgm)
(Hs) (H) (Hp) (Frr)
Fsr(6) 0.822 0.723 0.681 0.767 879 1.2.1 54 6.7
Rsr(p) 91.7 9.3

6L
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Table 3.7 Genetic diversity statistics. “Hr” total gene
diversity; “Hs” gene diversity within populations; “Dsr”
gene diversity due to differences among populations; and
Fs7(0) values are given for each locus and over all loci
(McBride Lake excluded). All Fgr values shown were
judged to be significantly greater than zero using
permutation procedures described in the text.

Locus Hr Hg Dsr Fsr

Omy77 0.906 0.820 0086  0.095
Onepll 0.533 0413 0.120 0.226

Otsl 0.920 0.815 0.106 0.115
Ots4 0.726 0.625 0.101 0.139 i
Sfo8 0.894 0.837 0057 0.064
Ssa85 0.952 0.826 0.126 0.132

All loci 0.822 0.723 0.099 0.121

Similar results were obtained in the Rsr analysis with 91.7% of the proportional
decrease in heterozygosity attributable to the within population component of gene
diversity and 9.3% (Rsr = 0.093) attributable to population subdivision. Again for data

set #2, the overall index of gene diversity decreased slightly (Rsr = 0.089).

Mantel tests for isolation by distance failed to reject the null hypothesis of no
correlation between genetic and geographic distance at the a level 0.05, using both

measures of genetic distance, Fsrand Rsr(P = 0.08 and 0.17, respectively).
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GENETIC RELATIONSHIPS AMONG POPULATIONS

Bootstrap support for all dendrograms was low on average (53% for CSE and
maximum likelihood, 30% for D). However, the CSE and the maximum likelihood
estimates yielded trees of identical branch order topology and similar branch lengths, and
tended to group populations by physidgeographic region (CSE, Figure 3.2; maximum
likelihood not shown). Populations from the NC and SC clustered by region, forming a
loose “coastal” group separate from the rest of the populations that were clustered in
another large “inland™ group. Within this group, the SJF populations clustered together
with one SPS population (Covington) that was most closely associated with the Salt
Creek population; the two NPS populations formed a cluster and the remaining SPS
population (Fennel) and the HC populations formed another. The tree topology
generated using Nei’s D varied from the other two methods, yielding a tree displaying the
same large “coastal” and “inland” groupings, but seemingly random associations of
populatibns within these groups. It should be noted that all trees generated here, as in
Figure 3.2, were unrooted, and the relationships are therefore relative. As such, the
“inland” populations are not necessarily derived from the “coastal” populations, as would

be the implication if the tree were rooted.
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Figure 3.2 Neighbor-joining dendrogram (unrooted) of the genetic relationships
among 13 coastal cutthroat trout populations and one Yellowstone cutthroat
outgroup population inferred from a matrix of the Cavalli-Sforza and Edwards
chord distances for six microsatellite loci. For 1000 bootstrap replicates, node

values of 50% and higher are shown.
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Nearly all genetic distance and dendrogram resuits from PHYLIP were similar
when data set #2 was analyzed. Placement of most populations remained identical and
bootstrap support decreased only slightly. The single exception was Stavis Creek (HC),
which contained the highest number of steelhead/hybrids (13). In data set #2 anélysis,
Stavis Creek no longer clustered with Gold Creek (HC), but was instead most closely

associated with the anomalous Covington Creek (SPS) and Salt Creek (SJF) cluster.

DISCUSSION

These results indicate that all coastal cutthroat troﬁt populations surveyed here are
genetically distinct, each comprising distinct breeding units. Simultaneous tests for all
populations and all pairwise tests between populations within regions strongly rejected
the null hypothesis of no genotypic differentiation, as did all but 18 of 1092 pairwise tests
between all possible population combinations. Genetic diversity analysis indicated that a
relatively high component of genetic diversity was attributable to differences among
populations as opposed to within them, further indicating that creek effects are important
contributors to the genetic subdivision in this subspecies (see Table 3.8 for a comparison
of Fsr values from studies of several salmonid species). The sampling design employed
in this study was geared toward a broad-scale survey and as such did not include
populations from streams less than 30 km apart. It is therefore possible that at some
-level,‘ on a finer microgeographic scale, populations would cease to diverge significantly
in allelic frequencies at some or even all loci. However, in their study which included

adjacent streams, Campton and Utter (1987) found that stream effects were significant in
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7 of 12 intralocus ANOVA comparisons and similarly concluded that populations in the
Puget Sound area were structured genetically at this level of subdivision. Populations at
the stream level should be regarded as the fundamental component in the genetic
structuring of ﬁs subspecies, and as the basis for the determination of population

segments throughout WA, and likely throughout its full range.
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Species Geographic Range Marker Type  #Loci Fsr #pops Reference
Oncorhynchus clarki clarki 'Washington state microsatellites 6 0.121 16 this study
. O. clarki clarki Puget Sound, WA allozymes 31 0.058 21 f;;l‘;pton and Utter
O. mykiss North America allozymes 16 0.150 38 Ryman 1983
O. nerka Cook Inlet, AK allozymes 26 0058 13 Rymz'm 1983
O. gorbuscha AK to WA microsatellites 4 0022 13 plsen et al. 1998
: in press
O. tshawytscha British Columbia to allozymes 25 0.123 86 Utter et al. 1989
California
Salmo salar Bay of Fundy to microsatellites 8 0054 1S5 McConnell et al.
Newfoundland 1997
S. salar northern Europe allozymes 37 0214 32 Ryman 1983
S. salar Lake Saint-Jean, Quebec allozymes 8 0.050* 2 Tessier et al. 1995
“ “ | microsatellites 5 0.130* ~“ “
S. salar Spain and Ireland microsatellites 3 0079 7 Sanchez et al. 1996

c8



Table 3.8 continued

“ “ allozymes

S. trutta Sweden allozymes

Salvelinus fontinalis La Mauricie national microsatellites
park, Canada

Gadus morhua Northwest Atlantic shelf - microsatellites

0.104
0.367
0.370

0.015

(1]

35
26

"

Ryman 1983

Angers and
Bematchez 1998

Bentzen et al. 1996
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*Average of single locus values reported.

98



87

Comparison of Fsr and Rsr analyses can yield insight into the forces shaping
population subdivision. Traditional F-statistic analysis of gene diversity under an IAM
assumes each mutation is to a completely new allelic state, erasing any memory of the
prior state. Genetic similarity between populations is therefore attributable to migration
or recent divergence from a common ancestor. However, the mutational processes of
microsatellites do not erase all information about the ancestral allelic state, as mutations
tend to at least roughly proceed following a SMM (but see also Di Rienzo et al. 1994 and
Angers and Bernatchez 1997 and references therein). When analyzing microsatellites,
this apparent memory tends to bias Fsr values by overestimating genetic similarity and
underestimating coalescence times. Using a SMM for his Rsr, Slatkin (1995) showed
that it generally provided less biased estimates for demographic parameters than did Fir,
given sufficient coalescence times. However, with recently diverged populations, the
performance of Fsrimproves because genetic drift is the dominant process creating local
differentiation, and mutational events are of little importance. For the populations
examined in this study, Rsr was somewhat lower than Fsr (0.093 and 0.9121,
respectively). This suggests that these populations are of relatively recent evolutionary
origin, and that drift and migration have predominated over mutation in shaping the

pattern of genetic differentiation.

For resolution of phylogenetic relationships between recently diverged
populations, at or below the subspecies level, previous studies have indicated (Takezaki

and Nei 1996; Goldstein and Pollock 1997 and references therein) that distance measures
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which do not make inferences about mutational processes (e.g., CSE) will often
outperform those based on an specific mutational models such as IAM (e.g., Nei’s D) or
SMM (e.g., (8;1)2 (Goldstein et al. 1995)). If it is assumed that the populations in this
study were structured on a regioﬁal scale according to geographic proximity, then the
results presented here support this conclusion, as the CSE and maximum likelihood
measures did out perform Nei’s D in reconstructing population relationships. This also
provides further evidence for the predominance of drift as the major evolutionary force in

shaping the genetic structure of these populations.

Branch lengths were relatively long and bootstrap support was low for all
dendrograms generated in this study, possibly indicating that the regional groupings were
somewhat artificial and that the populations within them did not represent disjunct
groups. However, the component decrease in heterozygosity attributable to differences
among regions was substantial (Fgr = 0.067), accounting for 55.4% of the overall
population subdivision, as opposed to the 44.6% (Fsg = 0.054) attributable to differences
among streams. Nonetheless, to definitively elucidate the extent of regional population
structuring in coastal cutthroat trout, additional analyses using larger suites of loci are
needed as sampling error and interlocus variance for genetic distances, when using low
numbers of microsatellite loci (e.g., < 30), may preclude elucidation of the true

phylogenetic relationships among populations (Takezaki and Nei 1996).

In addition, sampling more populations from within smaller geographic regions

may reveal that regional structuring of coastal cutthroat trout populations occurs on a
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finer scale than was investigated in this study. Conclusions drawn by Campton and Utter
(1987) lend some support to this theory as they found strong clustering of populations
(ﬁsing principal coordinate analysis) for their smaller regional groups from which they

sampled multiple adjacent populations (see also Chapter 4).

While bootstrap values for the node separating them were consistently low (30-
50%); the large clusters termed “coastal” and “inland” (Figure 3.2) were evident in
dendrograms generatgd from all distance measures. Environmental conditions vary
extensively between these regions, with inland streams emptying into areas of protected
waters while coastal streams enter directly into the open ocean. Coastal cutthroat trout
from these regions exhibit life history variation, smolts migrating from inland streams are
of significantly younger age and smaller size than those migrating from coastal streams
(Trotter 1989 and references therein). It has been suggested that the physical and
environmental characteristics of these two regions have exerted selective pressures that
account for the diff;-.rences in smolt age and size (Johnston 1982). The varying effects of
selective pressures, and therefore the potential decrease in fitness for migrants between
the regions, may be reflected in the clustering of populations from within these regions,
providing an interesting correlation between the genetic infrastructure of this subspecies

and various life history attributes.

Analysis of isolation by distance failed to reject the null hypothesis of no
correlation between geographic distances and genetic distances, both for Fsr and Rsr,

although the results for the former were nearly significant (P = 0.08). This result
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suggests that on the spatial scale of this study, post-glacial population structure of coastal
cutthroat trout may have been determined by processes other than dispersal from a single
refugium along the contemporary WA coastlines. Separation of the “coastal” and
“inland” clusters in the dendrogram may also reflects different patterns of post-glacial
recolonization. Perhaps a more complex evolutionary model of migration and divergence
from multiple refugia is appropriate for this subspécie’s, similar to that proposed by
Angers and Bernatchez (1998) for brook char populations in Canada.

The Nm estimates were very close to 1.0 (0.9-1.3) within five of the six
physiogeographic regions in tﬁs study (Table 3.7). Although there are several
assumptions associated with Nm estimates that may not be valid for these populations,
they nonetheless are of comparative value. The one-migrant-per-generation (OMPG) is a
rule of thumb often used to estimate the amoﬁnt of gene flow sufficient to minimize the
loss of heterozygosity within subpopulations while allowing for divergence of allelic
frequencies between them, and has been widely applied by scientists and managers in the
context of conservation (Mills and Allendorf 1996). The data presented here lend some

empirical support to this theoretical perspective.

Further, this may help to partially reconcile the “cutthroat paradox”: namely, in
comparison to other Oncorhynchus species, coastal cutthroat trout population sizes are
often relatively small (tens to hundreds of spawners) and may fluctuate substantially
between years (Sumner 1952; Sumner 1962; Jones 1975; NOAA 1994b; Chapter 5) while

heterozygosity levels and genetic differentiation are among the !ﬁghest reported (Utter et
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al. 1980). It can be hypothesized that following the retreat of the Puget glacial lobe
approximately 10 thousand years ago (Thorson 1980), considerable gene flow occurred
between previously isolated remnants of the subspecies (Behnke 1997; see also Angers
and Bernatchez 1998). This may account for the origin of high heterozygosity levels,
which are being maintained in the face of the small and fluctuating contemporary local
population sizes through persistent gene flow between populations of approximately
OMPG, which is nonetheless low enough to permit significant population differentiation
between them. Further, coastal cutthroat trout are iteroparous and the genetic
implications of overlapping generations also facilitates the maintenance of heterozygosity
levels by increasing effective population sizes and reducing the effects of bottlenecks

likely to occur in small populations.

Unexpected resuits in two areas of this analysis require further attention: the
higher than expected number of deficits from HWE_, and the higher than expected
occurrence of genotypic disequilibrium between loci. Although it is possible that the
presence of null alleles and/or the mis-scoring of heterozygotes as homozygotes were
responsible for these results, several lines of evidence indicate otherwise. First, Wenburg
et al. (1996, Chapter 2) found no indication of null alleles when analyzing known
cutthroat families at each of these loci. Second, the deviations from HWE observed were
spread among the six loci and not heavily concentrated at any one locus, as would be
expected for a given locus containing null alleles; similarly, locus pairs exhibiting linkage

disequilibrium were spread out with no combination indicating linkage in more than 4 of
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14 comparisons. Third, in a concurrent study by the WDFW using the identical samples
for allozyme study, preliminary analysis indicated similar deviations from HWE in
roughly the same proportions (Bruce Baker, personal communication, WDFW, Olympia,
WA, USA). Finally, previous analysis by Wenburg et al. (1996, Chapter 2) for other
populations of coastal cutthroat trout and steelhead did not exhibit such discrepancies

when analyzed at the same set of loci.

It can be hypothesized that the methods of collection employed in this stud'y,
namely sampling over restricted spatial scales (100 m to 2 km) led to the collection of
related individuals, or what Hansen et al. (1997) termed “family sampling”. Salmonids
are often relatively sedentary during stream residence periods and by collecting samples,
especially juveniles, from a hmlted area over a limited period of time one may tend to
capture related individuals (Hansen et al. 1997). Hansen et al. (1997) demonstrated that
deviations from HWE could at least be partially attributed to this type of sampling bias.
Allendorf and Phelps (1981) also cautioned against the use of juveniles in population
studies because of the stoéhastic affects it may have on allelic frequency distributions;
and Campton (1981) found relatively large differences in genotypic frequencies betweeﬁ
groups of coastal cutthroat trout captured at different sites within the same stream. It
appears likely that the genotypic and Hardy-Weinberg disequilibria found in this study
were mainly the result of family sampling error. In addition, sampling of related
individuals may have artificially increased the observed differentiation and gene diversity

estimates among populations. However, the differentiation between populations here was
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so strong that qualitatively similar results would likely have been obtained regardless of
sampling methods. Nonetheless, it cannot be ascertained to what degree this may have
affected the gene diversity analyses. Future sampling efforts should endeavor to capture

individuals from large spatial and temporal scales to help avoid this sampling bias.

The unexpected association of the Covington Creek (SPS) and Salt Creek (SJF)
populations from non-adjacent regions (Figures 3.1 and 3.2) is difficult to explain. These
populations were far less differentiated from each other than were any other population
pairs, even those from within regions. They failed to show significant genotypic
differentiation at four of the six loci examined. Only 18 such negative results were found
overall in 1092 pairwise tests between all population pairs, with no other population
combination accounting for more than one. It is possible that homoplasy, at least in part,
may be invoked to explain these results, but it is unlikely that this would affect all four
loci in a similar fashion. Past planting of hatchery cutthroat, or even possibly steelhead,
from a common broodstock into these areas could also partially explain the association,
although there is little data ;o support such a theory. However, when the putative
steelhead and hybrids were included (i.e., in the analysis of data set #2), Stavis Creek
(HC), which contained the highest nﬁmber of steelhead/hybrids (13), moved to cluster
with this group. This suggests that relatively high levels of undetected steeihead
introgression in Covington and Salt creeks may be partially responsible for their tight
éssociation. There is also the possibility that some samples from the two populations

were somehow mixed or mislabeled somewhere in the collection and analysis process.
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The discovery of approximatelj 5% steelhead and hybrids in the populations
analyzed here clearly demonstrates the need for further invesﬁéation into the issue of
natural hybridization between these species, but is well beyond the scope of the present
study. Although the various species-marker loci used in this study were not all absolute,
and séme introgression after several generations of backcrossing using only 10 loci (2
microsatellite and 8 allozyme) may not have been detected, undoubtedly all pure
steelhead and F1 hybrids were detected. Comparisons of analyses from the two data sets .
suggest that, for the purposes of this study, undetected inclusion of some backcrossed
individuals would have had little affect. Even with up to 13 individuals in a population
exhibiting steelhead alleles, the results obtained with data set #2 were very similar to
those from data set #1. As expected, the inclusion of steelhead and hybrids tended to
slightly increase the incidence of genotypic linkage and Hardy-Weinberg disequilibrium,
and decrease estimates of population subdivision (i.e., Fsr), and tests for population

differentiation were almost unaffected.

CONCLUSIONS

Based on the high degree of population differentiation and substructuring found
here and previous findings by Campton and Utter (1987), it appears tl.xat coastal cutthroat
trout populations are finely structured into genetically distinct, reprociuctively isolated
units at the level of individual streams, which further appear to be at least loosely
structured on a regional scale. Strong differentiation exists among coastal cutthroat trout

populations from individual streams with low background levels of reproductive
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migration occurring between them. In this context, high levels of heterozygosity are
maintained within populations, even in the face of low local effective population sizes,
while allelic frequencies and potential adaptive differences are allowed to accrue between

them.

In terms of the designation of ESUs pursuant to the ESA, these results satisfy the
first, but not the second of two criteria; as stated by Waples (1991): “A population must
satisfy two criteria to be considered an ESU: 1) it must be reproductively isolated from
other conspecific population units, and 2) it must represent an important component in
the evolutionary legacy of the species”. While reproductive isolation is a prerequisite to
the formation of locally adapted populations that may “represent important components
in the evolutionary legacy of the species”, the latter does not necessarily follow from the

~ former. It remains a challenge for interested parties to identify ecologically adaptive
differences or similarities-among the distinct population segments, as identified here, in
order to determine the final groupings that represent important éomponents in the
evolutionary and adaptive structure of this subspecies (Utter et al. 1993). However,
where the data are limited or do not mdlcate otherwise, the results given here suggest that

conservation units should be identified and managed at the level of individual streams.
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CHAPTER 4: MICROGEOGRAPHIC POPULATION STRUCTURE IN THE COASTAL CUTTHROAT
TROUT (ONCOR}iYNCHUS CLARKI CLARKI): GENETIC AND BEHAVIORAL EVIDENCE FOR
RESTRICTED GENE FLOW

INTRODUCTION

Details of how genetic variation is apportioned on a microgeographic scale in the
coastal cutthroat trout subspecies (Oncorhynchus clarki clarki) are as yet
uncharacterized, as are the associated patterns of genetic exchange and isolation among
populations. The designation of distinct population segments and appropriate
conservation units is therefore difficult. The need to resolve these issues in order to
develop viable assessment and management strategies is exemplified by the rangewide
decline of the coastal cutthroat trout and its recent listing as endangered under the U.S.
Endangered Species Act of 1973 (NMFS 1996). Previous allozyme analysis by Campton
and Utter (1987) on coastal cutthroat trout in Puget Sound, WA, indicated that distinct
breeding units may be structured at the tributary creek level. Wenburg et al. (1998,
Chapter 3) supported this conclusion, albeit on a larger scale, as they found 13
pdpulations from throughout Washington to be highly differentiated usinig microsatellite
analysis. However, the study design in Wenburg et al. (1998, Chapter 3) did not include
populations that were less than 30 km apart and the authors detailed the need for more
microgeographic study. ‘ Similarly, Campton and Utter (1987) focused mainly on the

partitioning of variance components among drainages and regions in Puget Sound and not
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on differences among streams. Whether or not adjacent creeks and tributaries constitute

genetically distinct populations remains uncertain.

The formation of subpopulation structure in any species is predicated on the
existence of distinct breeding units that can only be formed and maintained through
restriction of gene flow between them. Gene flow between populations may be limited
by pre- and postzygotic reproductive isolating barriers operating on various temporal and
spatial scales (Avise 1994). As gene flow between groups is reduced they may begin to
diverge genetically, both for neutral and selective traits. Genetic drift will cause
divergence in neutral genetic markers at a rate that is determined by the degree of
isolation between populations, their effective population sizes and the mutational
properties of the markers themselves. Gene flow can be estimated in a variety of ways,
which are divided into two major classes: those involving direct behavioral observation
of organism migrational events, and those involving indirect estimates inferred from the
spatial distributions of allele frequencies among populations, the most common of which

involve various manipulations of Wright's fixation indices or F-statistics (1951).

Potential problems exist for both methodologies. Direct observation yields a
necessarily restricted view both spatially and temporally, the result being a tendency to
miss rare or infrequent migrations. In addition to the potentially serious logistical
difficulties, there may also be an inability to determine the genetic effectiveness of a
physical straying event. Previous studies with various taxa (Verhulst and van Eck 1996),

including salmonids (Quinn et al. 1987; Tallman and Healey 1994), have shown that the
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degree of physical straying estimated from direct observations may suggest much higher
levels of gene flow than those inferred genetically. That is, rates of gene flow may be
much lower than immigration rates. Possible explanations for this phenomena include
strays that do not spawn, assortative mating, reduced spawning success for strays, and
reduced fitness for their offspring. Altematively, with indirect methods, one must make
several simplifying assumptions for inferring gene flow estimates from genetic data,
which include various population structure models (e.g., infinite island and stepping-
stone), equilibrium states (e.g., between genetic dx;ift and mutation), and mutational
models (e.g., the infinite alleles model (IAM; Kimura and Crow 1964), and the stepwise
mutation model (SMM; Ohta and Kimura 1973)). A methodology involving both
approaches may he]p to circumvent some of the hazards of each and potentially provide

multiple independent measures of gene flow and associated population parameters.

In this study, genetic analysis at 10 microsatellite loci for 10 populations of
coastal cutthroat trout from Hood Canal, WA, and behavioral analysis from physical
tracking of tagged individuals between four adjacent creeks were combined in order to
test the following hypotheses: 1) individual creeks form the distinct breeding units for
this subspecies, and 2) some wild coastal cutthroat trout stray (i.e., physical straying), and
further that some of these strays spawn (i.e., reproductive straying) in non-natal creeks.
Various indirect estimators of gene flow were also calculated and compared to see if they
accurately predict effective numbers of straying individuals between populations as

determined through direct observation. In addition, data from Wenburg et al. (1998,
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Chapter 3) for populations from throughout Washington were integrated to provide an

overall genetic synthesis, ppﬁding the most comprehensive assessment to date of the
- overall dynamics of coastal cutthroat trout population structure. Finally, the results of

this study to are used address several issues cqncerning the mutational properties of

microsatellites and the relative utility of various statistical methods used in their analyses.

MATERIALS AND METHODS

SAMPLE COLLECTION AND DNA PREPARATION

Fin clips were collected from 10 (nine anadromous and one non-anvadromous)
coastal cutthroat trout populations (N = 472) in Hood Canal, Washington, USA (Figure
4.1). Samples were collected from the adjacent creeks of Stavis, Seabeck, Big Beef and
Littie Anderson, which formed 5 geographic cluster hereafter referred to as the “central”
Hood Canal, from Courtney, Bear and Big Mission creeks, which formed a group
hereafter referred to as the “southem” Hood Canal cluster, and from Tarboo and
Thomdyke creeks from across Hood Canal to the north. Courtney and Bear creeks are
tributaries to the Union River (not sampled) which empties into Hood Canal less than 3
km from the mouth of Big Mission Creek. Samples from one non-anadromous
population within Hood Canal, Fulton Creek, were collected from above a 10 m waterfall

that has likely presented a barrier to migration for approximately 10-15 thousand years.
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Figure 4.1 Map of sampling locations in Hood Canal, Washington.

-
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In adciition, data from the 14 populations (N = 642; 13 anadromous coastal
cutthroat popula_tions and one Yellowstone cutthroat subspecigs population (O. clarki
bouvieri)) collected and analyzed at six of the eleven loci used here (set A, details below)
by Wenburg et al. (1998, Chapter 3), are periodically included; these will hereafter be
referred to as the “statewide” populations in order to distinguish them from the primary
populations in this study, which will be referred to as the “Hood Canal” populations.
Two of the statewide populations are actually located in Hood Canal, and one of them
(Stavis Creek) was included in both data sets. Unless specifically noted, all
methodological details given here refer to the Hood Canal samples only. Corresponding

details for the statewide populations are given in Wenburg et al. (1998, Chapter 3).

Juveniles (50-130mm) from Fulton, Tarboo and Thorndyke were collected in
1994 from stream reaches of 100, 75 and 300 m, respectively. All other Hood Canal
populations were collected by sampling smolting individuals captured in downstream
weir traps during the spring outmigration period (March — May) of 1994. Individuals
were randomly selected from throughout this period and without regard for size (except
Stavis, see below) to avoid the inclusion of related individuals and to preclude the
sampling of single age classes (scale analysis indicated that outrhigrating smolt from
these creeks range in age from one to four years, Chapter 5). Small caudal fin clips
(approx. 0.5cm?) were placed immediately in vials containing 95% EtOH and stored at

ambient temperature for 1 day to 1 year. DNA was isolated from tissue using a quick

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



103

lysis protocol (details as in Olsen et al. 1996, Appendix A), resuspended in 100 pL of TE
buffer (10 mM Tris-HC], pH 8.0, 1 mM EDTA), stored at -20°C, and thawed at room

temperature immediately preceding polymerase chain reactions (PCRs).

MICROSATELLITE ANALYSIS

Samples from the 10 Hood Canal populations described above were genotyped
using two multiplexed sets.of fluorescently-labeled microsatellite primer pairs,
compromising a total of eleven loci (Table 4.1). PCR conditions, electrophoresis details
and methods for scoring amplification products followed those described by Wenburg et
al. ( !996, Chapter 2; 1998, Chapter 3) and Olsen et al. (1996, Appendix A). Primer pair

~ sequences and concentrations for the six-locus cutthroat set A in this study are identical
to the one used by Wenburg et al. (1998, Chapter 3), which is itself slightly modified
from set A in Wenburg et al. (1996, Chapter 2). The five-locus set C represents a novel

- multiplex set developed for this study. Techniques for development of this multiplex set
follow those given by Wenburg et al. (1996, Chapter 2) and Olsen et al. (1996, Appendix

A).
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Table 4.1. Primer and multiplex set details.

Locus Primer Sequence

- (uM) F>Forward, R>Reverse Label®* Reference Source Species
SetA Annealing Temperature = 56°C
Omy77 F>5-CgT-TCT-CTA-CTg-AgT-CAT Hex Morris et al. Oncorhynchus
(0.30) R>5"-ggg-TCT-TTA-Agg-CTT-CAC-TgC-A 1996 mykiss
Onepll PF>5-gTT-Tgg-ATg-ACT-CAg-ATg-ggA-CT Fam Scribner et al. O. nerka
(0.10). PB>5-TCT-ATC-TTT-CCT-gTC-AAC-TTC-CA 1996
Otsl P>5'-ggA-AAg-AgC-AgA-TgT-TgT-T Tet David O. tshawytscha
(040)  R>5-TgA-AgC-AgC-AgA-TAA-AgC-A Hedgecock®
Ots4 F>5'-gAC-CCA-gAg-gAC-AgC-ACA-A Fam “ “
(0.08) R>5"-ggA-ggA-CAC-ATT-TCA-gCA-g
Sfo8 F>5-CAA-CgA-gCA-CAg-AAC-Agg Fam Angers et al. Salvelinus
(0.20) R>5-CTT-CCC-CTg-gAg-Agg-AAA 1995 JSontinalis
Ssa85 F>5"-Agg-Tgg-gTC-CTC-CAA-gCT-AC Tet OReilly et al. Salmo salar
(0.15) R>5"-ACC-CgC-TCC-TCA-CTT-AAT-C 1996
SetC Annealing Temperature = 52°C
Oney?2  F>5-ggT-gCC-AAg-gTT-CAg-TTT-ATg-TT Tet Scribner et al. O. nerka
0.04) R>5-CAg-gAA-TTT-ACA-ggA-CCC-Agg-TT 1996
Ots100  F>5'-TgA-ACA-TgA-gCT-gTg-TgA-g Fam Nelson et al. O. tshawytscha
0.02) R>5"-ACg-gAC-gTg-CCA-gTg-Ag submitted 1998
Ots101  F>5'-ACg-TCT-gAC-TTC-AA Hex Small et al. “
(0.18) R>S5"-TAT-TAA-TTA-TCC-TC 1998
Ots103  P>5'-Agg-CTC-Tgg-gTC-CgT-g Fam Beacham et al. “
(0.10)  R>5'-gAC-ATA-gCg-TTC-AgC-ACA-g 1997
Ssal4 F>5'-CCT-TTT-gAC-AgA-TTT-Agg-ATT-TC  Tet McConnell S. salar
(050) . R>5-CAA-ACC-AAA-CAT-ACC-TAA-AgC-C etal. 1995a

*Fam=6-carboxyfluorescein (blue); Hex=hexachloro-6-carboxy- fluorescein (yellow);

Tet= tetrachloro-6-carboxyfluorescein (green).

t’University of California, Davis, Bodega Marine Laboratory, Bodega Bay, CA 94923,

USA.

PCRs were carried out in a Perkin Elmer 9600 thermocycler with a profile

consisting of 1 cycle at (94°C for 180 s), 10 cycles at (94°C for 60 s + X °C for 30 s +

72°C for 15 s), 14 cycles of (94°C for 30 s + X °C for 30 s + 72°C for 15 s), and 1 cycle
at (94°C for 30 s + X °C for 30 s + 72°C for 300 s), where X represents the

corresponding temperature given in Table 4.1. Reactions were carried out in 10 pL

volumes comprised of 10 mM TrisHCI (pH 8.3), 50 mM KCl, 1.5 mM MgCl,, 0.8 mM
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dNTP’s (0.2 mM each), 0.4 units Taq polymerase, approximately 100 ng DNA, and
primer concentrations as given in Table 4.1. PCR products were electrophoresed on a 6%
denaturing polyacrylamide gel using a Perkin-Elmer Applied Biosystems Inc. 373A
automated sequencer and scored as given in Wenburg et al. (1996, Chapter 2) and Olsen
et al. (1996, Appendix A). It should be noted that numbers of attempted amplifications in

. the Big Beef sample were not the same for both multiplex sets (see Table 4.3).

Previous work has shown that cqastal cutthroat trout and steelhead (O. mykiss)
hybrids exist within creeks in Hood Canal (Campton and Utter 1985; Hawkins 1997;
Wenburg et al. 1998, Chapter 3), and juveniles of even the two pure species are often
difficult to distinguish morphologically (Campton et al. 1991; Hawkins 1997), making it
necessary to distinguish between the species in the laboratory. Two of the loci used in
this study (Sfo8, Ots1) were previously determined by Wenbmg et al. (1998, Chapter 3)
to be informative in distinguishing between these two closely related species. Asa
conservative measure individuals exhibiting any putative “steelhead” alleles at either of

these loci were removed from analysis.

TAGGING AND RECAPTURE

A permanent weir facility is located at the mouth of Big Beef Creek which, except
during major flood events, allows for capture of upstream adult migrants and downstream

J

adult and juvenile migrants. The weir can be maintained with 1 cm gap grates allowing
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capture of adult migrants (> ca. 100 mm) or with fan traps and mesh fencing for capture
of adult and juvenile migrants (> ca. 10 mm). The weir can be configured to trap fish
moving upstream only and in both directions, or can be opened to allow complete
unobstructed movement of fish. From August 5, 1993 to June 12, 1996 various
configurations of the weir were maintained in order to track the movements of coastal
cutthroat trout into and out of Big Beef Creek. Except for the flood events and
occasional maintenance (detailed below), the upstream trap of the weir was maintained
and checked on at least a daily basis from August 5, 1993 through June 1, 1994 and from
August 15, 1994 through June 12, 1996. During the summer months it was expected that
there would be little if any movement of coastal cutthroat trout past the weir. This was
cénﬁrmed in the summer of 1995 when the weir was maintained with no observed
movement of fish. Typically, downstream movement of adults begins in February but
smolt outmigration does not begin until March or April (Chapter 5). Due to the increased
maintenance involved with the operation of the downstream fan trap and mesh fencing,
the normal grates were used except from March/April to June when the movement of
smolt was most likely. Specifically, the downstream trap was maintained and checked
on at least a daily basis from January 22 through June 1, 1994; February 1 through July
19, 1995, and January 20 through June 12, 1996. Additionally the fans and mesh fencing
were in place from April 4 through June 1, 1994 = 61days (d) 1 hour (h); March 3,
through July 19, 1995 = 138 d 5 h 44 minutes (m); and March 23, through June 12, 1996

=78 d 6 h 18 m. Due to flood events and various maintenance requirements, the weir
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was inoperable for approximately 48, 744, and 110 hours during the 1993-1994, 1994-

1995 and 1995-1996 seasons, respectively.

Temporary weir traps were constructed on the three creeks immediately adjacent
to Big Beef (Seabeck, Stavis, and Little Anderson, 4 and 11 km to the south, and 2 km to
the north, respectively; Figure 4.1) and checked on at least a daily basis during the smoit
outmigration periods of 1994 and 1995. Specific dates of weir operation follow for each
creek, by date and total time in operation with inoperable time following each in '
parenthesis: Seabeck, March 25-June 16, 1994 =79 d 14 h 30 m (17 h 30 m) and April
3-June 9, 1995 =66 d 19 h 10 m (0); Stavis, March 29-June 9, 1994 =74d 13h (34 h)
and April 5-June 16, 1995 = 71 d 18 h 20 m (0); Little Anderson, March 25-June 6, 1994

=73d 11 h (0) and April 19-June 9, 1995 =51d 3 h 30 m (0).

Captured smolt were lightly anesthetized with MS-222 (tricaine: 1 g powder/ 20
L water), measured to the nearest mm, weighed to the nearest g (Big Beef Creek only)
énd had small caudai fin clips removed for DNA analysis along with 5-10 scales from the
preferred area for age analysis. In 1994 and 1995, varying percentages (see results for
details) of smolt from all 4 creeks were individually marked with visible implant (VI)
tags placed between the rays of the anal fin (see Wenburg and George 1995 for details on
tagging method and evaluation, Chapter 1). During 1995, for a subsample of smolt,
coded wire tags (CWTs; Jefferts et al. 1963) were placed in the tissue at the base of the
dorsal fin at Seabeck, Stavis and Little Anderson, and a subsample of smolt from Big

Beef had CWTs placed in the snout. These 1.0 x 0.25 mm cylindrical tags are typically

~
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bar coded and are employed in lethal recapture studies where tags can be extracted from
recaptured individuals and read under a microscope. In this study, tags were not
extracted, but were merely checked for presence or absence using an electronic hand-held
detector. This provided a double marking experiment to test VI tag retention and allowed
fish from different creeks to be differentially marked as the detection device was
sensitive enough to identify tags placed in various parts of the body. Adults were
sampled as detailed above for smolt. In addition, they were checked visually for i)revious
Vltags, checked for CWTs with a detection wand (1996 only), and visually assessed for

sex and maturity level.

STATISTICAL ANALYSIS

Tests for deficits from Hardy-Weitiberg equilibrium (HWE) were performed for
each locus/population combination using an exact test where the P-values are estimated
without bias using a Markov chain method following the algorithm of Guo and
Thompson (1992), as were tests for genotypic linkage disequilibrium for all pairs of loci
wi;hin each population, using the computer program GENEPOP version 3.1b (GENEPOP
input file for these analyses is given in Appendix C). For all Markov chain tests
performed in GENEPOP, default parameters for dememorization number (1000), batches
(50), and iterations per batch (1000) were invoked. Also in GENEPOP, tests for
genotypic differentiation at each locus and over all loci were pefformed: a) among all

populations, and b) between all possible population pairs, by estimating an unbiased P-
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value of a log-likelihood (G) based exact test. Sequential Bonferroni adjustments were

used for all simultaneous tests in this study (Rice 1989) with an initial ¢ level of 0.05.

For assessment of genetic subpopulation structuring, the computer program.
FSTAT (Go_u_det 1995) was used to calculate 6sr and 65 (following Weir and Cockerman
1984), which are unbiased estimators of Wright’s (1951) Fsr and Fis, respectively.
Permutation procedures (N=1000) were performed in FSTAT to test whether vaiues were
significantly greater than zero by permuting multi-locus genotypes among samples for
Osr and alleles w1thm samples for 6;s, and 95% confidence intervals (CIs) for both were
calculated by bootstrapping over loci (N=1000). The computer program Rst Calc
(Goodman 1997; available at http://helios.bto.ed.ac.uk/evolgen/), was used to calculate
pst, which is an unbiased estimator of Slatkin’s (1995) Rgr, which is itself an analogue of
Fst account for the differences in allele size under a SMM rather than simply identity or
non-identity under an IAM. Permutation and bootstrap procedures (N=1000) were used
to test whether values were significantly greater than zero and to calculate 95% Cls,
respectively. Data sets were standardized so alleles were expressed in terms of standard
deviations from the global mean before computation of psr statistics. Values reported

are those computed from averaging of variance components over loci.

Three methods were used for indirect calculation of gene flow estimates.
Multilocus estimates of theieffective number of migrants per generation (Nm) between all

population pairs and overall in Hood Canal (non-anadromous Fulton Creek population
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excluded), were calculated: 1) using the private allele method of Slatkin (1985) corrected
for sample size as given in Barton and Slatkin (1986) in GENEPOP; 2) where Nm=1/4
Osr— 1/4 using FSTAT, with 95% CIs being calculated by substituting values from the
upper and lower limits of 95% ClIs for Osr obtained through bootstrap resampling; and 3)
where Nm = 1/4 pst— 1/4 using Rst Calc, with 95% ClIs being determined directly with

bootstrap resampling analysis.

Direct estimates of Nm between Big Beef and Stavis, Seabeck and Little
Anderson creeks were made from tag recapture data. Using an average generation time
of 3 years, and correcting for incomplete tagging and estim#ted tag loss, ranges of Nm
were calculated from the three creeks adjacent to Big Beef into Big Beef from 1994 to

1995 and from 1995 to 1996 using:
4} Nm =3xMx P xRxW)!

where M is the number of tagged migrants captured entering Big Beef from the donor
creek, P is the percentage of outmigrating smolt tagged migrating from the donor creek in

the previous year, adjusted for time the donor creek weir was inoperable, using:
@  P=(h)x(d-)d)

where ¢ is the number of smolt tagged, x is the number of smolt counted past the weir, i is
the number of days the weir was inoperable, and d is the total number of days sampled, ‘

and R is the percentage estimated tag retention from double tagging experiments, where
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(B)  Rewr=(rb+n)int

where rb and r are the number of double-tagged recaptures retaining both tags and the VI
tag only, respectively, and r? is the total number of double-tagged recaptures, therefore
Rewr =0.93, and W is a correction for the percentage of time the weir at Big Beef was

inopefable, using:
(C)) W = (d-i)/d

where d is the tota:l number of days sampled at Big Beef, and i is the number of days the
Bié Beef weir was inoperable during that period. buring 1994-1995 the weir was
maintained for 338 days (8112 hours) including the 744 hours of weir down time,
therefore Wos.94=0.91, and during 1995-1996 the weir was maintained for 329 days

(7896) including 110 hours of weir down time, therefore Wys.96= 0.99.

Several simplifying assumptions were made for the above calculations. The
probability of retention of each tag type was assumed to be independent from the other.
There is no direct data to support this assumption, however, it seems intuitively realistic
as tag placement techniques and locations varied extensively. Moreover, it was assumed
that retention of CWTs in the dorsal fin tissue was equal to that in the snout, as the
double tagging experiment included only the latter. To correct for weir down time, it was
assumed that migration rates were constani throughout the runs. While this is not entirely
true, the limited and sporadic timing of weir down times likely had an averaging out

affect on numbers of undetected migrants. In addition, it was assumed that sampling for
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each creek and year spanned the entire period of smolt outmigration. Data from this
study (not shown) and several years worth of data collected by the Washington
Department of Fish and Wildlife (WDFW) indicate that potential numbers of migrants
missed were negligible. It was also assumed that tag retention was independent of fish
size. Wenburg and George (1995, Chapter 1) found no correlation of VI tag loss and fish
size in coastal cutthroat trout over the range in question here, and several studies have
indicated that CWT retention rates are generally greater than 95% and similarly
independent of fish size (Blankenship 1990; Blankenship and Tipping 1993; Peterson et
al. 1994). Further, it was assumed that tagging procedures did not affect the survival,
behavior or homing ability. Blackenship and Tipping (1993) found that return rates for
coastal cutthroat trout were similar for VI tagged and untagged fish, Wenburg and
George (1995, Chapter 1) found no evidence for increased mortality among smolt or
adults associated with VI tagging, and most available evidence suggests that the use of
CWTs does not significantly increase mortality or behavior in salmonids (Bergman et al.
1992). However, there is some evidence suggesting that injection of CWTs may cause
olfactory tissue damage in chum (O. keta) and pink salmon (O. nerka) fry (< 1 g) and
thus may affect homing precision (Morrison and Zajac 1987; Habicht et al. 1998). Due
to the much larger size of the smolt tagged in this study, such effects were likely
negligible. . Finally, for comparisons to the indirect Nm estimations, which assume
reciprocal gene flow between populations, it was assumed that the number of migrants
into Big Beef from a given creek were equivalent to the number of strays from Big Beef

into that creek.
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Isolation by distance (IBD) tests among the nine anadromous Hood Canal
populations were performed in GENEPOP, using 8sr, psr and the Cavalli-Sforza and
Edwards’ (1967) chord distance (CSE; calculated in PHYLIP, see below) as measures of
genetic distance. Similarly, IBD tests were performed using number of significantly
diverged loci (0-10 from G-test results) between populations as a surrogate for genetic
distance. GENEPOP performs a test similar to the Mantel test (1967) but uses a rank
correlation coefficient and no approximation to provide the distribution of the test
statistic under the null hypothesis of independence between the two variables tested (i.e.,

genétic and geographic distance).

For geographic distances in IBD tests, two matrices were constructed, both with
distances (ocean plus creek) approximated between sampling locations from United
States Geological Survey (1:24,000 scale) topographic maps. First, ocean distances were
approximated by measuring along coastlines, and not necessarily by the most direct route,
as it has been reported that coastal 'cut;hroat trout do not migrate across large bodies of
open water (Jones 1976; Johnston 1982). However, if cutthroat do migrate across Hood
Canal, distances between the Thorndyke and Tarboo and the creeks in the central Hood
Canal cluster would have been drastically overestimated (see Figure 4.1). Therefore a
second distance matt'ix was constructed under the assumption that the open water of
Hood Canal does not represent a migration barrier by measuring the most direct open
water routes between populations (migration across Hood Canal in th.is region would

potentially be < 4 km over depths < 100 m).
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Except for the pairwise (51)? (Goldstein et al. 1995) distances, which were
calculated in Rst Calc, the following genetic distance analyses were performed using the
PHYLIP software pac’l_:age (version 3.5c; Felsenstein 1993). Pairwise distances of Nei’s
(1972) standard distance (D) and CSE were calculated in GENDIST. The neighbor-
joining algorithm in the NEIGHBOR program was used to generate dendrograms from all
distance matnces The maximum likelihood distance matrices and dendrograms were
calculated in the program CONTML. To assess the robustness of the CSE tree
topologies, 100 bootstrap replicates were created in the SEQBGOT program from the
original data sets and used as input files for distance calculations before being analyzed
for best fit in the CONSENSE program. Dendrogram diagrams were created in
DRAWTREE and DRAWGRAM.

Using the methods described above, data from Wenburg et al. (1998, Chapter 3)
were incorporated for several analyses. Data from the Yellowstone population was
combined with that from the nine anadromous Hood Canal populations (Fulton excluded)
at eight loci (Ots100 and Ots103 excluded) for calculation of @sr and psr, and to derive
pairwise distances for CSE, D, and (31)>. Next, given the highly significant correlatibn
found in this study between geographic distance and CSE (see Results), the 13 statewide
populations (Yellowstone excluded) were reanalyzed for IBD using CSE as a measure of
genetic distance (only 657 and psr were used originally). In addition, data from 6 loci (set
A) for the statewide and Hood Canal p'opulations were combined in order to derive

dendrograms of overall relationships between the 23 combined populations. Finally, the
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data from the Stavis Creek samples from both studies were tested at six loci (set A) for -
genotypic differentiation (G-tests) and for indication of subpopulation structure (6sr, 6;s
and ps7). These collections were made independently in alternate years and were
comprised primarily of different age classes from the same creek, allowing comparison of
_ the relative amount of year to year variation within populations to that found between
them. Based on length at age data collected from scale samples (Chapter 5), only
individuals 50-135 mm were used for this comparison to ensure that an overwhelming

proportion of each collection represented an age 1 cohort from alternate years.

RESULTS

WITHIN POPULATION VARIABILITY

Genetic variability for the ten coastal cutthroat trout populations anaiyzed here at
ten microsatellite loci is summarized in Table 4.2 (Ots101 excluded, see below).
Numbers of total alleles per locus ranged from 3 (Ots103) to 33 (Ssa85), and averaged 3
(Onepl11 and Ots103) to 15 (Ssa85) across populations, with the total average number of
alleles per locus being 17. Expected heterozygosities averaged across populations ranged
from 0.16 (Ots103) to 0.87 (Omy77, Ots1 and Ssa85) with an overall average of 0.69. A
total of 37 of 172 (21.5%) alleles were private (present in only one population), and were
distributed among all ten populations with the exception of Seabeck, with 10 occurring at
the most variable locus (Ssa85). When data from Wenburg et al. (1998, Chapter 3) was

included, a total of 34 private alleles were observed out of 209 (16.3%). Two loci
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exhibited alleles indicating they were not perféct dinucleotide repeats. Onep11 exhibited
alleles of 144, 146, 147, 148, and 149 b, indicating a possible point mutation in one of the
flanking sequences; Ots103 appeared to amplify a tetranucleotide repeat in coastal
cutthroat trout as all three alleles were separated by 4 b (182, 186, and 190 b). Putative
steelhead alleles were detected in 24 out of 472 individuals (5%) that were thus excluded
from analysis (Table 4.3). Overall success rates for amplification and scoring of
multiplex products across all populations ami loci was 90.0% (Table 4.3). Allele
frequency data for all populations are given in Appendix E, and genotypic data are given

in Appendix C.
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Table 4.2. Summary of allelic variability at ten microsatellite loci in ten coastal cutthroat trout populations from
Hood Canal, WA. “A” number of alleles; “R” allelic size range in b; ““S” and “F"” size in b and frequency of the most
common alleles, respectively; “Hg” expected heterozygosity; “H,” observed heterozygosity; “P” P-value of tests for
deficits from HWE; “N"" number of samples successfully genotyped; “PR” number of private alleles.

Creek  Sat Omy7] Oneull Ol  Osd  SfoB  Ssa85 Oncu? OwI00  Seaid Ots103 Mean All Loi

Thomdyke A 12 4 9 6 11 12 10 1 6 3 8
R 111-145 146-149 239-305 111-125 192-240 133-199 210-232 176-224 131-149 182-190
s 119 48 27 121 198 141 228 222 139 186 -
F 0.23 0.54 0.34 044 0.26 0.27 0.36 0.25 0.59 098 043
Hg 0.87 0.56 0.77 0.64 0.85 0.86 0.82 0.83 0.61 0.04 0.69
Ho 0.89 0.35 0.95 0.72 0.89 0.96 0.85 0.89 0.67 0.04 0.72
P 0555 0001* 1000 0620 0865 1000 0733 0002* 0766 1.000 -
N 47 46 43 47 47 46 46 46 46 48 46
PR - 1 - - - - - 1 - - 0.2

Tarboo A 15 3 10 4 11 16 12 14 - 6 3 9
R 111-147 146-148 239-293 111-127 192-238 125-197 210-238 168-224 131-149 182-190 -
A T 141 146 263 111 198 153 228 222 139 186 -
F 0.23 0.68 0.26 047 0.26 0.34 041 0.22 0.66 0.93 045
Hg 0.88 0.49 0.84 0.64 0.84 0.83 0.78 0.89 0.53 0.14 0.69
Ho 0.94 047 0.73 0.63 0.83 0.83 0.65 091 050 o1 0.66
P 0913 0623 0206 0010 0331 0695 0113 0658 0261 0.142 -
N 33 34 33 35 35 35 34 34 34 35 34
PR - - - - - - - 1 - . 0.1

Fulton A 6 2 1 4 12 13 8 7 4 3 7
R 113-159 146-148 243-297 109-121 192-226 129-183 200-240 194-248 137-147 182-190 .
Ay 113 146 . 295 121 192 167 206,216 194 139 186 -
F 0.29 0.77 0.27 0.59 0.27 0.21 0.21 042 0.82 0.57 044
Hg 0.80 0.37 0.90 0.59 090 0.90 0.88 078 0.32 0.59 0.70

Ho 0.79 0.24 0.69 041 0.94 0.82 093 0.42 0.35 0.64 0.62

L11
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Table 4.2 continued

Anderson R 111-139 146-148 239-305 111-123 192-242 105-195 210-232 172-226 131-147 182-190 -
s 137 146 271 121 198 153 228 222 139 186 -
F 0.19 0.66 023 043 030 031 030 0.37 082 094 0.46
He 087 0.51 088 067 081 085 084 0.82 032 0.1 0.67
Ho 087 0.45 087 062 073 081 088 0.69 027 0.12 0.63
P 0398 009 0584 0354 0086 0000 0717 0018 0.005* 1.000 -
N 52 53 53 53 52 53 3] 49 52 52 52
PR . - - - . 1 . . . - 0.1
Mean A 12 3 12 5 11 15 10 12 6 3 9
AllCreeks F 0.23 0.64 024 051 030 027 029 0.31 070 090 044
" Hg 087 0.51 087 063 084 087 084 0.83 048  0.16 0.69
Ho 087 0.44 083 0S8 084 086 085 0.74 048 017 0.67
PR - 0.1 - 0.1 0.1 0.1 02 06 . - -
N 42 42 38 42 42 42 35® 33® 36° 36° 39
Total A 19 5 25 12 23 33 18 25 9 .3 17
AllCrecks R 107-159 144-149 231-311 101-133 192-244 103-205 200-254 168-248 131-149 182-190 -
N 417 417 383 417 418 420 353* 333 358°  359° 388
PR - 1 - 1 1 1 2 6 . - 1.2

loci (initial o = 0.05/10 = 0.005).

® Amplification was attempted on only 50 samples for Big Beef at these loci, in contrast to the 99 samples amplified

at the other six loci (see TableN).

'* Indicates significant deficits from HWE using sequential Bonferroni corrections for 10 simultaneous tests across

0zl
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Table 4.3 Prevalence of putative steelhead
alleles and overall microsatellite
amplification success. “S” numbers of
individuals identified with putative
steelhead alleles and removed from each
population; “N” sample size after putative
steelhead removed, and “Mean %" mean
percentage of samples successfully
amplified and scored, after steelhead were
removed are given for each population.

Creek S N Mean %
Thorndyke 0 50 092
Tarboo 1 35 097
Fulton 0 19 0.84
Courtney 3 26 092
Bear 4 29 0.90
. Big Mission 3 47 0.70
Stavis «2 48 0.96
Seabeck 10 40 0.98
Big Beef 1 99/50* 0.90
Little Anderson 0 55 0.95
Total: 24 448 0.90

*For multiplex set A, N =99, and for
multiplex set C, N = 50.

Tests for conformity to Hardy-Weinberg equilibrium (HWE) indicated a
significant deficit of heterozygotes in all 10 populations for Ots101 (initial o = 0.005,
data not shown), likely indicating the presence of significant numbers of null alleles.
Therefore, this locus was excluded from analysis. Among the other 10 loci, deficits were
found in 12 of 100 comparisons which were spread out across six loci and seven
populations, with no more tﬁan three occurring at a single locus or within a given

population (Table 4.2).
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Tests for genotypic linkage disequilibrium rejected the null hypothesis of
ind_ependence in only 25 out of 450 (5.5%) pairwise comparisons that were spread among
19 different locus combinations, with a maximum of three occurring between any pair
(initial o = 0.005; data not shown). This is just slightly above the number of rejections
expected by chance alone at this o level (0.05), indicating that tilc loci used here did not

exhibit sig:;ificant linkage.

For the two Stavis collections, tested as separate populations (data not shown),
values fo; 6st and .psT were not significant and 95% ClIs for both overlapped zero.
Further, 6;s values were not significantly greater than zero in each collection
independently or when pooled into one population, and again in both cases 95% CIs
overlapped zero. Tests for geﬂotypic differentiation between the two Stavis collections
revealed evidence for panmixia at 5 of 6 loci, with the exception being Ots4. Overall, the
year to year variation within creeks was negligible when compared to that between

creeks. Therefore, fish from all age classes, within each creek, were pooled for analysis.

AMONG POPULATION VARIABILITY

Log-likelihood (G) based exact tests for population differentiation among all
populations revealed significant differences at all loci (P<0.0001; Table 4.4). Similarly,
all 45 pairwise comparisons revealed significant differences between populations over all
loci combined. Results from pairwise comparisons at individual loci revealed a more

complex picture of differentiation, with significant genotypic differences in 304 of 450
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pairwise tests (0.68%; P<0.05). Populations were significantly differentiated at as many
as ten loci (Thormmdyke and Fulton) and as few as one locus (Courtney and Bear)
indicating various levels of differentiation between populations. IBD indicated that the
number of differentiated loci between populations was positively correlated with the
geographic distance between them (Fulton excluded; P = 0.00S). In 40 of 45 pairwise
comparisons, populations were differentiated at five or more of the 10 loci. Only four
comparisons differed at three or fewer loci, all occurring within the cluster of southern
Hood Canal creeks (Big Mission, Courtney and Bear). As expected, the non-anadromous
. population, Fulton Creek, was the most highly differentiated, exhibiting heterogeneity

from all other populations at a minimum of seven loci.
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Table 4.4. Probability values from G-tests for genotypic differentiation at 10 microsatellite loci among 10 coastal
cutthroat populations in Hood Canal, WA. Results from tests at each locus independently and across all 10 loci are
given overall among populations with and without Fulton Creek, and for pairwise comparisons between all
population pairs. “No.*” numbers of loci at which genotypic homogeneity was rejected are given for each pairwise
comparison (right hand column) and for each locus across all pairwise comparisons (bottom row).

Bear

P - value

Comparison Omy77 Onepll Otsl Ots4 Sfo8 Ssa85 Onen? Ois]00 Ssald Otsl03  Allloci No.*
Overall:
Fulton included i* i* t* 1* 1* F 2 1* $* $* 1 i+ 10
Fulton excluded $* 1* $* $* 4 3 $* $* $* 0.024* ¥ 10
Pairwise:
Thomdyke vs. 1 0.001* 1 0.125 0.009* 1 0.200 1* 0025 0.402 3 6
Tarboo
Thorndyke vs. i* 0.006* i 0.039* i* i 1 i 0.006* b A i 10
Fulton ’
Thomdyke vs. i* 0.001* i* 0.329 i i* 0.001* i* i 1.000 i+ 8
Courtney
Thorndyke vs 1+ i* i* 0.011* i* i* 0.090 0.001* 1 0.704 1* 8
Bear
Thorndyke vs. 1* 1* i* 0.063 1* $* 0.010* 0.010* i* 0.156 i 8
Big Mission
Thorndyke vs. 1* 1* 1* 0.032 1* 0.001 0.008 3* 0.004 0.087 1~ 8
Stavis
Thorndyke vs. 3* 0.006* * 0072 0.006* 1* 0.032 1 0.020 0.080 i* 6
Seabeck '

- Thorndyke vs. t* {* 0016 0.307 1* 1* 0.260 1* 0078 0.132 b & 5
Big Beef
Thorndyke vs. 1* i* i 0.153 i* i 0.003* i 0.001* 0514 i* 8
Little Anderson
Tarboo vs. i* 0.055 i i* i* i* i* i+ 0.533 $* i* 8
Fulton
Tarboo vs. 0.001* 0.151 i+ 0.005* 0.002* i* 0.009* 0.001* 0.002* 0.193 1* 8
Courtney
Tarboo vs. 0.311 0.960 i* 0.047 0.188 0002* 0065 0005* 0275 0.148 1* 3

74
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Table 4.4 continued

Tarboo vs. Big
Mission
Tarboo vs.
Stavis

Tarboo vs.
Seabeck
Tarboo vs. Big
Beef

Tarboo vs.
Little Anderson
Fulton vs.
Courtney
Fulton vs.
Bear

Fulton vs. Big
Mission
Fulton vs.
Stavis

Fulton vs.
Seabeck
Fulton vs. Big
Beef

Fulton vs. Litte
Anderson
Courtney vs.
Bear

Courtney vs,
Big Mission
Courtney vs.
Stavis
Courtney vs.
Seabeck
Courtney vs.
Big Beef
Courtney vs,
Little Anderson
Bear vs. Big

4o
4o
3
4o
3o
3¢
3¢
4*
§*
3o
4+
3o

0.146
0.343

'0.001*
4o
4+
4
4o

0.835
0.205
0.089
0.077
0.749
1.000
0.029
0.031+
0.062
0.005*
0.014*
0.017*
0.082
0.070
0.100
0.006*
0.019
0.042

0.903

1*
1*
0.002*
$*
$*
1
1+
1*
1*
1*
1
1+
0.163
0.001*
0.001*
$*
1*
0.001*

0.013

0.001*
0.006*

1*
0.257
0.080
0.666

3*
0.072

0.001*
0.796

0.001*

0.001*

0.001*
0.043

0.009*
0971
0.011

0.011*

t‘

0.003*
0.009*

0.501

0.016
0.034
i+
t*
1+
t*
t*
t*
t*
0.289
t*
e
1*
*
t*
3*

0.004*

e
1
t*

0.002+

*
t*
i*
t*
t*
i*
t*
0.056
0.093
1*
$*
1*
i*
0.068

0.147
0.007*

3

0.055
1*
1*
1*
1*
1*
t*
t*
t;

0.497

0.013

0.103

0.001*

0.002

0.001*

0.023

*.
*‘

0.002*
1
t*
1+
1*
e
$*
1

0.049
t*

0.001*
1*
t*

0.010*

0.011

0.006*
0.224
0.292
0.054
0.106
0.038
0.984
0.213
0.022*
0.015*
0.076
0.240
0.103
0.092
1*
t*
0.092
0.001*

0.153

1.000
0.349
0.032

1.000

1.000
1
e
e

0.001*
1*
1*
$*

1.000

0.117

0.146

0.384

0.121

0.253

0.055

$*
t*
t*
t*
$*
1*
*
$*
t*
1
1*
$*

0.0003*
1*
t*
3*
1*
t*
$*

e v v v &
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Table 4.4 continued

* Indicates values judged significant with sequential Bonferroni adjustments for 10 simultaneous tests across loci

(initial o= 0.05/10 = 0.005).

Mission -

_ Bear vs. 0.007* 0.217 i i* 0.008* i* 0.132 0.001* 0.001* 0.225 i* 7
Stavis . ’
Bear vs. i* 0.162 0.001* i 0.001* $*  .0.001* 0.015* 0.002* 0689 i* 8
Seabeck
Bear vs, Big i 0.138 i* 0.010* 0.002* i 0.005* 0033 0077 0.115 i* 6
Beef .
Bear vs. Little i 0.892 0.001* 0.001* i i 0.009* 0.004* 0023 O0.118 i* 7
Anderson
Big Mission vs. i* 0.124 0.003* 0.028 i* 0.002* 0.008* 1* i* 0.132 i* 7
Stavis
Big Mission vs. 1* 0.105 1* 0.041 0.002* 1* 0.006* 0.002* 1* 0.004* i* 8
Seabeck
Big Mission vs. i+ 0.054 i* i* i* 1* 0045 0017 1* 0.602 $* 6
Big Beef
Big Mission vs. t* 1.000 1 0.008* 0.001* 1* i* 0.001* 0027 0809 i+ 7
Little Anderson .
Stavis vs. i* 0.029 1 0.002* i 0.001* i* i* 0745 0.172 1+ 7
Seabeck '
Stavis vs, Big 1* 0724 . 0.001* 0.267 0.001* i 0.028 i* 0.001* 0349 i* 6
Beef
Stavis vs, Little 1* 0.048 i* 0.682 0.001* i* 0.001* i* 0.136 0.153 $* 6
Anderson
Seabeck vs. Big  0.001* 0.062 1* i* i* 1* 0.188 0.010* 0.003* 0.021 1* 7
Beef .
Seabeck vs. 0.001* 0.072 0.028 1* 0.004* b 14 1* 1* 0.138 0014 $* 6
Little Anderson
Big Beef vs, 1* 0.016 0013 0932 $* 1* 0015 0.007* i* 0.730 i* 5
Little Anderson
No. * (for 45 42 14 40 24 40 41 27 41 20 10 45 -
comparisons)
 Indicates P < 0.0001.

921
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For the first distance matrix, tests for IBD indicated no correlation between
geographic distance and Osr, CSE, or psr (P = 0.065, 0.244 and 0.402, respectively).
However, using the second distance matrix, assuming Hood Canal was not a migration
barrier, tests for IBD revealed highly significant correlations between geographic
distance and both @sr and CSE, but not psr (P =0.015, 0.001, and 0.50, respectively).
These findings imply that Hood Canal does not represent a migration barrier to coastal
cutthroat trout. Dendrogram relationships also support this view, with Thorndyke and
Tarboo grouping more closely with the central Hood canal creeks than those from the
southem cluster (see below; Figure 4.2). Using 6sr and psr as measures of genetic
distance, Wenburg et al. (1998, Chapter 3) did not find evidence for IBD among their 13
statewide populations. However, using the CSE matrix for genetic distance, there was a
significant correlation with geographic distance among these populations (P = 0.01),
indicating that IBD, while not as strongly supported as it is for populations within Hoc;d
Canal, appears to be at least loosely applicable to coastal cutthroat trout populations

throughout Washington.

Overall for the nine anadromous populations (Fulton excluded) in Hood Canal,
estimates of éopulation subdivision as measured by 8srand psr, were 0.030 and 0.029,
respectively (Table 4.5). psr values were significant for 31 of 36 pairwise comparisons
(P<0.05) and in only one case did the 95% CI overlap zero. Although the significance of
Osr values for this level of grouping was not tested directly, none of the 95% ClIs for the

36 pairwise comparisons overlapped zero. When Fulton was included with the other nine

~
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Hood Canal populations, st and psr increased to 0.036 and 0.038, respectively, with all
nine pairwise values being highly significant for both estimators (P<0.001) and lower
limits of all 95% ClIs being above zero. When combining the Yellowstone population
with the nine anadromous Hood Canal populations (Fulton excluded), 65y and psr
increased to 0.073 and 0.184, respectively. Again, all nine pairwise values for both of
these estimators were highly significant (Pé0.000l) and lower limits of the 95% CIs were

well above zero.

Table 4.5. Summary of statistics for pairwise comparisons and various levels of
grouping between coastal cutthroat trout populations using data from 10 microsatellite
loci (8 loci for Yellowstone vs. Hood Canal grouping; Ots100, Ots103 excluded). Nm
estimates were calculated for pairwise comparisons and the Hood Canal grouping only
using the private alleles method (PR), and from Osr and psr, as described in the text.
For each of the three groupings, 95% confidence intervals for psr and @sr and the mean
of combined pairwise comparisons are given. Distance measure values are given for
“CSE”, the Cavalli-Sforza and Edwards’ (1967) chord distance; “D”, Nei’s (1972)
standard distance; and “(8)>”, from Goldstein et al. (1995) for all pairwise
comparisons, along with their mean values for the three groupings. Estimated time in
years from the most recent common ancestor is given for the pairwise comparisons
between populations within each grouping, along with the number of comparisons “N”.

Comparison Nm Estimates Fixation Indices  Distance Measures

PR O pgx 6 gr CSE D (5P
Thordyke _ Tarboo 28 4.6 32 0052* 0.072* 0.04 0.15 3.56
Thorndyke  Fulton 08 19 LS 0115 0.139* 0.10 039 9.12
Thorndyke  Courtney 16 36 79  0065* 0031* 005 0.19 1.14
Thorndyke  Bear 25 4.3 46 0055 0.051* 004 0.16 1.49
Thommdyke  Big Mission 27 50 47  0047* 0.050* 004 0.14 2.50
Thorndyke  Stavis 27 1.1 32  0034* 0073* 003 0.1 433
Thorndyke  Seabeck 27 56 1.8 0043* 0021* 004 0.13 1.96
Thorndyke  Big Beef 29 102 51  0024* 0.047* 003 009 2.06
Thorndyke  Little Anderson 20 5.1 63  0046* 0038* 003 0.13 1.19
Tarboo. Fulton 09 22 15  -0.102* 0.147* 0.10 035 13.10
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Table 4.5 continued .
Tarboo Courtney 19 68 39 0.036* 0.061* 0.04 0.12 6.00

Tarboo Bear 39 189 278 0013* 0009 003 0.07 1.05
Tarboo - Big Mission 28 72 39 0.034* 0.061* 004 0.11 334
Tarboo Stavis 40 -173 55 0.033* 0.043* 003 0.11 395
Tarboo Seabeck 36 174 6.0 0.033* 0.040* 003 0.11 2.14
Tarboo Big Beef 47 136 31.2 0.018* 0.008 0.03 0.08 1.07
Tarboo Little Anderson 38 117 83 0.021* 0.029* 0.03 0.07 1.94
Fulton Courtney L1 25 29 0.092* 0.079* 0.10 030 5.66
Fulton Bear 1.1 22 1.7 0.103* 0.125* 0.10 0.35 891
Fulton Big Mission 0.7 24 14 0.095* 0.150* 0.11 0.33 9.62
Fulton Stavis 08 27 2.0 0.086* 0.112* 0.10 0.32 6.90
Fulton Seabeck 08 24 1.8 0.095* 0.121* 0.10 0.33 844
Fulton Big Beef 0.8 23 1.6 0.097* 0.136* 0.10 0.37 9.75
Fulton Little Anderson 06 21 14 0.107* 0.152* 0.11 0.34 11.01
Courtney Bear 36 116 8.6 0.021* 0.028* 0.03 0.09 250
Courtney Big Mission 25 85 6.3 0.029* 0.038* 0.04 0.10 4.62
Courtney Stavis 12 92 6.3 0.026* 0.038* 0.04 0.10 5.12
Courtney Seabeck 1.7 55 79 0.044* 0.031* 0.04 0.14 3.83
Courtney Big Beef 25 60 73 0.040* 0.033* 0.04 0.14 3.81
Courtney Little Anderson 21 82 9.7 0.030* 0.025* 0.04 0.10 3.17
Bear Big Mission 24 75 35 0.032* 0.067* 0.04 0.11 282
Bear Stavis 25 82 56 0.029* 0.043* 0.03 0.11 293
Bear Seabeck 32 62 8.7 0.039* 0.028* 0.03 0.13 1.57
Bear Big Beef 29 97 208 0.025* 0012 0.04 0.09 0.65
Bear Little Anderson 25 99 8.0 0.025* 0.030* 0.04 0.08 1.26
Big Mission  Stavis 20 111 129  0.022* 0.019* 0.04 0.09 133
Big Mission  Seabeck 21 86 125  0.028* 0.020* 0.04 0.10 029
Big Mission  Big Beef 26 104 106 0.024* 0.023* 0.04 0.10 1.62
Big Mission  Little Anderson 25 114 409 0.021* 0006 0.04 0.08 147
Stavis Seabeck 20 74 153 0.033* 0.016* 0.03 0.11 097
Stavis Big Beef 48 124 22.1  0.020* 0.011* 0.02 009 1.50
- Stavis Little Anderson 27 129 8.8 0.019* 0.028* 0.03 0.07 299
Seabeck Big Beef : 44 104 140 0.024* 0018* 0.03 0.10 0.78
Seabeck Little Anderson 57 89 147 0.027* 0.017* 0.02 0.09 094
Big Beef Little Anderson 38 135 207 0.018* 0012 0.03 ‘007 1.19
Hood Canal (Fulton excluded) 60 84 8.3 0.030* 0.029* - - -
N=9 0-10,000 years
95% CI Lower - 10.2 7.7 0.024 0031 - - -
Upper - 7.1 44 0034 0053 - - -
Mean of 36 pairwise comparisons: - - - 0.031 0.033 0.025 0.166 1.95
Fulton vs. Hood Canal - - - 0.036* 0.038% - - -
N=10 10,000-15,000 years
95% CI Lower - - - 0.031 0038 - - -
Upper - - - 0041 0.065 - - -
Mean of 9 pairwise comparions: - - - 0099 0.129 0.068 0.387 10.89
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Table 4.5 continued

Yellowstone vs. Hood Canal (Fulton - - - 0.073* 0.184* - - -

excluded)

N=10 ca. 1,000,000 years

95% CI Lower - - - 0.054 0.181 - - -
Upper - - - 0.100 0211 - -

Mean of 9 pairwise comparisons: - - 0.341 0.710 0.134 2.305 61 03

* Indicates significant 65 and psr values. For G5y pairwise comparisons, values were judged
significant if 95% confidence intervals did not overlap zero, and for grouping comparisons, sngmﬁcance
was determined directly permutation procedures (0=0.05/10=0.005 with sequential Bonferroni
adjustments for 10 simultaneous tests across loci). Significance for all psr values were determined
directly through permutation procedures using the same « level and adjustments.

The estimators, st and psr , were compared to each other by calculating the
.means, SDs and full range of 95% Cls for these values from the pairwise comparisons
“within each of three groupings. With.in the Hood Canal grouping (Fuiton excluded) the
95% CI ranges overlapped significantly (0.002-0.096 vs. -0.001-0.128, respectively) and
their mean values were almost identical (0.031 (SD 0.012) vs. 0.033 (SD 0.015),
respectively). For the Fulton vs. Hood Canal grouping, the 95% CI ranges continued to
overlap (0.048-0.156 vs. 0.049-0.250, respectively) but their means were more disparate
(0.099 (SD 0.009) vs. 0.129 (0.023), res;pectively). In the Yellowstone vs. Hood Canal
grouping, the 95% CI ranges no longer overlapped one another (0.183-0.551 vs. 0.661-
0.776, respectively) and the means were extremely disparate (0.341 (SD 0.018) vs. 0.710

(SD 0.021), respectively; Table 4.5; Figure 4.2).

GENE FLOW AND MIGRATION

Estimated numbers of effective migrants per generation, Nm, are given in Table
4.5 for the three indirect methods overall and for each pairwise comparison among the

nine anadromous Hood Canal populations, along with their 95% ClIs (for Osr and pst
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only). Nm values overall for Hood Canal derived from sy and psr were very similar (8.4
and 8.3, respectively) and their 95% Cls overlapped (7.1-10.2 and 4.4-7.7, respectively),
and they were only slightly higher than the value calculated with the private alleles
method (6.0). Examining the various estimates from the pairwise comparisons shows
more disparity between the methods, with no clear pattern emerging. Between the central

Hood Canal cluster only, Nm estimates were 7.4, 10.6 and 15.6 for private alleles, 65y and

psr methods, respectively (Table 4.6).

Table 4.6. Nm estimates for the four creeks in the central Hood Canal cluster.
Values from 95-96 “Direct Count” given in parenthesis are counts including
the two ambiguous migrants with dorsal fin CWTs (details in text). Ranges

_ for 95-96 corrected Nm values were derived from calculations with and
without these two ambiguous migrants.

Comparison Indirect Methods  Direct Count Corrected Nm from
Direct Count
PR O pg 249 959 9495 9596

Big Beef vs. Stavis 48 124 221 1 S(M 47 23.0-32.1
Big Beef vs. Little Anderson 38 135 20.7 0 02 0 0-6.8
Big Beef vs. Seabeck 44 104 140 0 0Q 0 0-8.2

4 Creeks Combined 74 106 15.6

Table 4.7 gives the overall counts of smolt captured outmigrating from each of the
four central Hood Canal creeks in 1994 and 1995 along with numbers marked with each
type of tag, and weir down time expressed as a percentage of overall time of operation.
Sixty-seven recaptures of fish originally tagged with CWTs (snout) and VI tags were
made at Big Beef in 1995. Of these, 41 retained both tags, 21 retained the CWT only,
and 5 retained the VI tag only. Probabilities of retention were therefore 0.61,0.93 and

0.69 % for both tags, CWTs and VI tags, respectively, and the probability of losing both
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was 0.02%. The average number of days between tagging and recapture was 224 (N=43,

range=1-381, SD=120.4).
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Table 4.7. Outmigration tagging summary by creek and year. “#’, number of smolt counted; “#VI”,
number VI tagged, with percent of total in parenthesis; “#CWT”, number CWTed, with percent of total in
parenthesis; “#VI only”, number VI tagged only; “#CWT only”, number CWTed only; “% tagged”, percent

tagged with at least one tag; “% time weir down”, and percent of sampling period weir was inoperable are
given for each creek in 1994 and 1995.

Big Beef ' Stavis Seabeck Little Anderson
1994

# 473 469 792 1052 148 229 50 340
#VI 437(0.92) 376(0.80) 672(0.85) 277(0.26) 129(0.87) 68(0.30) 36(0.72) 56(0.16)
#CWT - 383(0.82) - 750(0.71) - 181(0.79) - 328(0.96)
# V1 only 446 14 683 3 129 0 36 2
# CWT only 0 22 . 0 479 0 113 0 274
% tagged 092 0.85 0.85 0.1 0.87 0.79 0.72 097
% time no weir 0.09 0.01 0.02 0.00 0.01 0.00 0.00 0.00

£el
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There were no confirmations of-fish that outmigrated as smolt from Little
Anderson or Seabeck that were later captured migrating into Big Beef as adults during
the course of this study. However, there were two fish captured entering Big Beef with
dorsal fin CWTs only, which therefore tr;ust have originated from one of these creeks or
Stavis (the majority of smolt outmigrating from these creeks in 1995 had dorsal fin
CWTs only and all Big Beef fish had snout CWTs). In 1995 there was one adult that
migrated into Big Beef, which had outmigrated as a smolt from Stavis in 1994, and from
1995 to 1996 there were five. Only one of these strays.was recaptured moving
downstream in Big Beef. This migrant was in an obvious spawned out condition, and
presumably strayed into and spawned in Big Beef. However, the other five strays were
not recaptured on their way downstream and therefore it was not possible to assess
whether or nét they actually spawned. These fish either passed downstream during weir
down time, remained in fresh water until at least mid-June or else did not survive to

return to the ocean due to spawning mortality, predation etc.

To account for the two ambiguous strays with dorsal fin CWTs only, a range of
Nm estimates were calculated from the direct observations between Stavis and Big Beef
for 1995-1996. Values of five and seven were substituted for M in Equation 1. This
yielded direct Nm estimates of 23.0-32.1 in 1995-1996 (Table 4.6). Further, assuming
that the two migrants with dorsal fin CWTs were alternatively from Little Anderson and
Seabeck, similar ranges of estimates for Nm were calculated between these creeks and

Big Beef from 1995 to 1996 from 0-8.2 (Table 4.6).
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DISCUSSION

POPULATION STRUCTURE AND GENE FLOW IN HOOD CANAL

These results suggest that all populations analyzed are genetically distinct; that is,
independent creeks in Hood Canal form distinct breeding units for coastal cutthroat trout.
Tests of genotypic differentiation revealed significant heterogeneity among.all
populations. While the level of differentiation, measured by number of differentiated
loci, increased with the geographic distance between populafions, even adjacent creeks
separated by as little as 2 km exhibited significant differences in genotype frequencies at
five of ten loci (Big Beef and Little Anderson). Moreover, values for psr were significant
in 31 of 36 pairwise tests between populations and in only one case did the 95% CIs for
Psr or Ost overlap zero. Similarly, Wenburg et al. (1998, Chapter 3) found significant
allele frequency heterogeneity among all 13 coastal cutthroat trout populations they
analyzed and Campton and Utter (1987) determined that stream effects explained the

greatest degree of allelic frequency variation found between populations in their study.

Courtney and Bear creeks were the least diverged populations in this study,
differing significantly in genotype frequencies at only oﬁe locus. However, the
combined test over all loci rejected the null hypothesis of genotypic homogeneity and
pairwise values for 6sr and pst were si_gniﬁcant, with 95% ClIs that did not overlap zero.
These creeks are separated by only 4 km and were the only ones sampled in this study
that are tributaries to a larger river. As such, they ma;y be expected a priori to be the

most similar. Howe§er, as was found by Campton and Utter (1987), it appears that even
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on this level distinct breeding units may exist in this subspecies, and at the level of
independent creeks flowing directly into salt water the evidence for genetic heterogeneity

is unequivocal.

In light of the relatively small overall geographic area covered in this study, the
degree of population substructuring found here notable among anadromous salmonids
(see Chapter 3, Table 3.8 for comparisons between several studies). These values are
below those obtained for some non-anadromous populations such as brook char
(Salvelinus fontinalis) (Angers et al. 1995) and brown trout (Salmo trutta) (Ryman
1983), but are‘comparable to those reported from microsatellite and allozyme studies
among other anadromous salmonids including coastal cutthroat trout (Campton and Utter
1987; Wenburg et al. 1998, Chapter 3), Atlantic salmon (Sanchez et al. 1996; McConnell
et al. 1997), sockeye salmon (O. nerka) (R_yman 1983) and steelhead (Ryman 1983).
Moreover, the values obtained here for 8sr and psr (0.030 and 0.029, respectively)
among nine coastal cutthroat trout populations in Hood Canal, all within a 100 km area,
were higher than those typically reported for pink salmon across large geographic ranges.
For example, Olsen et al. (1998) reported lower values for 8sr and psr from 12 odd-year
pink éalmon populations spanning from Alaska to Washington (0.022 and 0.026, |
respectively). This example also exemplifies a circumstance where similar Fsr values,
and therefore Nm estimates derived from them, can be obtained from presumably very

different effective population sizes and migration rates (see Allendorf and Phelps 1981).
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Direct estimates for Nm between Stavis and éig Beef varied substantially across

- the two years of this study. Further, under the assumptioﬁ that the two strays with dorsal
fin CWTs in 1996 were from Stavis, there were no recorded strays into Big Beef from
Little Anderson or Seabeck. However, based on indirect estimates, the number of strays
between Big Beef and each of the three adjacent creeks were roughly equivalent. Taken
together these results suggest that straying in coastal cutthroat trout may be highly
stochastic in nature. Studies attempting to directly observe migrational events on
relatively short time scales, such as the present one, may therefore be inadequate to
characterize the true degree of straying among coastal cutthroat trout populations. In
addition, the potential logistical difficulties encountered (e.g., flood events in 1994-1995)
and the r?latively low numbers of migrational events can make accurate quantification

from direct observation problematic.

Indirect estimates of Nm from Fsranalogous involve several simplifying
assumptions which are likely not met in natural populations. Two of the most important
assumptions being the infinite island model of population structure and equilibrium
between migration and genetic drift. It has been shown that coastal cutthroat trout
populations tend to be structured in an IBD fashion where immigrants are more likely to
come from nearby populations, invalidating the infinite island model assumption.
However, Slatkin (1985) and Slatkin and Barton (1989) showed that both the infinite
allele and Fsr methods for estimating Nm values are robust enough to provide reasonable

estimates over a wide range of conditions, even when the island model assumptions are
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violated. The infinite stepping-stone model provides the greatest possible isolation by
distance, and as such may be more accurate in describing coastal cutthroat trout
population structure. This model effectively lies on the opposite end of a theoretical
continuum of possible population structure models from the island model. Comparing
results of simulation studies using assumptions from these alternate models which
represent diametrically opposed extremes, Slatkin and Barton (1989) showed that Fsr and
infinite alleles estimations of Nm provided comparable and realistic results. Further,
especially for small populations, equilibrium is quickly reached between genetic drift and
migration, estimated to be on the order of 1/m years (Slatkin 1985). Nonetheless, Nm
estimates are just that, estimates, and as Slatkin (1985) asserts, realistically in éurveys of

natural populations, values are probably “accurate only to within a factor of two”.

* The range of Nm between Stavis and Big Beef from direct estimates from 1995-
1996 is slightly abbve that for the indirect estimates, but for all other years and creeks the
direct estimates are close to or slightly lower than the indirect eétimates (Table 4.6). In a
similar type study of chum salmon (O. keta), Tallman and Healey (1994) found indirect
gene flow estimates from allozyme data to be well below those indicated by mark-
recapture methods. Similarly, Quinn et al. (1§87) found the level of gene flow inferred
from allozyme data to be much lower than levels estimated from direct assessment using
naturally occurring parasites as “tags” in sockeye salmon (O. nerka). Both studies
concluded that the discrepancy was best explained through differential reproductive

success of straying and homing fish, and Tallman and Healey (1994) suggest that this
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“selection” may be a powerful force in maintaining stock discreteness. While such heavy
selection against strays undoubtedly occurs under certain circumstances, the general
homogeneity among and close proximity of the adjacent creeks in the current study
renders it likely that there would be a relatively small differential of reproductive success
between straying and homing trout on this spatial scale_, which may at least partially

explain the lack of disparity between the direct and indirect estimates.

It should also be noted that Tallman and Healey (1994) used samples from
returning adults for their genetic analysis to determine Nm estimates between streams.
These samples were collected in a different year from the tagging experiment and may
have contained strays which could not be identified as such, confounding the
interpretation of Nm estimates. In the present study, this potential bias was avoided
through sampling only outmigrating smolt. This further avoided a the potential bias from
sampling anadromous species such as the-coastal cutthroat trout which, as shown here in
Chapter 5 and by Michael (1989), may migrate in and out of one or more creeks before
entering their spawning creek. They have also been shown to overwinter in non-natal
creeks (Michael i989), similar to the anadromous Dolly Varden (Salvelinus malma)
(Bemard et al. 1995). Obviously, sampling of adults in suqh species may lead to an
unwanted admixture of populations and should be interpreted with caution. Although
there may also be some bias introduced when sampling juveniles (see Allendorf and
Phelps 1981), for anadromous populations in species with complex migration patterns

such as these it may be préferable to sampling of adults, especially if éampling can be
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designed to capture juvenile or smolt over protracted spatial or temporal scales to avoid
the inclusion of related individuals. This type of sampling scheme was employed in the
present study, and was at least partially validated by the relative absence of gametic and

genotypic disequilibrium in these pcpulations.

While both direct and indirect methods of gene flow estimation involve numerous
simplifying assumptions, what is striking from the present study is that both methods
provided independent estimates that were on average quite similar. The empirical data
indicate that both estimates appear to yield biologically realistic estimates of gene flow
between coastal cutthroat trout populations. So, while the underlying assumptions may
not always be met, it appears that indirect models are nonetheless robust enough to
provide meaningful approximations of gene flow, at least when applied to realistic
situations where gene flow is not precludéd due to the known isolation of populations.
Moreover, they may be more easily obtained due to the logistical difficulties for studies

employing direct methods over sufficient time scales in wild salmonids.

As indicated by estimates of gene flow between populations and the support
found for IBD, persistent gene flow is likely occurring among coastal cutthroat trout
populations. The higher significance for IBD within Hood Canal versus that found.in the
statewide populations combined with the limited saltwater migrations of coastal cutthroat
trout (see Wenburg et al. 1998, Chapter 3) indicate that gene flow is strongest within
regions, but is nonetheless occurring between regions. Indeed, straying at some level

must occur between regions throughout the range to account for the original colonization
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following glacial retreat, and is a “strategy” for which the evolutionary payoff has been
substantial. However, the existence of persistent straying between populations must not
be taken as an indicator of panmixia. Migration between populations does not preclude
genetic differentiation. Although the theory has been inappropriately applied (see Mills
and Allendorf 1996), the occurrence of one migrant per generation (OMPG) is not
sufficient to preclude differentiation between populations, but is merely sufficient to
ensure the same alleles will be shared over long periods of evolutionary time (Allendorf
and Phelps 1981). Indeed, significant allelic divergence will oftt;.n occur when there is
substantial exchange among populations (Allendorf and Phelps 1981), which is exactly
what was found in the present study: highly differentiated populations with straying rates
. well in excess of OMPG. In fact, taken together, the methods employed here yielded
estimates on the order of 10 migrants between populations per generation. Interestingly
this is the theoretical ideal level of gene flow, proposed by Mills and Allendorf (1996),
between populations for artificial implementation between fragmented populations in a

conservation context.

POPULATION STRUCTURE AND GENE FLOW THROUGHOUT WASHINGTON

Coastal cutthroat trout pppulations throughout Washinéton show stron'g
subdivision with nearly all creeks and streams studied to date comprising distinct
breeding units (Campton and Utter 1987; Wenburg et al. 1998, Chapter 3; present study).
Straying between populations within regions maintains some genetic similarity between

them that decreases with increasing geographic distance but does not preclude the
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formation and maintenance of genetically isolated populations. Similarly, some straying
between regions occurs, likely being strongest between ecologically similar regions. And
as suggested by Wenburg et al. (1998, Chapter 3) large-scale relationships between
various regions may reflect ecological heterogeneity between them and possibly the

residual effects of historical dispersal from multiple refugium.

Although bootstrap values were low, as expected with the relatively low numbers
of microsatellite loci used here (Takezaki and Nei 1996), with a few anomalous
exceptions, the overall relationships between the 23 combined populations (Figure 4.2)
follow a priori expectations based on their geographic proximity and the limited distance )
and duration of saltwater migrations for coastal cutthroat trout (see Wenburg et al. 1998,
'Chapter 3). The tight clustering of all Hood Canal populations and relatively short
branch lengths between them indicate that relationships are strong within ecological
homogenous regions. However, it appears that the strongest contributor to population
structure in coastal cutthroat trout is differentiation at the level of individual creeks and
streams, overriding the formation of disjunct regional groupings. Similar results were
found by Fontaine et al. (1997) for Atlantic salmon (Salmo salar) populations in Quebec,
Canada, where stream effects were found to be most significant level of structuring,

overriding the effect of regional groupings.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



143

o Goodman NC ]
3 Snabapish NC ] North Coast
Wildcat SC T
Oxbow SC South Coast
Parker NPS ]
Double Ditch NPS Puget Sound
— 9 = Covington SPS ]
b—— saltSIF ]
- F Gierin SJF Strait of Juan
i Peabody SIF ] de Fuca
. Big Beef ]
Courtney
] Bear
Big Mission
Gold HC
) Tarboo Hood Canal
2 Seabeck
Little Anderson
Fennel SPS
Thorndyke
s Stavis
StavisHC
Fulton - Outgroup

0.02 units

Figure 4.2 Neighbor-joining dendrogram for pairwise CSE distances among 23
coastal cutthroat trout populations constructed with data from six microsatellite
loci. Data for populations in bold are from this chapter; data for all others are
from Wenburg et al. (1998, Chapter 3).
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MICROSATELLITE PROPERTIES

While microsatellites are widely considered one of the most powerful genetic
markers in use today, several aspects of their mutational proﬁenies remain unresolved,
which call into question their applicability for various investigations and the
appropriateness of the statistical methods used in their analysis. The major concerns in
this arena are the appropriateness of the mutational models employed, range constraints
on allelié sizes, homoplasy between populations and the apparent lack of linearity with
time for distance measures (see Takezaki and Nei 1996 and Goldstein and Pollock 1997
for review and detailed discussions of each). It has been shown both through simulation
(Takezaki and Nei 1996) and with empirical evidence (Paetkau et al. 1997) that for the
restricted time scales of intraspecific population studies, where genetic drift is considered
the primary force driving genetic changes, the degree of accuracy in the mutational
models employed (e.g., IAM vs. SMM) and the degree of linearity with time for genetic
distance measures is of less importance than the sample variance of those measures. The
remaining issues, however, mma{n of concern for studies on the intraspecific level.
While this study was not designed to specifically address these issues, samples from
populations with known evolutionary relationships allowed a re-examination of the data
with these issues in mind in order to evaluate the performance of various genetic

statistics.

According to Behnke (1992) divergence between ancestors of the Yellowstone

cutthroat and the coastal cutthroat trout occurred approximately 1 million years ago. The
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non-anadromous population, Fulton, was collected from above a barrier to migration
formed approximately 10,000-15,000 thousand years ago as the glaciers receded from the
Hood Canal mgion. At about this same time, predecessors to the present ;iay anadromous
Hood Canal populations were allowed to disperse from their glacial refugia, likely in a
Puget Sound lake (Thorson 1980), and spread outward along the coast. Therefore, by
testing various groupings of these populations their divergence on three time scales can
be explored: 1) between the anadromous Hood Canal populations (36 pairwise
comparisons; ca. 0-15,000 years; 2) between the anadromous Hood Canal populations
and the non-anadromous Fulton population (nine pairwise comparisons; ca. 10,000-

- 15,000 years); and 3) between the nine anadromous Hood Canal populations and the
Yellowstone cutthroat population (nine pairwise comparisons; ca. 1,000,000 years).
Although sample sizes for the Fulton and Yellowstone populations were relatively small,
comparing the properties of various distance measures and Fsr analogues at these three
levels may shed some light on the forces shaping the spatial distribution of microsatellite

allele frequencies and the subsequent applicability of various statistics. '

The overall similarities of allele sizes and ranges between all the populations
analyzed here were striking, especially when considering the divergence times between
them. For the Hood Canal and statewide populations combined, Fulton contained a total
of only four private alieles at two loci (three at Onep2, one at.OtleO) which fell just
outside the size range for alleles in the anadromous populations (Appendix E). Similarly,

but even more striking, the Yellowstone population, after 1,000,000 years of divergence,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



146

exhibited only six private alleles at two loci (one at Omy77, five at Onep2), and at only
one locus (Onepi2) did these alleles fall outside the size range of those present in the
Hood Canal populations. Although the possibility of one-way gene flow from Fulton into
the anadromous Hood Canal populations could not be ruled out, this level of overlap
strongly suggests the existence of range constraints and/or drastically varying mutation
rates between loci in cutthroat trout. The high numbers of alleles per locus and high
mutation rates assumed to be associated with them make it unlikely that low and varying
‘'mutation rates alone could account for this lack of divergence, but instead indicate strong
range constraints on allelic size ranges at microsatellite loci. Subsequently, assuming the
existence of range constraints, high mutation rates, and the passing of hundreds to
thousands of generations, homoplasy (co—oécurrcnce of alleles that are identical-ixi;statc
though not identiéal-by-descent) becomes an almost certainty. Angers and Bernatchez
(1997) found extensive homoplasy between and even within salmonid species resulting
from various mutational events, and Estoup et al. (1995) found homoplasy to be frequent
at the subspecies level in bees. The data reported here lend further circumstantial support
for the existence of range constraints and homoplasy at microsatellite loci by at least the
subspecies level. This may strongly affect the degree of linearity with time for all genetic
distance measures, reinforcing the need for a new class of statistics for microsatellites

that account for these properties (Goldstein and Pollock 1997).

If the three distance measures used here (CSE, D, and (5}1)2) increased linearly

with time and proceeded roughly under a SMM, one would conservatively expect that the
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mean distance between the Yellowstone population and the anadromous Hood Canal
populationé to be approximately 66-100 times that between Fulton and the Hood Canal
populations. Previous study and simulation (Takezaki and Nei 1996; Paetkau et al. 1997)
has shown that among these distance measures, CSE is the first to lose linearity with
time, followed by D and finally (5t)>. Paetkau et al. (1997) estimated that even (3)?
begins to lose linearity at the interspecific level and possibly at the intraspecific level,
specifically at less than 20,000 years of separation. These inferences were drawn from
microsatellite analysis in bears (Ursus spp.) using an estimated generation time of 10-15
years, or about 1,300-2,000 generations. Therefore, among cutthroat, using an average
generation time of 3 years, the time of separation at which even the most robust measures
begin to plateau could be as little as 4,000-6,000 years, assuming that mutation rates and
size constraints are similar between taxa. The mean of the distances among Fulton and
the Hood Canal populations was higher than that among the Hood éanal populations
alone, for CSE, D and (Sp,)z, the ratios being 2.7, 2.33 and 5.6, respectively (Table 4.5).
The ratios between the Yellowstone vs. Hood Canal grouping and the Fulton vs. Hood
Canal grouping were only 2.0, 6.0 and 5.6, respectively, Well below the expected ratio of
66-100 ass;lming linearity with time. All ratios were at least an order of magnitude
below the expected values providing further evidence that the linearity of these measures
with time plateaus somewhere below the subspecies level, likely due to allelic range

constraints.
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Direct comparison of 6sr and psr values ﬁay yield insight into the forces shaping
population subdivision. The minational processes of microsatellites do not erase all
information about the ancestral allelic state, as mutations tepd to at least roughly proceed
following a SMM (but see also Di Rienzo et al. 1994 and Angers and Bernatchez 1997
and references therein), whicl.'n is taken into account for psr calculations. However, s
values do not take this added information into account, but instead focus on the degree of
overlap beiween allele frequency distributions, which obviously cannot decrease below
zero. Ogr, therefore, tends to overestimate genetic similarity and underestimate
coalescence times, the degree to which this occurs being positively correlated with

: diivergence between populations and the allelic variability of the loci involved. As
coalescence times decrease, the performance of 8sr improves because genetic drift
becomes the more dominant process creating local differentiation, and mutational events
are of less importance. Comparison of Osr and psr values from empirical data may
highlight the point at which the importance of mutation exceeds that of genetic drift in
the formation of allele frequency distribution betwéen populations. Using the population
groupings above, the meal;s of the pairwise Osr and psr values among the Hood Canal
populations were very similar with extensively overlapping 95% CI ranges. This
suggests that these populations are of relatively recent evolutionary origin, and that drift
and migration have predoniinated over mutation in shaping the pattern of genetic
differentiation. At the intermediate level, among Fulton and Hood Canal populations, the

mean of the painvise values for pst became larger than sz, but their 95% CI ranges
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continued to overlap. However, at the Yellowstone vs. Hood Canal level, the mean value
for psr was significantly higher with no overlap in the 95% CI ranges (Table 4.5; Figure
4.3). It therefore appears that for cutthroat trout, as one approaches the subspecies level,
the historical information from distances between alleles increases in importance such
that, if it is ignored, there will be drastic underestimation as to the degree of population
structure. The differences between the mutational models upon which these estimators
are based begin to become important at the intraspecific level (ca. 3,000-5,000
generations) and provide drastically different results by the subspecies level (up to

300,000 generations).
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Figure 4.3 Comparison of means for pairwise values of 8sr (Theta) and psr (Rho)
for population groupings at three time scales. Highest and lowest values for 95%
ClIs are given for all pairwise tests at each level of grouping.

In general, the results from this study were consistent with those of other
researchers in regard to varying mutation rates, constraints on allele size and the tendency
for the linearity with time of distance measures to plateau off below the species level of

' divergenée. While many of the parameters estimated through the available statistics are
robust enough to provide meaningful results for most population level studies, the unique
properties of microsatellites and the apparent variability between loci seem to lend

themselves to categorization by class based on allelic size range, variability and mutation
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rate, as suggested by Goldstein and Pollock (1997). Further, if future research shows that
allelic variance is an adequate predictor of these variables, then selection of loci from
various classes may be dictated a priori by the question being asked or the hypothesis

being tested (Goldstein and Pollock 1997).

CONCLUSIONS
Synthesizing the genetic and migration data from this study and Wenburg et al.

(1998, Chapter 3), it appears that the basic genetic unit in thé population structure of sea-
run cutthroat trout is the individual creek. This .conclu'sion is supported by the results of
the extensive genetic analysis reported in these studies, most notably those from
statistical tests for genetic heterogeneity and subpopulation structure among populations
from creeks throughout Hood Canal and the entire state of Washington. This study also
provided strong evidence for the occurrence of reproductive straying between adjacent
creeks in Hood Canal, which, as has also been shown here, does not preclude genetic
differentiation between them. In general, the comparison of gene flow estimates from
direct and indirect methods provided similar results, validating the applicability of both
methodologies. Finally, these data provided further c;ircumstantial support for the
occurrence of size range constraints and homoplasy at microsatellite }oci, at or below the
subspecies level, as well as rough estimate; for the time scales at which these properties

become important for various statistical parameters.
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CHAPTER 5: LIFE HISTORY TRAITS AND ECOLOGY OF THE COASTAL CUTTHROAT TROUT
(ONCORHYNCHUS CLARKI CLARKI) IN HOOD CANAL, WASHINGTON

INTRODUCTION

Within the cutthroat trout complex, the coastal cutthroat (O. clarki clarki) is the
most abundant and widely distributed of the 14 currently recognized subspecies,
exhibiting a wide array of complex life history strategies (Behnke 1992). The range of
the sea-run cutthroat trout extends from the Eel River in California, USA, to Gore Point
on the Kenai Peninsula in Alaska, USA, with inland penetration generally limited to less
than 150 km (Behnke 1992), which conforms closely to the coastal temperate rain-forest
.belt as defined by Waring and Franklin (1979). Populations of coastal cutthroat trout
exhibit four basic life history forms: resident, fluvial, adfluvial, and anadromous. Unless
otherwise noted, this chapter will address the anadromous form only, hereafter referred to

as the sea-run cutthroat trout.

Sea-run cutthroat trout have undergone a major range-wide decline over the past
two decades (Nehlsen et al. 1991; Trotter et al. 1993), although data are limited and
locally some populations remain healthy. The American Fisheries Society Endangered
Species Committee conclude& that all native naturally spawning populations in the states
of California, Oregon and Washington are at some level of risk, being either of special
concern or on the threshold of becoming threatened or endangered (Nehlsen et al. 1991).

The California Department of Fish and Game has classified the subspecies as a “Species
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of Special Concern” (Gerstung 1997), in Oregon they are currently listed on the
“Sensitive Species List” (Hooton 1997), and in Washington, although there appears to be
a mix of healthy and depressed populations, many popMaﬁons are in a state of steady
decline (Leider 1997). In addition, the United States National Marine Fisheries Service
(NMEFS) recently listed all forms of the coastal cutthroat trout of the North Umpqua River
in Oregon as endangered pursuant to the ﬁndangered Species Act of 1973 (ESA) (NMFS
1996).

The decline of sea-run cutthroat trout populations throughout their native range
has led to concern over the limited ecological information available for this subspecies.
Even details on much of the basic ecology of sea-run cutthroat trout are severely limited
(Trotter et al. 1993) as relatively little research has been performed on this subspecies.
Much of the information available was gathered as incidental information from activities
targeting other more economically important Oncorhynchus species (Leider 1997). In an
effort to rectify this paucity of information and in anticipation of future petitioning to list
more coastal cutthroat trout populations as threatened or endangered, NMFS is currently
conducting a coastwide review for coastal cutthroat trout status and ecological
requirements in an effort to designate ESUs throughout their range (NOAA 1994a).
Similarly, the Washington Department of Fish and Wildlife (WDFW) recently initiated a
stock inventory and status assessment process for all coastal cutthroat trout (Leider
1997). Genetic analyses have been initiated as part of these assessments and were

addressed and previously reported here in Chapters 3 and 4. However, details on
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migration patterns, habitat usage and much of the general ecology of sea-run cutthroat
trout remain uncertain, providing incomplete information on which to base conservation

and management decisions (Trotter et al. 1993).

Sea-run cutthroat trout tend to spawn in small low-gradient watersheds or in
tributaries in the lower reaches of larger systems. Juveniles rear in fresh water for one to
six years, with most fish smolting at age two, three or four, depending on locality. It has
been suggested that physical and biological characteristics of the marine environment
into which the smolt enter may exert selective pressures on smolt age and size (Johnston
1982; see also Chapter 3, Discussion). Seaward movements begin in March and continue
through May. In the relatively protected marine environment of Puget Sound, smolt are
predomix.lantly age two (Leider 1997), with those emigrating to the more exposed surf

zones of coastal areas being predominantly age four (Fuss 1982).

Sea-run cutthroat trout migrations are relatively limited, although very little is
known about the actual movement details. In general, populations are believed to remain
near river mouths and estuarine areas and not to migrate to the open ocean or cross large
bodies of open water (Johnston 1982; Jones 1976) as is common with anadromous
populations of other Oncorhynchus species (Groot and Margolis 1991). Overall, sea-run
cutthroat trout migrations are relatively short, both temporally and spatially, being
generally limited to less than six months and less than 100 km (Giger 1972; Johnston
-1982; Jones 1976) whereas migrations of hundreds to thousaﬁds of kilometers over

periods up to six years or more are common among other Oncorhynchus species (Groot
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and Margolis 1991). Some sea-run cutthroat trout populations may even spend their
entire saltwater residence period within the gonfines of a single river estuary (Tomasson
1978). It is assumed that sea-run cutthroat trout seldom if ever overwinter completely at
sea (Trotter 1989), however some limited evidence suggests that they may (Johnston

1982).

The return migration timing of sea-run cutthroat trout to fresh water varies by
locality. Populations are generally classified as early or late-entry, as defined by
Johnston and Mercer (1976). The former enter fresh water as early as July and continue
through November, and are usually associated with major river systems. The latter are
generally associated with small independent drainages and enter fresh water from
December through March: Individual and sex-specific patterns of migration have not

been previously investigated.

The cutthroat trout complex is one of three in the genus Oncorhynchus within
which species are iteroparous. Details of spawning activity for sea-run cutthroat trout are
similgr to other salmonids, often taking place in tailouts under 15 to 45 cm of water over
a period of 2-3 days (Trotter 1997). Not all sea-run cutthroat trout will spawn during
their first return migration into fresh water. Those that do not are said to be on “feeding
runs”, the proportion of which reportedly varies by population, and is highest among
first-time migrants and females. This behavior also tends to vary with geographic area
with reports ranging from 5% (Sumner 1952) to nearly 50% (Tipping 1981) of upstream

migrants being feeding run fish. The term feeding run, however, may be somewhat of a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



156

misnomer as some populations may feed very little if at all upon their return to fresh
water (Giger 1972). ). Homing to natal creeks for spawning is believed to be very precise
in sea-run cutthroat trout (Campton and Utter 1987). However, complex migration
patterns have been observed, including at least physical straying of sea-run cutthroat trout
into non-natal creeks (see also Chapter 4). For clarity, a distinction is made here between
physical stray-ing, that is, merely migration into a non-natal creek, and reproductive

straying, whereby a physically straying fish also reproduces in a non-natal creek.

Few details of the overwintering period of sea-run cutthroat trout have been
previously documented (Trotter et al. 1993; Trotter 1997). Weight loss of up to 38% of
body weight may occur (Sumner 1953) and survival estimates ranging from
approximately 10-50% have been reported (details and references given below). The
return of spawned-out adults and feeding run fish to salt water tends to peak in March and
April (Trotter 1997). These migrations tend to precede the seaward migration of sea-run
cutthroat trout smolt and other juvenile salmonids and may as such be favored by
selection, as it places the adults in a position to intercept this potential fc;od source in

estuaries (Johnston 1982).

This study was designed in an effort to augment currently available information;
data is presented and analyzed here from a three year tag-recapture study to address
several aspects of sea-run cutthroat trout ecology. The movement and condition of sea-
run cutthroat trout was monitored past a series of weirs on four adjacent creeks in Hood

Canal, Washington over the course of three seasons. Individual tracking and scale
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analysis of a large subsample of migrants allowed the precise determination migration
timing for individuals into and out of fresh water over the course of one to three seasons.
In addition, the hypotheses that differential migration patterns, habitat usage and
reproductive strategies exist between the sexes were tested, and various survival and age
structure parameters were determined for these populations. The sea-run cutthroat trout
populations in the creeks studied here are relatively pristine, they are wild and native and
there are currently no releases of hatchery fish in this area. Further, the populations
studied here are currently protected from sport-fish harvest through Wild Cutthroat

Release regulations (Leider 1997).

METHODS

Using the permanent weir facility located at the mouth of Big Beef Creek in Hood
Canal, WA, and temporary weirs on three adjacent creeks, migrant sea-run cutthroat trout
were sampled, taggéd and monitored between 1993 and 1996. Specific details on the
dat_es and times of weir operation for all creeks in each year are given in Chapter 4.
Briefly, the weir at Big Beef Creek was maintained to capture migrants in both directions
almost continually from August S, 1993 — June 12, 1996, except for infrequent flood
events and periodical maintenance and during the summer months of 1994. It should,
however, be noted that there were several major flood events during the 1994-1995
season. The first of these caused major damage to the weir that forced it to be opened
continuously for 17 days. This occurred during a time when significant upstream

migrations were expected. Indeed, the upstream passage of large numbers of undetected
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migrants was confirmed during that spring when two more adults were captured moving
downstream than had been captured moving upstream during that season. This is
especially significant when one consider§ the typical mortality rate during the freshwater
migration period, ca. 50% (see below), which indicated that around half of the upstream
migration was missed during this season. As such, many of the results from this year are
suspect and are so noted in presentation of results and discussion. Both smolt and adults
were captured, sampled and tagged throughout this period as detailed in Chapter 4.
Temporary weir traps were constructed during the spring outmigration periods only
(March or April through June) at Stavis, Seabeck and Little Anderson creeks in order to

sample and tag emigrants from these creeks.

Scale samples were collected from a subsample of smolt and adults. These
samples were pressed and read following standard procedures by John G. Sneva of the
Washington Department of Fish and Wildlife (WDFW). Sea-run cutthroat trout scales
are notoriously difficult to age (Howard Fuss and John G. Sneva, WDFW, personal
communications). In this study several scale samples were collected across years for
tagged individuals with known migration and spawning histories, providing validation of
scale feature interpretation, most notably the occurrence of spawning checks, thus
improving the accuracy of analysis. Notation followed that currently in use at WDFW:
smolt ages were the number of freshwater annuli; adult ages were designated by the smolt
age prior to the dechﬂal, following the decimal a “+” indicating partial years and

separated post-smolt annuli, an “F” indicating a non-spawning annulus (either a feeding
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run or a winter spent at sea), and an “S” indicating a spawning annulus; “R” indicating a
regenerated scale for which age could not be estimated, and an “R.” indicating a partially
regenerated scale which could not be assigned a smolt age, but could be assigned a post-

smolt age.

Standard statistical procedures were used for the various parameters analyzed in
this study; specific tests and relevant values are reported along with results. Where
appropriate, F-Tests were used to test for equal variances between samples (results not
shown) before subsequent r-tests. Two-tailed tests and an o level of 0.05 were used

throughout to judge significance of results.

RESULTS AND DISCUSSION

There were a total of 598 capture events for adults at Big Beef Creek over the
course of this study with 373 of these involving fish which were captured more than once
(included in these numbers are 4i smolt outmigration tagging events, including 5 from
Stavis, for fish later recaptured as adults at Big Beef). One-hundred and seven fish were
captured twice, and 19, 11, 1 and 1 were captured three, four, five and six times,
respectively. Numbers of smolt outmigrating from each of the three creeks and the
numbers tagged during this study are given in Chapter 4 (Table 4.7). These data do not
include migrant parr which passed downstream in varying numbers throughout the study
.and were not tagged. These fish were generally much smaller (<100 mm) than smolt and

did not exhibit the silver coloration and body shape typical of smolting fish. Migrating
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parr have been reported by others in similar studies (Sumner 1962; Giger 1972). The

significance of these migrants and their effect on their respective populations is unknown.

The mean sizes of adult migrants returning to fresh water increased significantly
for each successive migration, as determined through scale analysis (ANOVA: P<0.001;
Table 5.1). Mean fork lengths for 1* and 2™ return fish in this population were higher
than those reported by Michael (1989) for Snow and Salmon creeks in Washington (1* =
303 mm, range 203-438, N=43; 2™ = 402, range 263-485, N=17), by Johnston (1979,
cited in Michael 1989) for the Stillaguamish River, also in WA (1" = 276 mm, range 155-
356, N=88; 2™ = 361, range 305-420, N=12), and by Sumner (1962) for Sand Creek in

OR (1* = 317.5 mm, N=376; 2™ =370, N=122).

The populations in this study, and those from Snow, Salmon and Sand creeks are
considered late-entry, with the Stillaguamish population being an early-entry stock.
Given the longer saltwater residence of late-entry stocks, it is not surprising that they
tended to be larger than early-entry stocks for a given return migration. However, as can
be seen from the comparison of Big Beef length-at-return information with that from
Snow and Salmon creeks, there is significant variation even within stock types. This
variation exemplifies the need to obtain population, or at the very least, region specific
data for length-at-return estimates. Management plans often rely on the accuracy of such
data. For instance, current WA fishing regulations are designed to ensure that juveniles
and pre-smolt are protected and that most adults are able to spawn at least once prior to

harvest (Leider 1997). Depending on the degree of protection desired, harvest
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»

restrictions on sea-run cutthroat trout from Hood Canal populations would have to be
much more conservative in terms of minimum sizes in order to account for the relatively

large size of these fish at first return to fresh water.

Table 5.1 Fork length (mm) at various life history stages for sea-run cutthroat
trout in Big Beef Creek. Return number was determined through scale analysis.
Results are given for 1 return migrants overall and for the subsamples of these
fish determined to have smolted at ages 2 and age 3, and overall only for 2,

3™, and 4" time return migrants. .
Stat. 1st Return FL 2%Return 3rd Return 4th Return
Overall Age 2 smolt Age 3 Smolt FL FL FL
Mean 342 342 350 406 429 452
SE 32 4.2 10.2 6.2 19.7 -

Range 169-421 205-400 244-420 312473 378485 -
N 171 69 18 40 5 1

Upstream migration into Big Beef Creek began as early as October 15 in 1993
and as late as October 27 in 1994 (Figure 5.1, Table 5.2). The latest individual upstream
migration occurred on April 25' in 1994. The month with the heaviest upstream migration
varied by year and sex, ranging from November to March. For example, during the
1993-1994 season the months of heaviest migration were December and March for males
and females, respectively, and during the 1994-1995 season the heaviest migration

occurred in February for both sexes. On average, males arrived in fresh water sooner
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than females (Figure 5.1, Table 5.2). The 50% point of the upstream migration was
reached sooner by males in all three years of the study. In addition, s-tests (sample sizes
given in Table 5.5) confirmed that the mean of the upstream migration dates
(standardized to day of the year) varied significantly between males and females during
the 1993-1994 and 1995-1995 seasons (P=0.002 and 0.005, respectively). There was not
a significant difference detected in migratioh timing between the sexes for the 1994-1995
season (P=0.97), however this was likely due to the extended period of weir down time
during this season detailed above. Most importantly here, the weir was inoperable from
December 19, 1994 through January 4, 1995. For the other two years of the study, 11%
and 16% of the total upstream migration of males occurred during this same time period
as compared to 6% and 10%. for females. It therefore appears likely that a larger
proportioﬁ of the undetected migrants during the early part of this season were males.
This, along with the highly significant results obtained for upstream migration date
differences between the sexes in the other two years of the study, indicates that the

upstream migration analysis was likely significantly biased for the 1994-1995 season.

The timing of the downstream migration out of Big Beef Creek was much less
variable and occurred over a much shorter period of time than the upstream migration
(Figure 5.1, Table 5.2). The earliest downstream migration was January 23 in 1994, and
the latest was May 25 in 1995. In all years for both sexes, the majority of downstream
migration occurred in April, the 50% mark for the downstream migration was reached

between April 3-8, and the last migration occurred in May. Downstream migration dates
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(standardized to day of the year) did not vary between the sexes during the 1993-1994 or
1995-1996 seasons (r-tests, P=0.10 and 0.93, respectively), but did vary significantly
during the 1994-1995 season (P=0.03).
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Sea-run Cutthroat Trout Migration
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Figure 5.1 Sea-run cutthroat trout migration by day of the year where January 1% =1.
Duration of both upstream and downstream migrations by sex are given for each of three
years, along with date at which 50% of each migration was reached and results of z-tests
between the sexes for each year and direction. Data from Table 5.2.
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Table 5.2 Migration timing for adults at Big Beef Creek. Dates are given by sex for
date the first migrant was captured “1**”, date on which 50% of the run had passed the
weir “50%”, date the last migrant was captured “Last”, and the month of heaviest
migration “Month” and the percent of each run that passed the weir during that month
“%” in both directions for each of three years. See also Figure 5.1.

Year Sex Upstream Downstream

L 50% Last Monh(® 1° 0%  Last Month(%)

1993 Male Octl5 Janll Aprild Dec.(32) Feb9 April8 May 11 _April(70)
-1994
Female Nov24 Feb.l7 April25 March(32) Jan23 April7 May21 April(55)

1994 Male Nov.l Feb3 Aprill0 Feb(48) March7 Aprit3 May 12 April(57)
-1995

Female Oct.27 Febd4 Aprill0 Feb.(46) March20 April8 May25 April(75)

1995 Male Nov.l Jan.3 March 13 Nov./Jan.(37) March 13 Aprii8 May 16 April(74)
-1996
Female Oct26 Jan.14 April2 Jan.(29) ‘March4 April7 May 16 April(66)

As detailed in Chapter 4, for the three creeks adjacent to Big Beef Creek (Stavis,
Seabeck and Little Anderson), trapping of downstream migrants typically spanned from
March or April into June, as the main purpose was the capture of outmigrating smolt. As
such, oniy partial counts for ouunig;'ating adults were obtained for these three creeks.
However, if it is assumed that similar proportions of adults from the four creeks returned
to salt water at the same time in each year, extrapolation from the more complete Big
Beef Creek data can be used to estimate the total fun sizes for the other three creeks. For
each creek, in each year, the percent of the Big Beef run which had outmigrated by the

time their respective weir was in place was calculated, then corrected the number
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captured after that point, assuming the two were identical in proportion, to estimate the
total number of downstream adult migrants. An average survival of 48% (1993-1994 in
Table 5.5, see below) was then assumed, to estimate the total run size for each creek

(Table 5.3).

Table 5.3 Adult downstream migrants from Stavis, Seabeck, and
Little Anderson creeks. Given are the direct counts, extrapolated
number of migrants assuming equivalent and proportional
downstream migration timing with Big Beef Creek, and estimated
total run sizes assuming 48% survival from 1993-1994 Big Beef
Creek survival data.

Creek Downstream  Extrapolated # Estimated
Adult Counts Downstream Adults Total Run Size

Stavis 39 34 Sl 57 106 119
Seabeck 8 13 11 19 23 40
Little Anderson 6 8 8 50 17 104
SCALE ANALYSIS

The aging for many of the sea-run cutthroat trout samples collected was
complicated by relatively high levels of regenerated scales. Approximately 25% of the

scales samples from Big Beef adults were not readable, and 50% of those for which post-
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smolt ages could be determined were partially regenerated precluding assignment of pre-
smolt age. Similarly, approximately 25% of the 311 smolt samples from Big Beef

(N=260) and Stavis (N=51) were not reliably readable.

However, reliable ages were determined for 200 smolt outmigrating from Big
Beef Creek (Appendix F). These samples consisted of individuals ages 1-3, with each
age class differing significantly in mean size (ANOVA, P<0.001) but with overlapping
size ranges. The mean size for age one smolt was 126.8 mm (SE 15.5), ranging from
102-186 (N=5), age two smolt had a mean size of 170.0 mm (SE 2.9), ranging from 110-
277 (N=162), and age three smolt had a meat; size of 190.7 mm (SE 4.8), ranging from
143-266 (N=33). Thirty-one Stavis smolt samples were determined to be age two, with a
mean size of only 133.8 mm (SE 2.2), which differed significantly from the Big Beef age
two smolt (s-test: P<0.001). This difference was likely to be at ieast partially a result of
the presumably increased productivity and warmer water temperatures in Big Beef Creek
associated with William Symington Lake, a 198-ha artificial impoundment constructed

10 km upstream from the weir in 1965.

A total of 218 scale samples from Big Beef adult migr;cmts were read reliably for
post-smolt ages, with 108 of these also being assigned pre-smolt ages (Table 5.4).
Seventy-eight percent (N=171) of these adults were first time migrants, with the
remaining 22% being on their second (N=41), third (N=5) or fourth (N=1) freshwater

migration. Of the 47 repeat migrants, 40 (85%) were female, which is significantly more
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than expected, even considering that overall 64% of the aged adults were female (x® test:

- P<0.00S). All adults determined to have pre-smolt ages of one or four were males (N=6).

Table 5.4 Ages from scale analysis for adult sea-run cutthroat
trout from Big Beef Creek. Pre- and post-smolt ages are given
for each year and combined for all three years, with numbers of
females given in parenthesis.

Big Beef Creck 1993-1994 1994-1995 1995-1996 Total

N 76 (51) 65 (44) 77 (45) 218 (140)
Pre Smolt:

Age 1 - 1(-) 1(-) 2(-)
Age2 23(14) 2217 41(26) 86(57)
Age3 7(5) 6(4) 6(1) 19 (10)
Age4 - 1() - 1)
qut Smolt*: |

R. 46 (32) 35 (23) 29(18) 110(73)
+ 70 (45) 43 (25) 58 (30) 171(100)
+S+ 5(5) | 10(9) 10(7) 25 (21
+F+ 1(1) 11 (10) 4(4) 16 (15)
+S+S+ - 1(-) 2(2) 32
+F+S+ - - 2(1) 2(1)
+F+S+S+ - - 1(1) 1(D)

*Post-smolt codes are as follows: samples for which post-smolit
ages only were determined “R.”; first time migrants ".+”; second
time migrants that spawned the previous season “.+S+"; second
time migrants that were on a feeding run, or overwintered at sea,
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Table 5.4 continued

the previous season but did not spawn *“.+F+”; third time
migrants that spawned in the previous two seasons “.+S+S+";
third time migrants that were on a feeding runs, or overwintering
at sea, and spawning runs for their first and second migrations,
respectively “.+F+S+”; and fourth time migrants that were on a
feeding run, or overwintering at sea, for their first migration and
spawning runs for their second and third “.+F+S+S+".

OVERWINTERING IN FRESH WATER

Overall survival estimates for adults during the upstream freshwater migration
period in Big Beef Creek for the three years of this study are given in Table 5.5. These
values are calculated from overall numbers of migrants and not from individual tag data,
with the following exception. As the majority of migrants were tagged and thus
individually identifiable, several fish were noted migrating in either or both dir'ections

_ multiple times within a season. To avoid artificially inflating numbers of migrants, these
fish were counted only once in each direction. During the 1993-1994 season, the weir
was considered “fish tight” except for two overnight flood events where water passed
over the top of the weir for approximately 1 hour (< 0.001%). For the 1994-1995 season,
there were several flood events which likely allowed for significant numbers of
undetected migrants. As highlighted above, the dates of these flood events, especially the
first two, coincided with times of expected upstream migration (Dec. 19, 1994-Jan. 4,
1995, Feb. 16, 1995-Feb. 20, 1995, Feb. 26, 1995-March 3, 1995, and March 9, 1995-
March 15, 1995; total = 744 hours = 10%). It is likely that thé upstream counts were

therefore most effected in this year, causing the overall numbers of migrants to be
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underestimated, and conversely causing survival estimates to be artificially inflated.
Indeed, this was reflected in the survival estimates for the 1994-1995 season which
exceeded 100% (Table 5.5). Although toa much lesser degree, the reverse is true for
data from the 1995-1996 season, when weir down times predominantly coincided with
expected downstream migration periods (10 hour's total from Jan. 21, 1996-Feb. 7, 1996,
1 hour on March 11, 1996, 8 hours each for March 19, 1996-March 23, 19_96, and April
23, 1996-April 25, 1996; total = 110 hours = 2%)likely causing the number of

. downstream migrants, and therefore survival estimates, to be slightly underestimated.
While they are .likely to vary with environmental conditions, the survival estimate for the
1993-1994 season of 48% is likely the most accurate. These values are similar to those
previously reported for sea-run cutthroat trout overwintering suryival (22.2-76.9%,
Michael 1989; 23-79% Washington State Department of Fisheries, unpublished report;
32% Sumner 1952; 11-46% Sumner 1962). In this study, survival rates for females were
slightly t.xigher than for males, but the differences were not significant over the three

years of this study (¢-zest: P=0.93).

Table 5.5 Counts, sex ratios, and overwinter survival estimates for adult migrants
overwintering in Big Beef Creek.

Year Males Females Upstream  Combined % over winter survival
Up Down Up Down RatioM:F Up Down Males Females Combined

1993-1994 73 33 116 58 1:1.6 189 91 045 050 0.48
1994-1995 31 30 52 55 1:1.7 83*(177) 85 097 1.06 1.02

1995-1996 49 19 96 32 1:20 145 51 039 033 0.35
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Table 5.5 continued

Total 153 82 264 145 1:1.7  417%(511) 227 0.54 055 0.54

*Major flood events caused extensive weir down time mainly during the upstream
migration period for this season (details in text). The numbers in parenthesis are
estimates based on a 48% survival rate and the count of 85 surviving downstream

migrants.

Individual identification and recapture of migrants allowed me to analyze the
movements and condition of 104 adults (67 females and 37 males) overwintering in Big
Beef Creek over the course of this study. Each of these fish was captured migrating
upstream .into, and downstream out of Big Beef Creek, during the same season. On
average, males spent significantly more time in fresh water than did females (71 and 53
days, respectively; s-test: P=0.01), and tended to arrive earlier (detailed above).

Condition factor [K=100(weight in g)/(fork length in cm)®] was noted for 98 of these
migrants both upon entering and exiting Big Beef Creek. The average decrease in K per
day was significantly higher for females (N=57) than for males (N=29) (¢-test: P<0.01),
but the overall decrease in K did not differ significantly between the sexes (0.20 and 0.25,
respectively; t-test: P=0.14). Similarly, for 86 of these migrants, the average loss in
grams per day was significantly higher in females (mean=4.1, N=57) than in males
(mean=1.9, N= 29; t-test: P=0.002), but the overall weight loss was not signiﬁcantly
different between the sexes (100 and 136, respectively; t-test: P=0.12). The average
weight loss in terms of % of body weight was 21.7% (SE 0.018) for males and 23.1% (SE
0.013) for females and were not significantly different (¢-test: P=0.53). Only two fish

gained weight while in fresh water (8 g in 54 days; 34 g in 61 days), suggesting that
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lengthy freshwater residence is energetically costly for adult sea-run cutthroat trout,
presumably even for years in which they do not spawn, and that feeding is limited during
freshwater residence. Ignoring these two fish, the range of % body weight lost was 5.9-
42.2% in males and 2.0-44.4% in females. It is possible that it is the winter season which
is costly to sea-run cutthroat trout and not freshwater residence itself as there is no
information available on the change in condition for fish overwintering in salt water.
Nonetheless, as very few if any sea-run cutthroat trout remain at sea during the entire
winter (but see below), it may be hypothesized that the fitness costs of freshwater
overwintering may be lower than those associated with of remaining in salt water, beyond
the obvious cost to reproductive fitness of missed spawning opportunities for mature fish
remaining in salt water. Little is known about the ecology of sea-run cutthroat trout in
salt water, but possibilities for increased costs include decreased winter food supply,

predation (Giger 1972), and varying degrees of saltwater tolerance (Johnston 1982).

While the overwintering mortality did not differ significantly between the sexes, it
appears they employed alternate migration strategies and experienced differential
energetic costs associated with them, which nonetheless led to similar outcomes. It has
been shown in this study that, on average, males spent 34% more time in fresh water than
females, and tended to arrive sooner. This is consistent with previous study of
Oncorhynchus species showing the importance to males of prior residency and the
establishment of spawning territories centered around females and/or high quality nest

sites, both of which increase their access to females (Foote 1990). In addition, as with all
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Oncorhynchus species, males have the ability to spawn multiple times with one or more
females. Therefore, by arriving sooner and remaining on the spawning grounds longer,
males tend to increase their reproductive oﬂportunities. In contrast, females, which only
spawn once during a season, tended to arrive in fresh water later, emigrate after fewer
days, and lose more weight during the spawning migrétion, presumably due to egg
deposition. Spending less time in fresh water potentially providedAthem additional
feeding opportunities in salt water (see Holtby and Healey 1990), presumably increasing
their' survival, and fecundity, by aiding them in the recov;:ry from the rigors of spawning.
While males expended less energy in the spawning act per se, and increased their
reproductive fitness by remaining on the spawning grounds longer to potentially mate
with more females, they presumably had increased energetic costs associated with longer
freshwater residence and direct intrasexual spawning competition, which can be intense
(Foote et al. 1990; Quinn et al. 1996). The outcome for each of these alternate strategies

was similar, in that mortality rates were near 50% for both sexes (Table 5.5).

The sex ratio of upstream migrants was heavily in favor of females, with a
male:female ratio of 1:1.7 (Table 5.5), similar to the 1:1.6 ratio reported sea-run cutthroat
trout by Sumner (1952). The tendency for males to remain on the spawning grounds in
fresh water longer would effectively bring the sex ratio closer to 1:1, as would the
occurrence of resident precocious males. Precocious resident male cutthroat as small as
100 mm have been reported (Sumner 1952), and indeed were intermittently captured in

this study (data not shown). However, the proportion of such spawners has not been
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systematically investigated in sea-run cutthroat trout, although they have been shown to

be high in other Oncorhynchus species such as the Atlantic salmon (Salmo salar).

For individuals of both sexes, linear regression analysis revealed a strong negative
correlation between the number of days spent in fresh water and the date on which they
entered (males: R? = 0.89, ANOVA P<0.0001, Figure 5.2; females: R?> = 0.57, ANOVA
P<0.0001, Figure 5.3). That is, those adults which entered fresh water earlier tended to
spend more days in fresh water. These results are also consistent with the findings above
that males arrived in fresh water sooner and stayed longer, and that downstream
migrations tended to occur at about the same time across years for both sexes. Further
suggesting that there is an optimum time for migrants of both sexes to leave fresh water,

which is independent of when they arrive.
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Figure 5.2 Regression of number of days spent in fresh water on
date of entry into fresh water (October 1% = 0) for 37 male sea-run
cutthroat trout in Big Beef Creek from 1993-1996.
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Figure 5.3 Regression of number of days spent in fresh water on
date of entry into fresh water (October 1* = 0) for 67 female sea- -
run cutthroat trout in Big Beef Creek from 1993-1996.

MIGRATIONS INTO SALT WATER

Using percentages of first time migrants as determined through scale analysis,
total numbers of upstream migrants, and subsequent numbers of outmigrants, survival
estimates were calculated for smolt to 1™ freshwater migration in all three years for Big
Beef (Table 5.6). These calculations assumed: 1) the age structure of the subsample of
aged individuals were representative of the population, 2) all migrants returned to fresh
water each season, and 3) all migrants returned to their natal creek, or alternatively that

for each fish straying from Big Beef, there was another which strayed into Big Beef of
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the same age class. The salt water survival estima-tes here (11.6-23.2%) were comparable
to those found in previd;;s studies. Michael (1989) estimated mariné_ survival frqm smolt
to ﬁrst return ranged from 1.8 — 21.7% in two creeks less than 100 km from Hood Canal,
Giger (1972) reported marine survivals of 20-40% for Oregon stocks, and Jones (1978)

reported survival in an over-harvested Alaskan stock at 17%.

Using counts of adults surviving to migrate back downstream in 1993 and 1994,
adjusted for the percent of thoée runs that determined through scale analysis to be first-

_ time migrants, and adjusting the number of ﬁpstream migranfs ir_n the following year; for |
thelpe_rcéntagés determined through scale analysis to be second-time migrants, survival
rates between first and second upstream migratibn in 1995 and 1596 were calculated
(Table 5.6). These surviv.al rates bétweén first and second upstream migration (33.3-

' 58.9%) were simifar to the 39% previousl-y repom;.d for Sand C¢ek, an Oregon stock,

also in the absence of a fishery (Sumner 1952).

.« o LT i : A

-
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Table 5.6 Saltwater migration survival estimates for sea-run cutthroat trout from Big
Beef Creek. Estimates are given from smolt to first return, for three years, and from
outmigration after first return to second retum, for two years.

Smolt Adult Migrants Adjusted Adjusted Survival % Survival % 1*
i Total 1* Total 2* Smoltto 1* to 2" Return
Year Count Year Count Count 1®* 2 Rewurn Return  Return
Up Down Return Return ’

1993 727 1993- 189 91 092 - 174 - 0.239 -
1994 . ’

1994 473 1994- 83 85 066 0.34 55 28 0.116* 0333+
1995 '

1995 469 1995- 145 - - 0.23 109 i3 0232 0.589
1996

* *These values are likely underestimated due to the several flood events during expected
upstream migration times during the winter of 1994-1995 (details in text).

The movements of 48 tagged adults (34 females and 14 males) were observed and
analyzed during the saltwater portion of their life cycle. Each of these fish were captured
in the spring migrating downstream from Big Beef Creek into salt water and re-captured
the following fall/winter upon re-entering Big Beef. On average, males spent less time in
salt water than did females, although the difference was not significant (255 (SE 11.3) vs.
269 (SE 11.5) days, respectively; ¢-test: P=0.44). Condition factor was noted for 38 of
these migrants both upon .exiting and re-entering Big Beef. The averége increase in K
was again higher for males (N=9) than for females (N=29) but ‘was not significant, both
overall (6.20 (SE 0.04) and 0.18 (SE 0.02), respectively; ¢-test: P=0.68) and by day

(7.8x10" and 6.7x10™, respectively; z-test: P=0.28). Similarly, the average weight gain
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in grams per day was higher in males (1.6 (SE 0.14), N=9) than in females (1.3 (SE 0.22),
N= 29), but again the differences were not significant (¢-test: P=0.34). However, the
average overall weight gain was slightly higher, but not significantly so, in females (413
(SE 15.4) g, N=27) than in males (409 (SE 35.2) g, N=9; t-test: P=0.85). Growth in
length was higher for males than females, both overall (123 (SE 12.4) and 102 (9.2) mm,
| respectively) and by day (0.50 (SE 0.06) and 0.37 (0.03) mm, mspéctively), but again the
differences were not significant (P=0.31 and 0.11, respectively). The differences
between the sexes in average weight gain in salt water, calculated as % body weight,
were not significant, being 154% (SE 0.19), ranging from 78-216%, for males, and 135%

(SE 0.15), ranging from 59-297%, for females (P=0.48).

As noted above, it has been suggested that some sea-run cutthroat trout may
overwinter a.t sea (Johnston 1982). Bernard et al. (1995) concluded that this was indeed
the c@ for large numbers of anadromous Dolly Varden (Salvelinus malma) which show
strong similarities to sea-run éutthroat trout in several aspects of their life histories and
migration patterns. There were seven tagged cutthroat in this study which were seen in
1994 and 1996 but not in 1995, all of which were females. As there were times during the
1994-1995 season that the weir at Big Becf was inoperable, it is possible that these fish
did return, but went undetected in 1995. Scale analysis was performed for one of these
females which was captured leaving Big Beef on May 4, 1994 and not seen again until it
passed back upstream on January 3, 1996. Scale analysis indicated that this fish had not

spawned during the 1994-1995 season. There is no definitive way to tell from scale

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



180

analysis if a fish made a feeding run into fresh water or spent that time in salt water (John
G. Sneva, WDFW, personal communication). Therefore, this fish may have remained at
sea for 609 days, or entered and exited Big Beef on a feeding run during 1995 undetected,
or strayed to a different creek for a feeding run during the 1995 season. However, these

data indicate that indeed some sea-run cutthroat trout overwintered at sea in this study.

STRAYING

It is common among Oncorhynchus species for some reproductive straying to
occur between populations, the extent of which appears to vary by species, population
an;i even environmental conditions between years (Ricker 1972). There have been no
documented cases of reproductive straying among wild sea-run cutthroat @ut. Giger
(1972) reported significant physical straying among hatchery stocks of sea-run cutthroat
trout, but such behavior among hatchery and transplanted stocks of salmonids does not
provide a reliable estimate for wild stocks (Ricker 1972). Jones (1975, 1976) and
Michagl (1989) also reported physical straying in wild populations of sea-run cutthroat
trout among predominantly immature feeding run fish, but reported no evidence for
reprociuétive straying. Similarly, extensive physical straying has been observed in Dolly
Varden along with little or no evidence of reproductive straying (Armstrong 1970, 1974,
Bernard et al. 1995). Although it could not be determined definitively as actual spawning
events were not witnessed, there is strong evidence to support the existence of both
physical and reproductive straying among sea-run cutthroat trout populations. Ten fish

were captured in more than one creek during the course of this study (details in Appendix
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G for the following VI tagged fish: T68, TK4, T08, Z38, AF9, E33, EH3, F04, and two
others with dorsal fin coded wire tags only for which individual identification was not
available). Seven outmigrating smolt were later recaptured at least once in a creek other
than the one that they originally outmigrated from, and hence presu;llably their native
creek (all creeks in question empty directly into salt water). Two of these were captured
leaving their presumed non-natal creeks as adults in a spawned out condition, and the
other five were clearly of reproductive size and appeared to be developmentally ready to
spawn upon migrating upstream into nm;-natal creeks. Further, one of these was
captured migrating upstream into the same non-natal creek in two consecutive years in a
fuily mature and ripe condition. These data indicate that some reproductive straying does
occur among the creeks of Hood Canal, a conclusion that is further supported by the

genetic analysis reported here in Chapter 4.

FEEDING RUN ESTIMATES

Percentages of sea-run cutthroat trout migrants on feeding runs have been
estimated from S to 50% for different populations (Jones l§72, 1973, 1974, 1975, 1976;
Johnston 1982; Tipping 1981; Fuss 1982). The estimates in this study fell towards the
low end of this range. As noted above, thefe is no definitive way to tell from scale
analysis if a fish made a feeding run into fresh water or spent the winter in salt water.
However, scale analysis indicated that a maximum of 38 out of 218 (17%) aged adults
had engaged in feeding runs, that is if it is assumed none of these fish overwintered at

sea. This is likely an overestimation, for as detailed above, it appears likely that at least
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some of these migrants spent the entire year at sea. In addition, although there is no
objective criteria on which to base designations, individual weight loss information
combined with visual assessment indicated that throughout this study, more than 90% of

upstream migrants were spawners.

Although much of the variation in feeding run percentages may be explicable by
inter-population differences, there may be another factor involvéd. In this study, some
_upstream migrénts entered fresh water up to seyeral months prior to spawning. Results
from individual identification confirmed that from visual assessment alone as fish passed
upstream, especially for the earlier migrants, it was not always possible to correctly
determine if fish were going to spawn during that migration. As most studies must make
such visual assessments of upstream migrants only, as fish are usually not individually
identifiable, it appears likely thai in such studies the proportional estimates of spawning
fish may be underestimated as eventual spawneré may appear “green” upon entering fresh

water, and thus be misclassified as feeding run fish.

MIGRATION DATE FIDELITY

Timing for upstream migration (Gharrett and Smoker 1993), spawning time
(Siitonen and Gall 1989), and age at maturity (Hankin et al. 1993) have been shown to be
‘heritable and therefore under some degree of genetic’control in other Oncorhynchus
species; however, to my knowledge the question of repeat migration date fidelity in
iteroparous individuals has not been investigated. There were 51 individuals that were

captured migrating downstream (N=32) or upstream (N=19) in more than one year. This
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allowed me to investigate the question, Do individuals tend to migrate upstream or
downstream on similar dates across years? The results indicated that there was no
apparent correlation between the date of downstream migration (standardized for day of
the year) across years for individuals (R?= 0.05, ANOVA P=0.22, N=32, data not
_shown). However, with the removal of a single extreme point, regression analysis
confirmed that there was a significant correlation between the upstream migration date in
one year for an individual and the upstream migration date in the next year for that same

individual (R? = 0.43, ANOVA P=0.002, N=19, Figure 5.4).

200

180 1y 2 1.1045x -50.371
160 - R?=0.4349
140 P =0.002

120 1
100 -
80 -
60 -
40 -
20 -

Year A

0 §0 100 150 200
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Figure 5.4 Regression for date of upstream migration (October 1% = 0) in one
year on upstream migration in the next year for 19 sea-run cutthroat trout into Big
Beef Creek. One data point (44,148), was removed as an outlier for regression
analysis.
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Conclusions

This chapter reported on a three year ecological tag-recapture study of native sea-
run cutthroat trout populations in Hood Canal, Washington. These results are likely ‘
among the most accurate to date, as these populations are protected from sport fish
harvest and that the identification of individuals in this study allowed for more accurate
estimates than those typically available from other studies. Survival rates for the main
study population, Big Beef Creek, both for the freshwater and saltwater migration
periods, and the proportion of repeat épawners were high relative to the few results
previously reported. It was also demonstrated that males tended to migrate into fresh
water sooner than females and stayed longer, and that there is some fidelity to the
upstream migration date for individuals across years. And finally, the strongest
behavioral evidence to date was reported, indicating that sea-run cutthroat trout engage in
reproductive straying between creeks and that some migrants remain at sea during the
entire overwintering period. It is my hope that these data, along with the genetic analyses
of the previous chapters, will be of use in the conservation efforts currently underway,
and those likely to follow, in the attempt to preseﬁ'e and protect the coastal cutthroat

trout.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BIBLIOGRAPHY

Allendorf FW, Leary RF (1988) Conservation and distribution of genetic variation in a

polytypic species, the cutthroat trout. Conservation Biology, 2, 170-184.

Allendorf FW, Phelps SR (1980) Loss of genetic variation in a hatchery stock of

cutthroat trout. Transactions of the American Fisheries Society, 109, 537-543.

Allendorf FW, Phelps SR (1981) Use of allelic frequencies to describe population

structure. Canadian Journal of Fisheries and Aquatic Sciences, 38, 1507-1514.

Altukhov YP, Salmenkova EA (1991) The genetic structure of salmon populations.

Aquaculture, 98, 11-40.

Angers B, Bernatchez L (1997) Complex evolution of a salmonid microsatellite locus and -
its consequences in inferring allelic divergence from size information. Molecular

_ Biology and Evolution, 14, 230-238.

Angers B, Bernatchez L (1998) Combined use of SMM and non-SMM methods to infer
fine structure and evolutionary history of closely related brook char (Salvelinus
Jontinalis, Salmonidae) populations from microsatellites. Molecular Biology and

Evoiution, In press.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



186

Angers B, Bernatchez L, Angers A, Desgroseillers L (1995) Specific microsatellite loci
for brook char reveal strong population subdivision on a microgeographic scale.

Journal of Fish Biology, 47, 177-185.

ABI (Applied Biosystems Inc.)(1994) Genotyper 1.1 DNA fragment analysis software.

Users manual rev. A. Foster City, CA, U.S.A.

ABI (Applied Biosystems Inc.)(1993) GeneScan 672 software. Users manual rev. A.

Foster City, CA, U.S.A.

Armstrong RH (1970) Age, food, and migration of Dolly Varden smolts in southeastern

Alaska. Journal of the Fisheries Research Board of Canada, 27, 991-1004.

Armstrong RH (1974) Migration of anadromous Dolly Varden (Salvelinus malma) in
southeastern Alaska. Journal of the Fisheries Research Board of Canada, 31, 435-

444,

Aspinwall N (1974) Genetic analysis of North American populations of the pink salmon,
Oncorhynchus gorbuscha, possible evidence for the neutral mutation-random drift

hypothesis. Evolution, 28, 295-305.

Avise JC (1994) Molecular markers, natural history and evolution. Chapman and Hall,

"New York.

Barton NH, Slatkin M (1986) A quasi-equilibrium theory' of the distribution of rare

alleles in a subdivided population. Heredity, 56, 409-415.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



187

Beacham TD, Margolis L, Nelson RJ (1997) A comparison of methods of stock
identification for sockeye salmon (Oncorhynchus nerka) in Barkley Sound,
British Columbia. North Pacific Anadromous Fisheries Commission Symposium

1, In press.

Behnke RJ (1992) Native trout of western North America. American Fisheries Society

Monograph 6, Bethesda.

Behnke RJ (1997) Evolution, systematics, and structure of Oncorhynchus clarki clarki.
In: Sea-run cutthroat trout: biology, management, and future conservation (eds.
Hall JD, Bisson PA, Gresswell RE), pp. 3-6. Oregon Chapter American Fisheries

Society, Corvalis.

Bentzen P, Taggart CT, Ruzzante DE, Cook D (1996) Microsatellite polymofphism and
the population structure of Atlantic cod (Gadus morhua) in the northwest

Atlantic. Canadian Journal of Fisheries and Aquatic Sciences, 53, 2706-2721.

Bergman PK, Haw F, Blankenship HL, Buckley RM (1992) Perspectives on design, use

and misuse of fish tags. Fisheries, 17, 20-25.

Bernard DR, Hepler KR, Jones DJ, Whalen ME, McBride DN (1995) Some tests of the
“migration hypothesis” for anadromous Dolly Varden (southern form).

Transactions of the American Fisheries Society, 124, 297-307.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



188

Bematchez L (1995) A role for molecular systematics in defining evolutionarily

significant units in fishes. American Fisheries Society Symposium, 17, 114-132.

Blankenship HL (1990) Effects of time and fish size on coded wire tag loss from chinook

and coho salmon. American Fisheries Society Symposium, 7, 237-243.

Blankenship HL, Tipping JM (1993) Evaluation of visible implant and sequentially coded
wire tags in sea-run cutthroat trout. North American Journal of Fisheries

Management, 13, 391-394.

Botstein D, White RL, Skolnick M, Davis RW (1980) Construction of a genetic linkage
map using restriction fragment length polymorphisms. American Journal of

Human Genetics, 32, 314-321.

Bruford MW, Wayne RK (1993) Microsatellites and their application to population

genetic studies. Current Opinion in Genetics and Development, 3, 939-943.

Bryan RD, Ney JJ (1994) Visible implant tag retention by and effects on condition of a
stream population of brook trout. North American Journal of Fisheries

Management, 14, 216-219.

Buckley RM, Blankenship HL (1990) Internal extrinsic identification systems: overview
of implanted wire tags, otolith marks, and parasites. American Fisheries Society

Symposium, 7, 173-182.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



189

Campton DE (1981) Genetic structure of sea-run cutthroat trout (Salmo clarki clarki)
populations in the Puget Sound area. MS thesis, University of Washington,

School of Fisheries, Seattle, WA, 98195.

Campton DE, Allendorf FW, Behnke RJ, Utter FM (1991) Reproductive success of
hatchery and wild steelhead. Transactions of the American Fisheries Society, 120,

816-822.

Campton DE, Utter FM (1985) Natural hybridization between steelhead trout (Salmo
gairdneri) and coastal cutthroat trout (Salmo clarki clarki) in two Puget Sound

streams. Canadian Journal of Fisheries and Aquatic Sciences, 42, 110-119.

Campton DE, Utter FM (1987) Genetic structure of anadromous cutthroat trout (Salmo
clarki clarki) populations in the Puget Sound area: evidence for restricted gene

flow. Canadian Journal of Fisheries and Aquatic Sciences, 44, 573-582. .

Cavalli-Sforza LL, Edwards AWF (1967) Phylogenetic analysis: models and estimation

procedures. American Journal of Human Genetics, 19, 233-257.

Chakraborty R, Leimar O (1987) Genetic variation within a subdivided population. In:
Population Genetics and Fishery Management (eds. Ryman N, Utter F), pp. 89-

'120. University of Washington Press, Seattle.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



) 190

Di Rienzo A, Peterson AC, Garza JC, Valdes AM, Slatkin M, Freimer NB (1994)
Mutational processes of simple-sequence repeat loci in human populations.

Proceedings of the National Academy of Sciences, USA, 91, 3166-3170.

Edwards A, Hammond HA, Jin L, Caskey CT, Chakraborty R (1992) Genetic variation at
five trimeric and tetrameric tandem repeat loci in four human population groups.

Genomics, 12, 241-253.

Estoup A, Tailliez C, Cornuet JM, Solignac M (1995) Size homoplasy and mutational
processes of interrupted microsatellites in two bee species, Apis mellifer and

Bombus terrestris (Apidae). Molecular Bidlogy and Evolution, 12, 1074-1084.

Famsworth EJ, Rosovsky J (1993) The ethics of ecological field experimentation.

Conservation Biology, 7, 463-472.

Felsenstein J (1993) PHYLIP version 3.5c. Department of Genetics, University of

Washington, Box 357360, Seattle, WA, 98195.

Fontaine P, Dodson JJ, Bernatchez L, Slettan A (1997) A genetic test of metapopulation
structure in Atlantic salmon (Salmo salar) using microsatellites. Canadian Journal

of Fisheries and Aquatic Sciences, 54, 2434-2442.

Foote CJ (1990) An experimental comparison of male and female spawning territoriality

in a Pacific salmon. Behaviour, 115, 283-314.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



191

Forbes SH, Allendorf FW (1991) Associations between mitochondrial and nuclear

genotypes in cutthroat trout hybrid swarms. Evolution, 46, 1332-1349.

Forbes SH, Hogg JT, Buchanan FC, Crawford AM, Allendorf FW (1995) Microsatellite
evolution in congeneric mammals: domestic and bighorn sheep. Molecular

Biology and Evolution, 12, 1106-1113.

Fusé HIJ (1982) Age, growth and instream movement of Olympic Peninsula coastal
cutthroat trout (Salmo clarki clarki). Master’s thesis. University of Washington,

Seattle.

Gerstung ER (1997) Status of coastal cutthroat trout in California. In: Sea-run cutthroat
trout: biology, management, and future conservation (eds. Hall JD, Bisson PA,.

Gresswell RE), pp. 43-56. Oregon Chapter American Fisheries Society, Corvalis.

Gharrett AJ, Smoker WW (1993) Genetic components in life history traits contribute to
population structure. In: Genetic conservation of salmonid fishes (eds. Cloud JG,

Thorgaard GH), pp. 197-202. Plenium Press, New York.

Giger RD (1972) Ecology and management of coastal cutthroat trout in Oregon. Fisheries

Research Report, 6, Project F-72-R. Oregon State Game Commission, Corvallis.

Goldstein DB, Linares AR, Cavalli-Sforza LL, Feldman MW (1995) Genetic absolute
dating based on microsatellites and the oriéin of modern humans. Proceeding of

the National Academy of Sciences, USA, 92, 6723-6727. .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



192

Goldstein DB, Pollock DD (1997) Launching microsatellites: a review of mutation
processes and methods of phylogenetic inference. Journal of Heredity, 88, 335-

342.

Goodman, SJ (1997) Rst Calc: a collection of computer programs for calculating
estimates of genetic differentiation from microsatellite data and a determining

their significance. Molecular Ecology, 6, 881-885.

Goudet J (1995) FSTAT version 1.2: a computer program to calculate F-statistics. Journal

of Heredity, 86, 485-486.

Groot C, Margolis L (1991) Pacific salmon life histories. University of British Columbia

Press, Vancouver.

Guo SW, Thompson EA (1992) Performing the exact test of Hardy-Weinberg proportion

for multiple alleles. Biometrics, 48, 361-372.

Habicht C, Sharr CS, Evans D, Seeb JE (1998) Coded wire tag placement affects homing

ability of pink salmon. Transactions of the American Fisheries Society, In press.

Hankin DG, Nicholas JW, Downey TW (1993) Evidence for inheritance of age of
maturity of chinook salmon (Oncorhynchus tshawytscha). Canadian Journal of

Fisheries and Aquatic Sciences, 50, 347-358.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



193

Hansen MM, Nielsen EE, Mensberg KLD (1997) The problem of sampling families
rather than populations: relatedness among individuals in samples of juvenile

brown trout Salmo trutta L. Molecular Ecology, 6, 469-474.

Hartl DL, Clark AG (1989) Principles of Population Genetics, 2nd edn. Sinauer

Associates, Inc., Sunderland.

Haw F, Bergman PK, Fralick RD, Buckley RM, Blankenship HL (1990) Visible

implanted fish tag. American Fisheries Society Symposium, 7, 311-315.

Hawkins DK (1997) Hybridization between coastal cutthroat trout (Oncorhynchus clarki
clarki) and steelhead (O. mykiss). Ph.D. Dissertation, University of Washington,

School of Fisheries, Seattle, WA, 98195.

Hoelzel AR, Green A (1992) Analysis of population-level variation by sequencing PCR-
. amplified DNA. In: Molecular Genetic Analysis of Populations: A Practical

Approach (ed. Hoelzel AR), pp. 159-186. IRL Press, Oxford.

Holtby LB, Healey MC (1990) Sex-specific life history tactics and risk-taking in coho

salmon. Ecology, 71, 678-690.

Hooton B (1997) Status of coastal cutthroat in Oregon. In: Sea-run cutthroat trout:
biology, management, and future conservation (eds. Hall JD, Bisson PA,

Gresswell RE), pp. 57-67. Oregon Chapter American Fisheries Society, Corvalis.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



194

Jefferts KB, Bergman PK, Fiscus HF (1963) A coded wire identification system for

macro-organisms. Nature (London), 198, 460-462.

Johnston JM (1982) Life history of anadromous cutthroat trout with emphasis on
migratory behavior. In: Proceedings of the salmon and trout migratory behavior
symposium. (eds. Brannon EL, Salo EO), pp. 123-127. University of Washington,

School of Fisheries, Seattle.

Johnston JM, Mercer SP (1976) Sea-run cutthroat in saltwater pens: broodstock
development and extended juvenile rearing (with a life history compendium).
Fisheries Research Report, Project AFS-57-1, Wéshington State Game

Department, Olympia.

Jones DE (1972) Life history study of sea-run cutthroat-steelhead trout in southeast
Alaska. Alaska Department of Fish and Game. Annual progress report, 13, study

AFS-42, Juneau.

Jones DE (1973) Steelhead and sea-run cutthroat trout life history in southeast Alaska.
Alaska Department of Fish and Game. Annual progress report, 14, study AFS-

42-1, Juneau.

Jones DE (1974) The study of cutthroat-steelhead in Alaska. Alaska Department of Fish

and Game. Annual progress report, 15, study AFS-42, Juneau.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



195

Jones DE (1975) The study of cutthroat-steelhead in Alaska. Alaska Department of Fish

and Game, Annual Progress Report, 16, Study AFS 42-3, Junéau.

Jones DE (1976) Steelhead and sea-run cutthroat trout life history in southeast Alaska.
Alaska Department of Fish and Game. Annual progress report, 17, study AFS-42-

4, Juneau.

Jones DE (1978) A study of cutthroat-steelhead in Alaska. Alaska Department of Fish

and Game, Annual Progress Report, 19, Study AFS 42-6, Juneau.

Kimura M, Crow JF (1964) The number of alleles that can be maintained in a finite

population. Genetics, 49, 725-738.

Leary RF, Allendorf FW, Phelps SR, Knudsen KL (1987) Genetic divergence and
identification of seven cutthroat trout subspecies and rainbow trout. Transactions

of the American Fisheries Society, 116, 580-587.

Leggett WC (1977) The ecology of fish migrations. Annual Reviews in Ecology and

Systematics, 8, 285-308.

Leider SA (1997) Status of sea-run cutthroat trout in Washington. In: Sea-run cutthroat
trout: biology, management, and future conservation (eds. Hall JD, Bisson PA,

Gresswell RE), pp. 68-76. Oregon Chapter, American Fisheries Society, Corvalis.

Louis EJ, Dempster ER (1987) An exact test for Hardy-Weinberg and muitiple alleles.

Biometrics, 43, 805-811.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



196

Mantel N (1967) The detection of disease clustering and a generalized regression

approach. Cancer Research, 27, 209-220.

McConnell SK, Hamilton L, Morris D, Cook D, Paquet D, Bentzen P, Wright J (1995a)
Isolation of salmonid microsatellite loci and their application to the population

genetics of Canadian east coast stocks Atlantic salmon. Aquaculture, 137, 19-30.

McConnell SK, O'Reilly P, Hamilton L, Wright JM, Bentzen P (1995b) Polymorphic
microsatellite loci from Atlantic salmon (Salmo salar): genetic differentiation of
North American and European populations. Canadian Joumnal of Fisheries and

Agquatic Sciences, 52, 1863-1872.

McConnell SKJ, Ruzzante DE, O’Reilly PT, Hamilton L., and Wright JM (1997)
Microsatellite loci reveal highly significant genetic differentiation among Atlantic
salmon (Salmo salar L..) stocks from the east coast of Canada. Molecylar

Ecology, 6, 1075-1089.

M_cFarlane GA, Wydoski RS, Prince ED (1990) Historical reviews of the development of

external tags and marks. American Fisheries Society Symposium, 7, 9-29.

Mclsaac DO, Quinn TP (1988) Evidence for a hereditary component in homing behavior
of chinook salmon (Oncorhynchus tshawytscha). Canadian Journal of Fisheries

and Aquatic Sciences, 45, 2201-2205.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



197

Michael JH (1989) Life history of anadromous coastal cutthroat trout in Snow and
Salmon creeks, Jefferson County, Washington, with implications for

management. California Fish and Game, 75, 188-203.

Milligan BG, Leebens-Mack J, Strand AE (1994) Conservation genetics: beyond the

maintenance of marker diversity. Molecular Ecology, 3, 423-435.

Mills_I..S, Allendorf FW (1996) The one-migrant-per-generation rule in conservation and

management. Conservation Biology, 10, 1509-1518.

Morifz C (1994) Applications of mitochondrial DNA analysis in conservation: a critical

review. Molecular Ecology, 3, 401-411.

Morris DB, Richard KR, Wright JM (1996) Microsatellites from rainbow trout
(Oncorhynchus mykiss) and their use for genetic study of salmonids. Canadian

Journal of Fisheries and Aquatic Sciences, 53, 120-126.

Morrison J, Zajac D (1987) Histologic effect of coded wire tagging in chum salmon.

North American Journal of Fisheries Management, 7, 439-441.

Nehlsen W, Williams JE, Lichatowich JA (1991) Pacific salmon at the crossroads: stocks

at risk from California, Oregon, Idaho, and Washington. Fisheries, 16, 4-21.

Nei M (1972) Genetic distance between populations. American Naturalist, 106, 283-292.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



198

Nei M (1978) Estimation of average heterozygosity and genetic distance from a small

number of individuals. Genetics, 89, 583-590.
Nei M (1987) Molecular Evolutionary Genetics. Columbia University Press, New York.

Nelson RJ, Beacham T, Small MP (1998) Microsatellite analysis of the population
structure of a Vancouver Island sockeye salmon (Oncorhynchus nerka) stock
complex using non-denaturing gel electrophoresis. Molecular Marine Biology and

Biotechnology, submitted.

Nielsen JL, Gan CA, Wright JM, Thomas K (1994) Biogeographic distributions of
mitochondrial and nuclear_ markers for southern steelliead. Molecular Marine

Biology and Biotechnology, 3, 281-293.

Nielsen LA (1992) Methods of marking fish and shellfish. American Fisheries Society

Special Publication 23, Bethesda.

Nielson JL, Gan CA, Wright JM, Thomas K (1994) Biogeographic distributions of
mitochondrial and nuclear markers for southern steelhead. Molecular Marine

Biology and Biotechnology, 3, 281-293.

NMFS (National Marine Fisheries Service) (1996) Endangered and threatened species;
endangered status for Umpqua River cutthroat trout in Oregon. Federal Register

61:41514-41522.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



199

NOAA (National Oceanic and Atmospheric Administration) (1994a) Federal Register -

Doc. 94-22481.

NOAA (National Oceanic and Atmospheric Administration) (1994b) Status review for
Oregon’s Umpqua River sea-run cutthroat trout. Technical Memorandum NMFS-

NWFSC-15.

O’Reilly PT, Hamilton LC, McConnell SK, and Wright JM (1996) Rapid analysis of
genetic variation in Atlantic salmon (Salmo salar) by PCR multiplexing of
dinucleotide and tetranucleotide microsatellites. Canadian Journal of Fisheries

and Aquatic Sciences, 53, 2292-2298.

Ohta T, Kimura M (1973) A model of mutation appropriate to estimate the number of
electrophoretically detectable alleles in a finite population. Genetic Research, 22,

201-204.

Olsen JB, Seeb JE, Seeb LW, Bentzen P (1998) Genetic interpretation of microsatellite
polymorphism in North American odd-year pink salmon. Transactions of the

American Fisheries Society, In press.

Olsen JB, Wenburg JK, Bentzen P (1996) Semiautomated multilocus genotyping of
Pacific salmon (Oncorhynchus spp.) using microsatellites. Molecular Marine

Biology and Biotechnology, 5, 259-272.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



200

Paetkau D, Calvert W, Stirling I, Strobeck C (1995) Microsatellite analysis of population

structure in Canadian polar bears. Molecular Ecology, 4, 347-354.

Paetkau D, Strobeck C (1994) Microsatellite analysis of genetic variation in black bear

populations. Molecular Ecology, 3, 489-495.

Paetkau D, Waits LP, Clarkson PL, Craighead L, Strobeck C (1997) An empirical
evaluation of genetic distance statistics using microsatellite data from bear

(Ursidae) populations. Genetics, 147, 1943-1957.

Pepin L, Amigues Y, Lepingle A, Berthier J, Bensiad A, Vaiman D (1995) Sequence
conservation of microsatellites between Bos taurus (cattle), and Capra hircus
(goat) and related species. Examples of use in parentage testing and phylogeny

analysis. Heredity, 74, 53-61.

Peterson NP, Prentice EF, Quinn TP (1994) Comparison of sequential coded wire and
passive intergrated transponder tags for assessing overwinter growth and survival
of juvenile coho salmon. North American Journal of Fisheries Management, 14,

870-873.

Phillips RB, Pleyte KA (1991) Nuclear DNA and salmonid phylogenetics. Journal of Fish

Biology, 39, 259-275.

Quinn TP (1993) A review of homing and straying of wild and hatchery-produced

salmon. Fisheries Research, 18, 29-44.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



201

Quinn TP, Adkinson MD, Ward MB (1996) Behavioral tactics of male sockeye salmon
(Oncorhynchus nerka) under varying operational sex ratios. Ethology, 102, 304- -

322.

Quinn TP, Fresh K (1984) Homing and straying in chinook salmon (Oncorhynchus
tshawytscha) from Cowlitz River hatchery, Washington. Canadian Journal of

Fisheries and Aquatic Sciences, 41, 1078-1082.

Quinn TP, Wood CC, Margolis L, Riddell BE, Hyatt KD (1987) Homing in wild sockeye
salmon (Oncorhynchus nerka) populations inferred from differences in parasite
prevalence and allozyme allele frequencies. Canadian Journal of Fisheries and

Aquatic Sciences, 44, 1963-1971.

Raymond M, Rousset F (1995) GENEPOP (Version 1.2): Population genetics software

for exact tests and ecumenicism. Journal of Heredity, 86, 248-249.
Rice, WR (1989) Analyzing tables of statistical tests. Evolution, 43, 223-225.

Ricker W (1972) Heredity and environmental factors affecting certain salmonid
populations. In: The Stock Concept iﬁ Pacific Salmon. (eds. Simon R, Larkin P),
pp- 19-160. H.R. MacMillan Lectures in Fisheries, University of British

Columbia, Vancouver.

Rousset F (1996) Equilibrium values of measure of population subdivision for stepwise

mutation processes. Genetics, 142, 1357-1362.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



202

~ Ruzzante DE, Taggart CT, Cook D (1996a) Spatial and temporal variation in the genetic
composition of a larval cod (Gadus morhua) aggregatibn: cohort contribution and
genetic stability. Canadian Journal of Fisheries and Agquatic Sciences, 53, 2695-

2705.

Ruzzante DE, Taggart CT, Cook D, Goddard S (1996b) Genetic differentiation between
inshore and offshore Atlantic cod (Gadus morhua L.) off Newfoundland:
microsatellite DNA variation and antifreeze leyel. Canadian Journal of Fisheries

and Aquatic Sciences, 53, 634-645.

Ryman N (1983) Patterns of distribution of biochemical genetic variation in salmonids:

differences between species. Aquaculture, 33, 1-21.

Sakamoto T, Okamoto N, Nakamura Y, Sato T (1994) Dinucleotide-repeat
polymorphism in DNA of rainbow trout and its application in fisheries science.

Journal of Fish Biology, 44, 1093-1096.

Sanchez JA, Clabby C, Ramos D, et al. (1996) Protein and microsatellite single locus

variability in Salmo salar L. (Atlantic salmon). Heredity, 77, 423-432.

Scheer BT (1939) The homing instinct in salmon. Quarterly Review of Biology, 14, 408-

430.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



203

Schwengel, D.A., Jedlicka, A.E., Nanthakumar, E.J., Weber, J.L., and Levitt, R.C.
(1994). Comparison of fluorescent-based semi-automated genotyping of multiple

microsatellites with autoradiographic techniques. Genomics, 22, 46-54

Scribner KT, Gust J, Fields RL (1996) Isolation and characterization of novel salmon
microsatellite lpci: cross-species amplification and population genetic

applications. Canadian Journal of Fisheries and Aquatic Sciences, 53, 833-841.

Shaklee JB, Vamnavskaya NV (1994) Electrophoretic characterization of odd-year pink
salmon (Oncorhynchus gorbuscha) populations from the Pacific coast of Russia,
and comparison with selected North American populations. Canadian Journal of

Fisheries and Aquatic Sciences, 51, 158-171.

Siitonen L, Gall GSE (1989) Response to selection for early spawn date in rainbow trout,

Salmo gairdneri. Aquaculture, 78, 153-161.
Slatkin M (1985) Rare alleles as indicators of gene flow. Evolution, 39, 53-65.

Slatkin M (1995) A measure of population subdivision based on microsatellite allele

frequencies. Genetics, 139, 457-462.

Slatkin M, Barton NH (1989) A comparison of three indirect methods for estimating

averége levels of gene flow. Evolution, 43, 1349-1368.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



204

Small MP, Beacham TD, Withler RE, Nelson RJ (1998) Discriminating coho salmon
(Oncorhynchus kisutch) populations within the Fraser River, British Columbia.

Molecular Ecology, In press.

STOCS (1981) Proceedings from the 1980 Stock Concept International Symposium.

Canadian Journal of Fisheries and Aquatic Sciences, 38, 1457-1923.

Sumner, FH (1952) Migrations of salmonids in Sand Creek, Oregon. Transactions of the

American Fisheries Society, 82, 139-150.

Sumner, FH (1962) Migrations and growth of the coastal cutthroat trout in Tillamook

County, Oregon. Transactions of the American Fisheries Society, 91, 77-83.

Takezaki N, Nei M (1996) Genetic distances and reconstruction of phylogenetic trees

from microsatellite DNA. Genetics, 144, 389-399.

Tallman RF, Healey MC (1994) Homing, straying, and gene flow among seasonally
separated populations of chum salmon (Oncorhynchus keta). Canadian Journal of

Fisheries and Aquatic Sciences, 51, 577-588.

Taylor AC, Sherwin WB, Wayne RK (1994) Genetic variation of microsatellite loci in a
bottlenecked species: the northern hairy-nosed wombat Lasiorhinus krefftii.

Molecular Ecology, 3, 277-290.

Taylor EB (1991) A review of local adaptation in Salmonidae, with particular reference

to Pacific and Altlantic salmon. Aquaculture, 98, 185-207.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



205

Tessier N, Bernatchez L, Presa P, and Angers B (1995) Gene diversity analysis of
mitochondrial DNA, microsatellites and allozymes in landlocked Atlantic salmon.

Joumal of Fish Biology, 47, 156-163.

Tessier N, Bernatchez L, Wright JM (1997) Population structure and impact of
supportive breeding inferred from mitochondrial and microsatellite DNA analysis

in land-locked Atlantic salmon Salmo salar L. Molecular Ecology, 6, 735-750.

Thorson RM (1980) Ice-sheet glaciation of the puget lowland, Washington, during the

Vashon state (late Pleistocene). Quaternary Research, 13, 303-321.

Tipping JM (1981) Cowlitz sea-run cutthroat study. Washington State Game Department,

Report 81-12, Olympia.

Tomasson T (1978) Age and growth of cutthroat trout, Salmo clarki clarki Richardson, in

the Rogue River, Oregon. Master’s thesis, Oregon State University, Corvalis.

Trotter PC (1989) Coastal cutthroat trout: A life history compendium. Transactions of the

American Fisheries Society, 118, 463-473.

Trotter PC (1997) Sea-run cutthroat trout: life history profile. In: Sea-run cutthroat trout:
biology, management, and future conservation (eds. Hall JD, Bisson PA,

Gresswell RE), pp. 7-15. Oregon Chapter American Fisheries Society, Corvalis.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



206

Trotter PC, Bisson PA, Fransen BR (1993) Status and plight of the searun cutthroat trout.
In: Genetic conservation of Salmonid Fishes (eds. Cloud JG, Thorgaard GH), pp.

203-212. Plenum Press, New York.

Urquhart A, Oldroyd NJ, Kimpton CP, Gill P (1995) Highly discriminating heptaplex
short tandem repeat PCR system for forensic identification. Biotechniques, 18,

116-121.

Utter FM (1981) Biological criteria for definition of species and distinct intraspecific
populations of anadromous salmonids under the U.S. Endangered Species Act of

1973. Canadian Journal of Fisheries and Aquatic Sciences, 38, 1626-1635.

Utter FM, Campton D, Grant S, Milner G, Seeb J, Wishard L (1980) Population
structures of indigenous salmonid species of the Pacific Northwest. In: Salmonid
ecosystems of the North Pacific (eds. McNeil WJ, Himsworth DC), pp.285-304.

Oregon State University Press, Corvallis.

Utter FM, Milner G, Stahl G, Teel D (1989) Genetic population structure of Chinook
salmon, Oncorhynchus tshawytscha, in the Pacific Northwest. Fishery Bulletin,

87, 239-264.

Utter FM, Seeb JE, Seeb LW (1993) Complementary uses of ecological and biochemical
genetic data in identifying and conserving salmon populations. Fisheries

Research, 18, 59-76.

Reproduced with pefmission of the copyright owner. Further reproduction prohibited without permission.



207

Verhulst S, van Eck HM (1996) Gene flow and immigration rate in an island population

of great tits. Journal of Evolutionary Biology, 9, 771-782.

Waples RS (1991) Definition of “species” under the Endangered Species Act: application
to Pacific salmon. US Department of Commerce, National Oceanic and
Atmospheric Administration, National Marine Fisheries Service, Technical

Memorandum NMFS F/NWC-194.

Waples RS (1990) Conservation genetics of Pacific salmon. II. Effective population size

and the rate of loss of genetic variability. Journal of Heredity, 81, 267-276.

Waples RS, Teel DJ (1990) Conservation genetics of Pacific salmon. L. Temporal

changes in allele frequency. Conservation Biology, 4, 144-156..

‘Waples RS, Winans GA, Utter FM, Mahnken C (1990) Genetic approaches to the

management of Pacific salmon. Fisheries, 15, 19-25.

Waring RH, Franklin JF (1979) Evergreen coniferous forests of the Pacific Northwest.

Science, 204, 1380-1386.

Washington State Department of Fisheries. Unpublished progress reports. Minter Creek

data.

Weir BS, Cockerman CC (1984) Estimating F-statistics for the analysis of population

structure. Evolution, 38, 1358-1370.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



208

Wenburg JK, Bentzen P, Foote CJ (1998) Microsatellite analysis of genetic population
structure in an endangered salmonid: the coastal cutthroat trout (Oncorhynchus

clarki clarki). Molecular Ecology, In press.

Wenburg JK, George GW (1995) Placement of visible implant tags in the anal fin of wild
coastal cutthroat trout. North American Journal of Fisheries Management, 15,

874-877.

Wenburg JK, Olsen JB, Bentzen P (1996) Multiplexed systems of microsatellites for
genetic analysis in coastal cutthroat trout (Oncorhynchus clarki clarki) and
steethead (Oncorhynchus mykiss). Molecular Marine Biology and Biotechnology,

5, 273-283.

Wood CC, Foote CJ (1996) Evidence for sympatric genetic divergence of anadromous
and nonanadromous morphs of sockeye salmon (Oncorhynchus nerka). Evolution,

50, 1265-1279.

Wright S (1938) Size of population and breeding structure in relation to evolution.

Science, 87, 430-431.

Wright S (1951) The genetical structure of populations. Annals of Eugenics, 15, 323-354.

Reproduced with permission of the cdpyright owner. Further reproduction prohibited without permission.



1209

APPENDIX A: REPRINT OF COMPANION PAPER TO CHAPTER 2.

Molecular Marine Biology and Biotechnology (1996) 5(4), 259-272

Semiautomated multilocus genotyping of Pacific salmon
(Oncorhnychus spp.) using microsatellites

Jeffrey B. Olsen, John K. Wenburg, and Paul
Bentzen*

Marine Molecular Biotechnology Laboratory,
University of Washington, 3707 Brookiyn Avenue NE,
Seattle, Washington 98105.6715, U.S.A.

Abstract

We report the development of a semiautomated
multilocus genotyping system for Pacific salmon
using four-color fluorescent detection of microsatel-
lites. An initial screening of microsatellites was
conducted on five species of Pacific salmon {Oncor-
hynchus spp.) and Atlantic salmon (Salmo salar}
using 35 primer pairs developed from six species
of saimonid. The number of loci that amplified var-
ied by species fram 11 (chum salmon) to 22 (chinook
silmon). We then tested co-amplification of micro-
satellites in chinook, coho, and sockeye saimon and
developed six-locus multiplex systems. The spe-
cies-specific multiplex systems were applied to two
populations using a sequencer/gene scanner (Per-
kin-Elmer Applied Biosystems, Inc. [AB]) 373A).
The genetic varishility at sach locus was calculated
to evaluate the utility of this system for genestic
studies. Significant differences in allele frequencies
were observed between populations in 14 of 18 pair-
wise comparisons. Average heterozygosity ranged
from 0.47 in Togiak River coho salmon to 0.75 in
Dungeness River chinook saimon. Observed hetero-
zygosities ranged from 0 at Onepl in Togisk River
coho to 0.96 at Ssa8S in Dungeness River chinook.
The probability of match (P,) for each six-locus
multiplex system was 4.0 X 10-'*, 7.2 X 10-%, and
3.2 x 10~ for chinook, coho, and sockeye, respec-
tively. The aversge polymorphic information con-
tent (PIC) was 0.77, 0.56, and 0.80 for chinook, coho,
and sockeye, respectively. The microsstellite loci
used here show promise for high-resolution genetic
studies of Pacific salmon such as fine-scale populs-
tion analysis kinship, and parentage studies.

*Correspondence should be sent to this author.
© 1996 Blackwell Science. Inc.
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Introduction .

Genetic markers have been used extensively for
management and conservation of Pacific saimon
{Oncorhynchus spp.) (Allendorf et al., 1987; Car-
valho and Hauser, 1994; Utter, 1994). Protein elec-
trophoresis is the primsry method used to detect
genetic population structure among discrete spawn-
ing groups and estimate stock composition in mixed
stocked fisheries (Utter et al.. 1987). However, three
factors have contributed to an interest in applying
new DNA-based genetic markers. First, in some
cases protein-coding loci lack sufficient polymor-
phism to reveal fine-scale genetic population struc-
ture (Gyllensten and Wilson, 1987; Currens et al.,
1994; Fotbes et al., 1994; Tessier et al., 1995). Sec-
ond, protein electrophoresis requires lethal sam-
pling and immediate cold storage (—40° to ~80°C)
of tissue sampies, which limits its feasibility in
threatened or endangered species and imposes lo-
gistic difficulties in sampling collection and stor-
age, respectively. Finally, the combination of
nonlethal sampling and extensive polymorphism
detectable with DNA markers facilitates novel ap-
plications such es kinship analysis, the use of DNA
profiles asgenetic “tags,” and marker-assisted selec-
tive breeding in squaculture (Bentzen et al., 1981,
1994; Wright and Bentzen. 1994; O'Reilly and
Wright, 1995).

Microsatsllites are a class of nuciear DNA mark-
ers that are sbundant in all eukaryotic genomes
(Tautz, 1988). They consist of repeating sequences
of 1 to 5 bases (b) that form arrays less than 300 b
in length, and exhibit high levels of co-dominant
allelic varistion in repeat number (Wright, 1992;
Wright and Bentzen, 1994; O'Reilly and Wright,
1995). Polymorphism exhibited by specific micro-
satellites is readily detected by amplification of the
microsatellite through the use of oligonucleotide
primers specific to the nonrepstitive regions that
flank the repest array, in combination with the poly-
mersse chain reaction (PCR). Allelic variation is
scored by gel electrophoresis of the PCR products,
most commonly on denaturing acrylamide gels.
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Microsatellites have begun to be applied in fish-
eries and aquacultural contexts, and display partic-
ular promise in high-resolution population and
kinship studies (Bentzen et al., 1991; Wright and

. Bentzen, 1994; Nielsen ot al., 1984; McConnell et
al., 1995a, 1995b; O'Reilly and Wright, 1995; Tessier
ot al., 1995). One advantage of microsatellites as
genetic markers stems from the fact that particular
microsatellite loci and their flanking sequences are
conserved in related species. This means that prim-
ers developed for one species can frequently
(although not invariably) be used to amplify poly-
morphic microsatellites in relsted species. This at-
tribute offers particular benefits for the application
of microsatellites in salmonid fishes, for which se-
quences of mare than 50 microsatellite primer pairs
have been reported from cloning efforts in saveral
species (see below).

Despite the positive attributes of microsatellites
described above, the application of these markers
may be limited by operational difficulties including
development costs, sample throughput constraints,
and allele-scoring difficulties. We address these is-
sues below for Pacific salmon.

As noted above, the availability of numerous
primer sequences is an advantage for theapplication
of microsatsllites to salmonids. This advantage,
however, is offset to some extent by uncertainty
sbout which microsatellite primersare most suitable
for particular species and application issues. Here
the availability of many primer sequences presents
adilemmaofchoice. Itisrelatively costlyto purchase
and test a large fraction of the available primers be-
fore any particular spplication, but failure to do so
can lead to subsequent inefficiencies. A guide sum-
marizing the performance of s wide range of primers
would therefare be of general utility.

Sample throughput is another issue that closely
affects the cost-benefit ratio of microsatellite sppli-
cation. Most microsatellite analyses have involved
typing one locus at a time. However, major gains in
throughput as well as savings in consumables and
labor are possible through combined analyses of
multiple loci, a process known as multiplexing (Ur-
quhart et al., 1995; OReilly et al., 1996). Multi-
plexing is the combination of allele fragments from
more than one locus from an individual in a single
lane of an electrophoretic gel. This can be achieved
by co-amplification of muitiple loci in the same
PCR, mixing of amplified loci after PCR, aor both.
Multiplexing using conventional labeling tech-
niques is constrained by the wide allelic range of
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many salmonid microsatellites (O'Reilly et al..
1996). The use of multicolor fluorescent detection
systems can improve throughput by permitting co-
amplification of overlapping loci (Ziegle etal., 1992;
Paetkau et al., 1995; Urquhart et al., 1995).

Some microsatsllite loci. particularly those with
dinucleotide repeats, produce ladders of bands
following amplification via PCR. These “stutter
bands,"” believed to result from slipped strand mis-
pairing during DNA synthesis, make allele scoring
difficult and may lead to misidentification of allelic
states using conventional scoring methods (Levin-
son and Gutman, 1987; Hauge and Litt, 1993;: O'Re-
illy and Wright, 1995). Automated genotyping
systems using in-lane sizing standards and fluores-
cent detection have been shown to incresse accurate
detection of alleles (Ziegle et al., 1892; Schwengel
et al., 1884).

This study has three objectives: First. we assess
interspecific priming of various microsatellite
primer pairs in Pacific sailmon. We do this by com-
pleting a broad multispecies screening of 35 salmo-
nid microsatellite primer pairs. These primers,
developed from six different salmonid taxa, are
tested in five species of Oncorhynchus and Salmo
salar. Second, using the screening results, we dem-
onstrate ssmisutomated multilocus genotyping by
multiplexing six microsatellite loci in sockeye,
coho, and chinook salmon and scoring their alleles
with a four-color fluorescent detection system. Fi-
nally, we provide an indicstion of the allelic vari-
ability of microsatsllites in these salmon. The
potential application of multilocus microsatellite
genotyping to studies of Oncorhynchus spp. popu-
Istion structure as well as kinship analysis sre dis-
cussed here and in a companion paper by Wenburg
et al. (this issue).

Rasults

Microsatellite screening

Teble 1 summarizes the PCR annealing temperature,
the quality of the PCR product (as described in Fig-
ure 1), and the estimated alielic range for each spe-
cies-locus combination. The quality of some
amplifications, particularly those recsiving a grade
of 3, may be improved by increesing the annealing
temperature. The source species for each primer
pair was included es & positive control with the
exception of the three brown trout-derived loci.
The positive control received & score of 3 to 5 in
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Microsat. Chinook Coho Sockeye Pink Chum Atlantic
locus (THQ)-(S) {TH-QHS) (THQKS) (THQ-S) (THQHS) (THQ-(S)
Fgt1 (58)-2-3.4 (56)4-3.¢ (56)-2-3 (86)-2-2 (56)-3-4 (56)4-3.4
Omy77? (50)-2-2 (s0)-2-2 (30)-2-1 {50}-5 {50)-5 {s0)-2-1

. Omy78 (55)-4-1 (55)4-1 (35)4-1 (55)-4-1 (55)-4-1 (55)-4-1
Omy8? 35)4-1.2 (55)4-23 (55)-3-2 (55)-3-1.2 (55)4-3.4 (55)4-1.2
Omy207 (s6)-1-1 (38)-1-1 (56)-5 (s3)-s (53)-5 (53)-1-1
Omy293 (55)-5 {s5)-5 (S5)-5 (55)-5 {s5)-5 (55)-5
Omy325 (38)-2-1 (se)2-12 (s0)-2-2 (55)-2-3 (55)-3-2.3 (s8}-22.3
Onepl (s8)-5 (38)-2-2 (38)-2-1 (58})-2-1 (58)-5 (58)-2-1.2
COnep2 (58)-5 (58)-2-2.3 (s8)-23.¢ (57)-5 {S7)-24 (38)-2-34
Oneps (38)-2-2 (55)-2-3 (58)-23 (55)-2-4 (55)-2-3 (s5)-5
Onepi0 (57)-s 57)-5 (87)-2-1.2 57)-5 (57)-5 (57)-5
Onenl1 (38)-2-2 (s8)-1-2 (58)-1-2 (58)-1-2 (58)-1-2 (s8}-1-2
Onep14 (38)}-2-3 (58)-2-3.4 (s8)2-2 (58)-5 (s8)-5 (58)-2-3
Ots1 (30)-1-8 (30)-1.3 (50)-5 (50)-2-3 (50)-2-2 (50)-1-3
Ouz (48)-2-1 (e8)-2-1 {48})-5 (50)-5 (s0}-5 (48)-5
O3 (30)2-1 (s0}s (80)-2-1 (s0)-5 (50)-2-1 {so)}-1-1
Otse (s8)2-2 (se)-2-2 (57)-2-2 (54)-5 (54)-5 {48)-21
OtsS (48)2-2 {45)-5 43)5 {43)-5 (45)-22 (45)-5
Ous (87313 (s7»1-3 (57)-5 (57)-5 (s7)5 (57)-5
PuPuPy {53)-5 {53}-5 (52)4-5 (53)-5 (53)-5 (53}5
Sfos (e0)-2-4 (e0)-24 (60)-24 (5)-24 (55)-24 (60}-2-3
Sfo12 (s0)}5 (s0)-5 (0)-5 {50)-5 (50)-5 (50)-5
Sfo18 (52)}5 (s2)-s (82)-5 (52)-5 (s2)5 {52)-5
Sfo23 (52)-5 (52)-5 (s2)-5 (52)-5 (52)-5 (52)-5
Semd (57}2-2 (7322 ($7)-2-2 {57)-34 875 {(57)-2-2
Saal4 (s2)1-2,3 (52)-1-2 (52)-1-2 (s2}1-2 (52)-1-2 (52)1-2
Ssa85 (38)-2-2 (60)-5 (38)-2-2 (57)-3-3 (57)-3-3.4 (58)-2-1
Ssa171 (56)-1-1 (56)-1-1 (38)-1-1 (57)-5 (87)-s (S6)-1-3.4
Ssa197 (57)-1-3.4 {(57)-1-1 (57)4-1 (57)1-2 (57)-1-2 (57)-1-2
Ss0202 (s8}-5 (S8)-5 (s8)-5 (58)-5 (58)-5 (58)-5
534289 (46)-5 (46)-5 (46)-5 (46)-5 (46)-5 {46)-5
580293 (s3)-2-1 (S3)2-1 (53)-2-1 (53)-2-3 (53)-2-2 (53)-2-1,2
nSat1s (57> (s7)-5 (57)-5 (57)-5 (57)-5 (57)-5
»Sats0 (80)-2-2 (80)-3-1 {60)-2-2 (57)}-2-1 (57)-3-3 (60)-2-2
nSat73 (57)-2-2 (57)-2-2 (57)3-2 (57)-2-2 (57}-211.2 (57)-5

Amplification results are coded as follows: (T) is the PCR

dicates the quality of the PCR amplification: (S) indicates

mw—u-—um—)dmnpﬁumuummuwmnmmmhmmum
Mhmmuly(wmumimrlm-wmamwmulndum&-puhﬂndmwm

bends and some stutter; 3. muitiple bands end 2o

4, multiple bands and smearing: 3. no emplification st all.

Code for allelic sise rangs: 1 indicetes §0-120 b; 2. 120-180 b; 3. 180-240 b: 4. 240-300 bx 5. > 300 b.

sight instances (positive control data for Sfo8, 12,
18, and 23 not shown). This occurred three times
in steelhead (see Table 1 in Wenburg et al., this
issue) and brook trout (Salvelinus fontinalis), and
twice in Atlantic salmon. In each case product qual-
ity was no better in the other species. As expected,
the highest percentage of quality grades 1 and 2
occurred in those species from which some of the
microsatellites were developed.

Reproduced with permission of the copyright owner. Further reprod

Tuble 2 summarizes PCR product quality foreach
species. The loci receiving a quality grade of 1 or
2 are summarized for each species as a percentage
of totsl loci scored. This value ranged from 31%
{chum salmon) to 63% (chinook selmon). Only pink
and chum salmon had less than 50% of the loci
scoring 1 or 2. Between 57% and 74% of the loci
given a quality grade of 1 or 2 also had an allelic
rangeof 1 or 2 (60-180 b). In chinook, coho, sockeye,

uction prohibited without permission.



Reproduced with permission of the copyright owner. Further

262 J.B. Oisen, ] K. Wenburg, and P. Bentzan

Nol

Al
W

B

- T ) DR TV

- . 160 165 170 1735 180
W I

<&

W e 170 125 130 135
~ am

'; % 160 1o
No4 [ —

- "

Figure1. PCR-amplified salmonid microsatsllites repre-
senting quality grades 1-4. Exampies from the Fluori-
mager $75 and ABJ 373A are shown in columns A and B,
respectively. Different specias-locus combinations were
used to depict esch quality grade for each detaction
method. The grading system followsd s protocol modified
from Pepin et ol. {1993) as follows: 1 indicates amplifics-
tion of one ar two bands and no stutter; 2, amplification
of one or two bands and some stuiter; 3, multiple bands
and no smearing: 4. muitiple bands and smeering: S. no
amplification.

Table2. Summary of PCR product quality by species for
all microsatsllite loci scresned.

No. loci Score % Score Score No

Speciss scresned 1-2 1-2 3-4 product
Chinock s 22 3 2 11
Coho s 19 54 4 12
Sockeys 35 18 51 s 12
Pink s 12 34 4 19
Chum 3s 11 k3 [} 18
Atlantic 33 18 51 3 14

chum, and Atlantic saimon, this value was grester
than 65%. The smail number of loci yielding ampli-
fication products greatsr than 200 b constrained the
pumber of locus combinations for multiplexing.
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Multiplex development

Multiplex systems composed of suites of six loci
were developed for coho, chinook, and sockeye
salmon using 19 of the 35 microsatellite loci (Table
1). In & related project, Wenburg et al. (this issue)
developed multiplex systems for cutthrost (Oncor-
hynchus clarki clorki) and steelhsad (Oncorhyn-
chus mykiss). Our goal of six-locus multipiex suites
containing two triplex PCR combinstions was based
on allele size data from Table 1 that suggested we
use each of the three color labels only twice to avoid
potential allelic overlsp. Further., our initial
sttempts at co-amplifying microsatsllites in sock-
eye failed frequently when using more than three
primer pairs.

Twenty-eight triplex combinations were tested.
including 13 in chinook, 9 in coho, and 6 in socksye.
At least two loci co-smplified in 26 of the triplex
combinations while three loci co-amplified in 11
combinstions. Triplexing was successful in 3 of 13
chinook combinations, 5 of 9 coho combinations,
and 3 of 6 sockeye combinations. Two loci, Oneu10
and Ssai4, did not amplify in the pressnce of other
primer pairs, and one locus, Ssa171, appeared lim-
ited to one or two alleles across taxa.

The species-specific triplex sets used in the pop-
ulation survey included s total of nine loci (Table
3). Esch triplex reaction was optimized by adjusting
individual primer concentrations, snnealing tem-
perature, and amount of template DNA. Table 3
shows the reaction conditions and flucrescent label
assignments used for each of the six triplex combi-
nations. Primer concentrations ranged from 0.05 to
0.5 uM per reaction. Between 0.5 and 1.0 ul of lysis-
prepared DNA was used. The six-locus multiplex
suite used to genotype sockeye salmon is depicted
in Figure 2. The labeled microsatellite alleles and
corresponding electropherograms are shown for
two individuals.

Multiple independent screenings of the same in-
dividua! and locus during multiplex development
demonstrated the high resolving power and repeat-
ability of fluorescent-besed semisutomated geno-
typing. Two important observations were made.
First, we achieved high allele-scoring precision
when PCR conditions were constant for most spe-
cies-locus combinations. For example, the standard
error of estimated ellele size st four loci for three
independent screenings (PCR and GeneScan) of four
heterozygote individuals ranged from 0.03 to 0.06 .
for coho, chinook, sockeye, and cutthroat (Teble 4).
Allele size estimates differed by no more than 0.10
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Table 3. Multiplex set composition: fluorescent label assignments.* PCR annealing temperature, and primer concentra-
tion for each triplex set.

Microsatellite loci and primer concentration (M}

Anneal

Triplex set (*C) 6Fam(blue) Hex(yellow) Tet(green)

Chinook A 58 Ssa85(0.30) Omy325(0.20)/
Onep.8(0.40)

Chinook B 54 Ots4(0.25)/ Ots1{0.40)

Oneu14(0.60)

Cohe A 58 Onep2(0.25) Onep.1(0.50}) Omy325(0.10)

Coho B 54 One.11(0.20) Ots4(0.45) Ots1(0.20)

Sockeye A 58 Onep14(0.19) Onew1{0.13) One.11{0.15)

Sockeye B 58 Onew.2(0.08) Ssa8s(0.15) Oneu8(0.16)

+ 6Fam indi 6-carboxyfl in: Hex, h hloto-6-carboxyfl in: Tet. hloro-6 yfl The 1 labels appear

X Y
s blue, yellow, and green, respectively. using the ABI filter sat B.

oFy
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Figure 2. The six-locus multiplex suite used to genotype sockeye salmon. Microsatellites for two individuals were
grouped by fluorescent label to illustrate the advantage of four-color fluorescent detection for mutiplexing laci with
overlapping alleles. Note: the odd-numbered and even-numbered lanes were loaded approximately five minutes apart
to reduce lane assignment errors during data preprocessing. The electropherograms for the same two individuals were
also grouped by fluorescent label. The horizontal and vertical axes indicate size (bases} and emission intensity (relative
Ruorescent units), respectively. Each allele was scored using Genotyper version 1.1 (ABI. 1994) and recorded on the
electropherogram. The emission intensity differences between alleles and their “stutter bands” illustrate the level of
discrimination afforded by this system and not possible by visual observation of the gel image.
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Table 4. Microsatsilite allele scoring variation.
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Allale-size (b}

Species Sample Locus-sllsle Run 1 Run 2 Run 3 Avg. SE
Chinook an [+ 1201 1438 1834 146.2% 1N 0.08
Otse-2 148.50 140.44 140.42 14045 0.0¢
Coho T Oneni-1 17170 m.rs 171.87 mn 0.0¢
Onep1-2 173.683 173.82 173.56 173.60 .04
Socheye NMD1 Onepi¢-1 135.10 135.13 135.20 135.14 0.05
Onep14-2 146.18 148.17 146.20 148.17 0.03
Cutthroat vics Omy?7-1 138.11 138.01 135.05 133.06 0.05
Omy?7-2 137.01 138.96 137.02 137.00 0.03

Kach rus for ench spacies luces i - PCR and can event. Dsta are frem Wenbrury ot ol. {this issus).

of heterozygote individuals with alleles that differ
by as little as 2 b (for example, see coho, chinook,
and cutthroat in Table 4). By contrast, we found
that changing PCR conditions for some species-
locus combinations caused & shift of 1 b in scored
allele size. For example, reducing the PCR primer
concentrstion from 0.15 to 0.10 M for Omy325
in coho simplified the product stutter pattem and
resulted in ¢ 1-b increase in the most sbundant
fragment (highest peak on the electrophsrogram,
which is scored as the “true” allele) {Figure 3). In-
creasing the PCR annealing temperature from 52°C
to 57°C for Oneu11 in sockeye eliminated a single-

_;% Tme=m B
== B
e E
e E

Figure 3. Shifts in allele scaring resulting from changed
in PCR conditions. Decreasing PCR primer concentration
from 0.15 to 0.1 uM for Omy32$ in coho resulted in a
1-bincreass (e.g., 128.23 to 129.16) in spparent allele sizs.
Increasing PCR annssling temperatuse from 52°C to 57°C
for Onew11 in sockeye eliminated a singie-base stutter
and resulted in s 1-b increase (e.g.. 144.97 to 146.08] in
apparent allele sizs.

base stutter and resulted in a 1-b increase in appar-
ent allele size (Figure 3).

Multilocus genotyping

Six-locus multiplex surveys of 50 individuals each
of chinook. coho, and sockeye reveaied extensive
genetic variation (Table 5). The average number of
alleles per locus was 13 for chinook, 13 for coho,
and 9 for sockeye, although the number of alleles
at individual loci was quite variable, ranging from
2 (Onep11 in coho and Onenl in sockeye) to 31
(Omy 325 in coho). The allelic size range of individ-
ual loci was also quite varisble (2-80 b, mesn =
30 b). About 75% of the amplified microsatellite
products did not exceed 200 b. Of the six loci used
in chinook sslmon, two with the same fluorescent
label (Ots1 and Ssa85) were found to have overlap-
ping allelic ranges. This overlap was due to a rare
occurrence of a 147-b allele at the Ots1 locus and
was verified by separate amplification and electro-
phoresis of each locus. The peak profile of each
locus sppears to produce a unique amplification
signature that may be useful for distinguishing rare
instances of overlap. Far further explanation of sig-
nature peak profile, see Figure 2 in Wenburg et al.
{this issue)

The relative utility of each locus as a genetic
marker for fine-scale genetic studies was assessed
by estimating two index parametsrs. Fisst, PIC pro-
vides en index of the informativeness of a locus
for use in gene mapping as well as kinship and
parentage studies. Values greater than 0.5 are con-
sidered highly informative (Botstein et al., 1880).
Of the 18 species-locus combinations surveyed, 14
had PIC values greater than 0.5 and 8 had values
greater than 0.7. The probability of a match (P
(finding two unrelated individuals with the same
genotype) was conservatively estimated for each
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Table 5. Allelic variability: number of allsles (A), allele range (R}, polymorphic information content {PIC), and match
probability (P,} fur the most frequent genotype for esch species-locus combination.+

Sat. Omyazs Onewl Oneu2 Onens Onenll Onenls Ot Ous SeasS & Loci
Chincock

A 10 14 23 3 [} 7 13

R 89-125 159-191 103-249 147-195  142-162  118-170

PIC 0.758 oan3 0.906 asie (T3 oS 0.770
P 0.020 0.010 0.010 0118 0.090 0.020 42 x 10-%
Coho

A n - 9 ] 2 s . 13

R 92174 168184  200-282 140142 197-199  134-140

PC 0.93¢ 0.7¢5 0.82¢ 0.087 0.381 0313 0.582

P 0.00¢ o 0.004 0.384 0338 - 0384 6.8 x 10-*
Sockeye

A 2 1 8 3 1] 0 []

R 112-144 262200 14214 146-156  129-151 129-187

PIC 0.136 0.767 o801 as11 0.873 0.834 0.602
P 0.708 0.032 0.088 0.102 0.078 0.028 3.2 x 10-*

Reproduced with permission of the copyright owner.

species-locus combination and each multiplex
group using the most common genotype. For most
loci P, values fell below 0.1. Combined P,, values
were computed for each multiplex set and were 4.0
X 10-'°, 7.2 X 10-% and 3.2 X 10~’ for chinook.
coho, and sockeye, respectively.

Table 6 summarizes the observed and expected
percentage of heterozygosity for each population-
locus combination. Here also, the differences in
varisbility among loci are evident. Heterozygosities
ranged from 0 (Onew.11 in Togiak River coho) t0 0.96
(Ssa85 in Dungeness River chinook). No instances of
significant departure from Hardy-Weinberg equilib-
rium were found {initial a = 0.025).

Table 7 summarizes the x* pairwise test of inde-
pendence between populations and allele frequen-
cies. Significant differences were found for all loci
except Oneul (sockeye}, Onep11l and Ots4 (coho),
and Ots 1 (chinook) (initial @ = 0.008). The proba-
bility of independence at locus Ots4 (coho) was
marginally insignificant (p = .026, @ = 0.025).

Discussion

Interspecific priming of microsatellites

Our screening of microsatellites in Pacific salmon
demonstrates that sequence conservation in prim-

Table 6. Observed heterozygosity (Ho), and expected heterozygosity (H,) for ssch population-locus combination.

Pop* Stat® Omy325 Onepl Oneun2 Onew8 Onenil Onepld Ots1 Otsd  Ssa8S  Avg./pop
Chin1 Ho 84 .76 84 56 56 .96 72
He 7 .4 .9 & 81 .89 75
Chinz Ho 72 68 .80 56 .80 84 .70
He .86 .82 .81 61 .77 82 .75
Cohot  Ho 82 .76 .80 .00 08 .36 49
He .90 70 .82 .00 08 31 47
Coho2 Ho .96 84 92 12 68 .36 .65
He 96 .83 95 a2 83 41 .65
Sock1 Ho 12 .78 72 56 7 7 .80
He a2 80 .75 51 .76 73 .61
Sock2  Ho 20 68 64 .36 52 .84 .54
He .18 74 85 51 56 K} 59

*Chint indicates Dungeness R.; Chin2. Stolle Meadaw, Coho1. Togiak R.; Cobo2. Big Besf Ck.: Sockt. Nikalai Ck.; Sock2, Okanagan R.
* The differsnce between H, and He wes not significant for any locus-population combination.
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Table 7. Rasults of the pairwise tast of independence between populations snd allelic composition.

Populations Omy32% Onepl Onex2 Ooens Oneull Onex14 Oust O SsatS
Chin1 x Chin2

P <oo* <001" <.003° 075 <001* <001*

SE 000 000 000 008 000 000
Cohot x Coho2

P <.001° <.001° <001° 28 .001* 028

SE 000 000 000 .003 000 003
Sock1 x Sock2

P 720 <001° <001* <.001° <001 <001

SE 003 000 000 .000 000 000 000
The p vaine (s the prohebility of Independ: twesn and the allele compesition. SE is the standard svrror of the p value sstimets.

*Chinl indicoses Duageness R.: Chin2. Siolle Mesdew: Cobe1. Tagiek K: Cohal. Big Besf Ck.: Sock. Nikeisi Ck.: Seck2. Okanagan K N = 135 for esch population.

* Prabability values judged

ing regions often permits interspecific exchange
of primers. These results are supported by previous
findings (e.3.. McConnsll et al., 1995a, 1985b;
Morris et al., 1998), suggesting microsatellite-based
genetic studies of Pacific salmon are possible using
existing primers. The high cost and time associated
with creating microsatellite libraries and designing
primers need not be constraints. Further, our data
should be helpful in directing researchers to useful
species-primer combinastions, reducing develop-
ment costs associated with primer testing.

By exchanging primers across species of salmon,
we are assuming they amplify homologous loci. Evi- -
dence supporting this assumption has been found
in salmonid fishes, mammals, and sea turtles (Fitz-
Simmons et al., 1995; Forbes et al., 1985; Pepin st
al., 1895; Morris et al., 1996). However. final verifi-
cation will require sequencing of the PCR product.
This is of particular importance when conducting
phylogenetic surveys across taxa (Estoup et al.,
1995; Forbes et al., 1995)"

In some instances the degree of complementarity
between a primer and the microsatellite-flanking
sequence may vary among alleles within a species.
In extreme cases some alleles will not amplify. The
presence of “null” alleles can be inferred through
population-level screening and testing for depar-
tures from Hardy-Weinberg equilibrium (Callen et
al.,, 1893). Using this approach we did not see evi-
dence of null alleles in the six loci screened in coho,
chinook, and sockeye. Likewise, Wenburg etal. (this
issue) did not see evidencs of null alleles in the
loci screened in steelhead and cutthroat. However,
in an earlier study. we did observe evidence of one
or more null alleles at microsatellite S3a293 in sock-
eye (P. Bentzen and ].B. Olsan, unpublished data).

(initiel @ = .000S).

Microsatellite multiplexing and data processing

We have demonstrated the potential for rapid
throughput of Pacific saimon microsatellites using
one ABI 373A automated sequencer/genescanner
and snalysis software. Using the six-locus multiplex
systems described here and those in Wenburg et al.
(this issue), it is possible to process 432 genotypes
perday (6 loci x 72 individuals} running two Gene-
Scan gels. We anticipate increasing this rate by mul-
tiplexing additional microsatellites. The scarcity of
loci greater than 200 to 300 b in our current multi-
plex systems should allow for added loci. We feel
arealistic short-term goal is nine loci (648 genotypes
per day), and as more data are gathered on the allelic
range of microsatellites in Pacific salmon, it may
be possible to exceed 10 loci per lane. In some cases
microsatellite-flanking sequences may be used to
reposition primers and “customize” loci to max-
imize vertical gel space on the ABI 373A.

This rate of production results in « large volume
of data; hence, efficient analysis requires precision
in allele scoring and rapid data processing. We have
shown that reproducible allele scoring is possible
for dinucleotide microsatellites when heterozygotes
may differ by as little as two bases. Using the Geno-
typer software (ABI, 1994), we have developed spe-
cies-specific templiate files that allow rapid allele
scoring and data synthesis into formats easily im-
ported by statistical software such as GENEPOP
(Raymond and Rousset, 1995).

We found that 1-b shifts in apparent allsle size
for some microsatellites may occur when changing
the PCR temperature profile and reaction mixture.
Brownstein et al. (1996) demonstrated that variable
adenylation, influenced by the PCR profile and nu-
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cleotide sequence at the 5° end of the reverse primer,
is one mechanism that can control single-base shifts
in PCR product size. Brownstein et al. (1998) also
showed that the degree of adenylation can be con-
trolled by designing 5’ “tails’ for reverse primers
and altering the PCR profile. Our results suggest
that adherence to a single PCR temperature profile
and resction mixture will help ensure reproducible
results when using primers prone to adenylation.
However, medification and testing of adenylstion-
prone salmonid microsatellite primers, following
the protocol of Brownstein et al. (1896), will likely
result in significant reduction in single-base stutter
by promoting or inhibiting adenyiation.

Microsatellite-based genetic studies of Pacific
salmon

The use of microsatellites for genetic studies of Pa-
cific salmon is in its infancy. Our results provide
some of the first indications of the lavel of palymar-
phism of these markers in three species of Pacific
salmon. The results are encoursging and in general
agree with the range of microsatellite varistion re-
ported for other fishes and, in particular, Atlantic
salmon. The high level of polymorphism found in
the muitiplexed loci suggests that assessment of
fine-scale population structure of Pacific salmon,
unresolvable by other genetic markers, may be pos-
sible with microsatellites. In general, the PIC values
reported here are similar to those reported for micro-
satellites in mammals (Ostrander et al., 1993; Pepin
et al., 1895). Further, the probabilities of match for
the individual loci and multiplex suites are similar
to those reported by Urquhart etal. (1995) for human
microsatellites and O'Reilly etal. {1996) for Atlantic
salmon microsatellites. Qur data suggest that these
markers may be employed when high levels of dis-
crimination are needed, as in kinship studies and

parentage analysis.

Experimental Procedures

Microsatellite screening

Microsatsllite loci were amplified by the PCR using
recently developed salmonid primer psirs (Appen-
dix A). PCRs were performed in a Perkin Elmer 9600
thermocycler. Two individuals were screened from
the following species: chinook (O. tshawytscha),
coho (O. kisutch), sockeye (O. nerka}, pink (O. gor-
buscha), chum (O. keta), and Atlantic salmon
(Salmo salar). The DNA for microsatellite screening
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was extracted from a variety of tissues including
fin, heart, and liver using the phenol/chloroform
method (Hoelzel and Green, 1992). Heart and liver
tissue were stared frozen at - 70°C, whereas fin
tissue was preserved in 100% ethanol. Microsatel-
lite primers were synthesized in the Marine Mole-
cular Biotechnology Laboratory (MMBL) on a
Beckman Oligo 1000 DNA synthesizer. PCR was
typically carried outin a 10-ul volume (10 mM Tris-
HCL, pH 9.0; 50 mM KCl; 1.5 mM MgCl,; 0.8 mM
dNTPs; 0.4 units Taq polymerase; 0.3 uM primer:
and 100-250 ng DNA template). DNA amplifica-
tions involved the following profile: one cycle of
94°C (2 min); seven cycles of 84°C (1 min) plus X°C
(30 sec) plus 72°C (15 sec); and 18 cycles of 84°C
{30 sec) plus X°C {30 sec) plus 72°C (15 sec), where
X was an annealing temperature that varied among
microsatellites. To account for possible base mis-
matches during interspecific priming, the annsaling
temperature was set at 3° to 5°C below the primer
melting temperature caiculated from the nucleotide
composition.

Results of each PCR were assessed using one of
two fluorescent detection systems. In most in-
stances we used a Molecular Dynamics Fluorimager
575 to detect fluorescently stained microsatellite
alleles. Typically, 5 ul of each PCR product and 1
ul of loading buffer (15% w/v ficoll 400, 0.06% w/
v bromophenol blue, 0.06% w/v xylene cyanol, 30
mM EDTA) was loaded on a 20-cm, 6% nondenstur-
ing polyacrylamide gel and electrophoresed for ap-
proximately two hours at 150 V. At least two lanes
of each gel contained 3 ul of Superiadder-low 20
X 100 base pair (GenSura Laboratories Inc.) size
standerd for estimating microsatellite allele length.
Following electrophoresis the contents of each gel
was stained with a 1:10,000 solution of SYBR Green
1 nucleic acid gel stain (Molecular Probes Inc.) and
1X Tris borate EDTA (TBE) buffer for 30 minutes
and scanned on the Fluorimager at « PMT voitage
of 500-800. An example of a Fluorimager gel image
used to assess PCR results is shown in Figure 1.

Some microsatellites were detected using a Per-
kin Elmer-Applied Biosystems Inc. (ABI) 373A
DNA Sequencerin GeneScan mode (ABI, 1993). The
gel preparation and analysis procedures for this sys-
tem are discussed below. The ABI 373A produces
a linear display (electropherogram) of emission in-
tensity for each of four fluorescent labels (Figures
1 and 2)..The PCR results were evaluated by the
electropherogram when using the ABI 373A.

Following electrophoresis, two numerical codes
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were recorded for sach species-locus combination,
indicsting the PCR product quality and approxi-
mate allele size. A quality code of 1 to 5 was as-
signed following a protocol modified from Pepin et
al. (1995). The quality codes were defined as fol-
lows: 1 indicates amplification of one or two bands
and no stutter; 2, amplification of one or two bands
and some stutter: 3, multiple bands and no
smearing; 4, multiple bands and smearing; 5, no
amplification at all. Exampies of qualitycodes 1to 4
are shown in Figure 1 for the two detection systems
(note: the examples from each system are repre-
sented by different species-locus combinations).
The allele sizes were coded as follow: 1 indicates
60-120 b; 2, 120-180 b; 3, 180-240 b; 4, 240-300
b; 5. > 300 b. Loci with alleles near the end of a
given range were assigned two size codes.

Multiplex development

Multiplex systems were developed for chinook.
coho, and sockeye salmon using the ABI 373A to
detect alleles. The ABI 373A uses an argon laser
similar to that in the Fluorimager but is capable of
detecting and i the emission spectra
of four fluorescent DNA labels (Ziegle et al., 1992).
In this system, each dye label is depicted as a differ-
ent color. Up to three loci with overlapping alleies
may be multiplexed by lsbeling a single primer for
each locus with a different color. The fourth color
is reserved for the internal lane (sizing) standard.
One of three colors was assigned to esch microsatel-
lite locus based on its observed allelic range pre-
viously detected with the Fluorimager 575. Labeled
primers were synthesized at the MMBL as described
above or purchased from Keystone Laboratories
(Menlo Park, Calif., U.S.A.).

We attempted co-amplification of various combi-
nations (“triplex sets”) of three microsatellite
primer pairs for sach of the three species. When
formulating the species-specific triplex sets, we
chose from among those loci initially screened.
Only loci with quality codes of 1 or 2 and similar
primer annealing temperatures (= 2°C) were consid-
sred for grouping. For each species two triplex sets
were combined before electrophoresis. Thus, no
more than three loci from among any group of six
were allowed to share the same allelic range. These
criteria reduced the number of possible primer com-
binations for each species.

Co-amplification of sach species-specific triplex
was attempted in four individuals. The DNA extrac-
tion and PCR were carried out as sbove except that
each PCR cocktail contained a 0.3 uM concentration
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of each of six primers. The PCR profile described
above was used. If the annealing temperature dif-
fered for the three primer pairs, then the lowest was
used for the initial PCR.

Samples from each PCR were electrophoresed on
a 6% denaturing polyacrylamide gel to determine
the quality of co-amplification. Approximately 1.0
ul of sach PCR was combined with 3.15 ul for-
mamide, 0.60 ul 50 mM EDTA, and 0.25 ul (1.0
fmol) Perkin-Elmer GS350 internal size standard.
All samples were denatured at 95°C for approxi-
mately three minutes, chilled on ice. and then
loaded on the gel. Each gel was run for spproxi-
mately eight hours at 25 W. Following the gel run,
data were analyzed using the local Southern sizing
algorithm in the GeneScan 672 analysis software,
version 1.1 (ABI, 1993). The electropherogram for
each color label was used to determine which of
the three loci in each triplex amplified. Those txi-
plexes in which one or more of the loci did not
amplify were not tested further. Those groups in
which all loci amplified were optimized by ad-
justing individual primer concentrations to equal-
ize signal intensity as depicted by peak height on the
electropherogram (Urquhart et al., 1995; O'Reilly et
al., 1996). Two groups of three loci were chosen for
each of the three species based on expected levels
of polymorphism and quality of co-amplification.
Finally, multiple screenings of the same individuals
and loci during multiplex development provided a
test of the repeatability of this system.

Automated multilocus genotyping with
microsatellites

We genotyped two populations from each of the
three species using the species-specific multiplex
suite of six microsatellites. Twenty-five individuals
from each population were screened. The popula-
tions included Dungeness River, Pugst Sound,
Washington (Chinook 1); Stolle Meadow, south fork
Salmon River, Idaho (Chincok 2); Togiak River,
Western Alasks (Coho 1); Big Beef Creek, Hood
Canal, Washington (Coho 2); Nikolai Creek, Kenai
Peninsula, Alaska (Socksye 1); and Okanagan River,
Columbia River, Washington (Sockeye 2).

The DNA was extracted using a rapid, simplified
cell-lysis protocol modified from Hoelzel and Green
(1992). Approximately 5 to 10 mg of tissue was
placed in 100 ul of cell lysis buffer consisting of 40
mM Tris-HCl at pH 9.5, 50 mM EDTA. and 0.5%
Tween 20. One microliter of proteinase K (10
mg'ml-*) was added to each sample before incuba-
tion at 37°C for approximately 12 hours. The sam-
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ples were then heated to 85°C for 15 minutes,
centrifuged for 10 minutes at 17,000 X g, and frozen
at —20°C until needed for PCR. The DNA from coho
and Nikolai Creek sockeye populations were ab-
tained from fin tissue preserved in 100% ethanol.
The DNA from the Okansgan River population was
obtained from liver or heart tissue frozen at —70°C.
Chinook DNA prepared using the phenol/chloro-
form extraction protocol was provided by outside
sources.

The PCR profile described above was used for
each triplex and population; only the annealing
temperature was adjusted. Between 0.5 and 1.0 ul
of DNA was used from the stock prepared by the
lysis method and 100 to 250 ng was used from phe-
nol/chloroform-extracted DNA. Following PCR, 1
ul from each of the two triplexes was added to a
0.5-ml microtube and combined with 3.15 u! of
formamide, 0.60 ul of 50 mM EDTA, and 0.25 ul
{1.0 fmol) of Perkin Elmer GS350 Tamra size stand-
ard. All samples were denatured at 95°C for approxi-
mately three minutes, chilled on ice, and then
loaded on the gel. Each individual sample was elec-
trophoresed on the ABI 373A and analyzed auto-
matically with the GeneScan 672 software version
1.1 (ABI], 1993) as described sbove. Scoring of allele
sizes for each locus and tabulation of data for im-
porting into statistical software were performed
with Genotyper software, version 1.1 (ABI, 1984)

Statistical analysis

Conformity to Hardy-Weinberg equilibrium was
tested to evaluate within-population and between-
population genetic variation for each species

the algorithms of Louis and Dempster (1987) and
Guo and Thompson (1992). A x? analysis of inde-
pendence between populations and allelic compo-
sition was computed according to Raymond and
Rousset (1984). Computations ware performed
using GENEPOP, version 1.1 (Reymond and Rous-
seot, 1995). Statistical significance levels (a) for the
Hardy-Weinberg equilibrium and x* analyses were
determined using sequential Bonferroni adjust-
ments for simultaneous tests (Rice, 1989).

Allelic varistion and information content of each
locus and multiplex suite for each species were
measured by combining the data from each populs-
tion. The number of alleles and allelic range were
computed. The polymorphic information content
(PIC) was computed. for sach species-locus combi-
nation sccording to Botstein et al. (1980). Finally,
the matching probability (P.) was computed for
each locus and multiplex suite for sach species
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using the most common genotypes (Edwards et al.,
1992)
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Appendix A
Table A.1 Panel of 35 selmonid microsatellite primers used in this study.
Primar sequencs
Primer (F>forward, R>reverse) Reference Source species

Fgt1 F>5'-AGA-TTT-ACC-CAG-CCA-GGT-AG, Saksmoto et al., 1994 Oncorhynchus
R>5°-CAT-AGT-CTG-AAC-AGG-GAC-AG mykiss

Omy7?7 F>5"-CGT-TCT:CTA-CTG-AGT-CAT, Morris st al., 1996 *
R>5°-GGG-TCT-TTA-AGG-CTT-CAC-TGC-A

Omy78 F>5°-ACT-CCA-GCA-CAC-CTG-TCT-CC, Michasl O'Connell. ’
R>5"-TGT-CTC-AGT-GCT-CTT-TCC-C personal

communication*

Omy8? F>5'-TCC-TGG-TCT-GGT-GCA-GG, ’ -
R>5°-ATT-AAC-TCC-GTT-CCA-GCCG

Omy207 F>5°-ACC-CTA-GTC-ATT-CAG-TCA-GG. ’ -
R>S"-GAT-CAC-TGT-GAT-AGA-CAT-CG

Omy293 F>5'-CAC-AGA-GTG-CGA-TCG-TGG, y *
R>§'-GGT-ACT-AAT-GTT-AAG-CTC-GAG

Omy32s P>5"-TGT-GAG-ACT-GTC-AGA-TTT-TGC. - *
R>5'-CGG-AGT-CCG-TAT-CCT-TCC-C

PuPuPy F>$'-ATG-CAG-CGG-ATG-TAG-GGG-GA., Morris et al.. 1966 -
R>85'-TTA-AGT-GAA-AAG-ACG-TAA-GTC

Onepl F>5°-GTC-TTA-CCA-AAT-GTC-TTC-CTCLCT. Scribner ot ul., 1900 Oncorhynchus
R>5°-GCC-ATT-TAG-CAT-ACG-ATT-TTA-TC nerka

Onen2 F>5°-GGT-GCC-AAG-GTT-CAG-TTT-ATG-TT. * °
R>$'-CAG-GAA-TTT-ACA-GGA-CCC-AGG-TT

Onsps F>8'-AAC-ATT-CTG-GGA-TGA-CAG-GGG-TA, o *
R>$"-CTG-TTC-TGC-TCC-AGT-GAA-GTG-GA

Onep10 F>5°-ATG-GGG-AAC-AGA-AGA-GGA-AT. ‘ °
R>5°-CTG-TAG-GTG-TGA-AAT-GTA-TTT-AAA

Onepil F>8°-GTT-TGG-ATG-ACT-CAG-ATG-GGA-CT. : °
R>8'-TCT-ATC-TTT-CCT-GTC-AAC-TTC-CA

Coepld F>8°-AGA-AAC-ATG-AGA-ACA-GTC-TAG-GT, ¢ b
R>$’-CCT-TAT-GAG-TTT-GGT-CTC-CAT-GT

Ots1 F>8"-GGA-AAG-AGC-AGA-TGT-TGT-T. Dennis Hedgecock Oncorhynchus
R>5°-TGA-AGC-AGC-AGA-TAA-AGC-A persanal . tshawytscha

communication®
Ots2 F>8'-ACA-CCT-CAC-ACT-TAG-A, - *

R>5’-AAT-ATC-CTT-CAC-ACT-G
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Table A.1 Continued

Primer sequence
(F>forward, R>revarse)

Reforence

Source species

Sea293
wSat1s
uSats0
pSat73

F>8'.-CAC-ACT-CTT-TCA-GGA-G.
R>3'-AGA-ATC-ACA-ATG-GAA-G
F>5°-GAC-CCA-GAG-GAC-AGC-ACA-A.
R>5"-GGA-GGA-CAC-ATT-TCA-GCA-G
F>8'-ACA-GCA-GTC-TAC-ATT-GAC-C,
R>$"-TGT-TCA-TTA-AAA-CCA-AAA-A
F>5'-TCT-CTT-CCA-GCA-CCA-CAC-A,
R>S5’-AGA-CAG-TTT-TTC-CAC-ATC-C
F>5"-CAA-CGA-GCA-CAG-AAC-AGG,
R>8"-CTT-CCC-CTG-GAG-AGG-AAA
F>8°-GGT-TTT-GAA-GAG-TGA-CAG,
R>$5*-CCC-GTT-TCA-CAA-TCA-GAG
F>5'-TGG-TGT-ATC-CTG-CTC-CTG,
R>$'-TGG-AAT-GTG-TGT-CTG-TTT-TCT
F>$*GTG-TTC-TTT-TCT-CAG-CCC,
R>5°-AAT-GAG-CGT-TAC-GAG-AGG
F>8'-ATT-AGG-CAG-CAG-CAG-GCT-GC,
R>S8"-TGT-TCA-CTC-ACT-GAC-ACG-CG
F>8'-CCT-TTT-GAC-AGA-TTT-AGG-ATT-TC,
R>5'-CAA-ACC-AAA-CAT-ACC-TAA-AGC-C
F>8'-AGG-TGG-GTC-CTC-CAA-GCT-AC,
R>5’-ACC-CGC-TCC-TCA-CTT-AAT-C
F>5"-TTA-TTA-TCC-AAA-GGG-GTC-AAA-A.
R>$°-GAG-GTC-GCT-GGG-GTT-TAC-TAT
F>8°-GGG-TTG-AGT-AGG-GAG-GCT-TG.
R>8°-TGG-CAG-GGA-TTT-GAC-ATA-AC
F>5°-CTT-GGA-ATA-TCT-AGA-ATA-TGG-C,
R>§"-TTC-ATG-TGT-TAA-TGT-TGC-GTG
F>S'-CTT-TAC-AAA-TAG-ACA-GAC-T,
R>S5°-TCA-TAC-AGT-CAC-TAT-CAT-C
F>$"-TGG-TTA-TTT-GTT-TCC-AGA-G,
R>5°-ATC-AGA-TAC-ACA-GAG-ACG-G
F>8'-TGC-AGG-CAG-ACG-GAT-CAG-GC,
R>5'-AAT-CCT-CTA-CGT-AAG-GGA-TTT-GC
F>5'-CCG-TGT-GCT-TGT-CAG-GTT-TC,
R>5'-GTC-AAG-TCA-GCA-AGC-CTC-AC

" F>8'-CCT-GGA-GAT-CCT-CCA-GCA-GGA,

R>8’CTA-TTC-TGC-TTG-TAA-CTA-GAC-CTA

McConnell et al.. 1995a

QORailly et al., 1996

McConnsll et al., 19952

Estoup st al., 1993

* Siology Depastment. Dalhousis University, Helifxx, Nove Scotia BIH 4]1. Caneda.

» University of California, Davis. Bodega Marine Laboratory, Badega Bay, CA 84923, USA.

’
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APPENDIX B: RAW DATA (GENEPOP INPUT FORMAT) FOR CHAPTER 3 ANALYSIS

Bold typeface indicates an individual that was determined to contain putative steelhead alleles as described
in the text. Data is in GENEPOP input format. Population codes are as follows: YC = Yellowstone
outgroup, McBride Lake; VA = Parker Creek; VC = Covington Creek; VD = Fennel Creek; VF = Double
Ditch Creek; VG = Gold Creek; VH = Stavis Creek; VI = Gierin Creek; VJ = Peabody Creek; VK =
Goodman Creek; VL = Snahapish River; VM = Oxbow Creek; VN = Wildcat Creek; VQ = Salt Creek.

“StateCutt

Omy77

Oneull

Otsl

Ots4

Sfo8

Ssa85

pop

YCO1 , 3536 4949 7282 2121 2424 3434
YC02, 3646 4949 7171 2121 2224 3333
YCO03 , 3546 4949 8082 2121 2224 3333 -
YCO04 , 3646 4949 7780 2121 2424 3334
YCO06 , 3636 4949 8082 2121 2424 3434
YCO07 , 3636 4949 8082 2121 2224 3333
YCO8 , 3636 4949 7180 2121 2224 3334
YC09, 3636 4949 8082 2121 2424 3334
YC10, 4646 4949 7182 2121 2222 3434
YC11, 3536 4949 8082 2121 2222 3434
YC12, 3636 4949 8080 2121 2424 3333
YC13, 3646 4949 8082 2121 2424 3334
YC14, 3546 4949 7180 2121 2224 3435 .
YCI15, 3636 4949 7180 2121 2424 3434
YC16, 3636 4949 8080 2121 2222 3434
YC17, 3636 4949 7182 2121 2224 3333
YCI18, 3636 4949 7171 2121 2224 3434
YC19, 3535 4949 7180 2121 2222 3333
YC20, 3436 4949 7171 2121 2224 3434
YC21 , 3546 4949 8080 2121 2224 3333
YC22, 3536 4949 8080 2121 2224 3333
YC23, 3646 4949 7780 2121 2222 3333
YC24 , 3646 4949 8080 2121 2224 3434
YC25 , 3535 0000 0000 2121 0000 3333
pop

95VAO1 , 3644 5252 6876 2526 2426 4748
95VAQ2, 3636 5252 0000 2525 0000 4747
95VAQ3 , 3644 5252 7676 2526 2629 4748
95VAO4 , 3643 5253 0000 2526 2426 4747
95VAOS , 3236 5253 7678 2526 1624 4347
9SVAOQ6 , 3244 5252 5670 2025 2426 4647
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95VAQ7 , 3636 5252 7076 2525 2626 4747
95VAQ8 , 3643 5152 5670 2525 0000 4647
95VA09 , 3649 5152 0000 2525 0000 4747
9SVAI10, 4449 5252 6876 2526 1828 4848
95VALL, 3636 5253 7681 2525 1626 4347
95VAI2, 4950 5151 6667 2525 2829 4648
95VAL3 , 3643 5353 6666 2526 1826 4047
95VAI14 , 3244 5252 0000 2526 2326 4748
95VALS , 3244 5252 0000 2526 0000 4748
95VAIG6 , 3636 5253 0000 2525 0000 4347
95VAL17, 3643 5153 0000 2526 1924 4647
95VAIS , 3641 5353 0000 2526 2426 4747
9SVALI9, 4449 5152 0000 2525 1919 4748
95VA20, 3643 5253 0000 2025 1616 4647
95VA21 , 3244 5252 0000 2425 0000 4748
95VA22 , 3643 5252 5656 2026 2426 4647
95VA23, 3244 5252 0000 2526 0000 4748
95VA24 , 3636 5252 0000 2526 0000 0000
9SVA2S5 , 3644 5152 7676 2525 2629 4347
95VA26 , 3344 5252 7676 2526 2426 4748
95VA28 , 3643 5353 0000 2526 0000 4647
95VA29 , 3236 5252 0000 2526 0000 4748
95VA30, 3644 5252 0000 2526 0000 4748
- 95VA31, 3644 5152 0000 2525 0000 4347
95VA32, 3244 5252 0000 2526 2429 4748
95VA33, 3644 5252 0000 2526 0000 4748
95VA34 , 3644 5252 0000 2526 0000 4748
9SVA35 , 3344 5252 0000 2526 0000 4748
95VA36, 3644 5252 0000 2526 2640 4748
95VA37 , 3244 5252 0000 2526 0000 4748
95VA38 , 3344 5252 0000 2526 0000 4748
9SVA40, 3336 5252 0000 2525 0000 4347
95VA41, 4244 5151 7682 2626 1819 4350
95VA42 , 3643 5152 0000 2526 0000 4047
95VA43 , 3644 5252 0000 2526 0000 4748
95VA44 , 3038 5252 0000 0000 0000 4243
95VA4S , 4344 5252 7070 2025 1616 4647
95VA46 , 3643 5252 0000 2525 2626 4747
95VA47 , 3643 5252 0000 2025 1624 4647
95VA48 , 4349 5152 0000 2526 1925 4748
95VA49 , 0000 5252 0000 2526 0000 4748
95VAS0, 3636 0000 6475 2526 2425 4848

pop
95VCO02 , 3237 5153 7373 2525 2424 4654
95VC03 , 3232 5152 7173 2025 1818 4646
9SVCO4 , 3748 5152 7373 2025 1830 4545
9SVCO5 , 4144 5151 7173 2525 2430 3346
95VC06 , 4343 5253 7171 2525 2425 4654
95VCO7 , 3341 5151 6573 2026 2429 4546
95VCO8 , 3333 5153 7171 2525 3030 3855
95VC09 , 0000 0000 1871 2526 0000 0000
95VCI10, 4344 5151 7171 2629 1824 3852
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95VCl11, 3237 5151 6573 2025 2430 3354
95VC12, 3244 5151 7373 2128 1829 3345
95VC13, 4448 5151 7173 2627 2426 3854
95VC14, 3237 5151 6573 2025 1824 3346
95VC15 , 3640 5253 0000 2030 0000 4348
95VC16 , 4043 5153 2473 2525 2664 3865
95VC17 , 4343 4951 1824 2030 6061 3041
95VC18, 4156 5151 6677 2020 1626 0000
95VC19 , 4043 4951 1859 0000 2461 2745
95VC20, 4141 0000 6685 2525 2631 0000
95VC21 , 3636 5153 7379 2025 2431 4145
95VC22 , 3650 5253 7070 2525 2828 4848
95VC23 , 4450 5252 7071 2525 2529 4565
95VC24 , 4150 5252 7378 2525 1924 3847
95VC2S , 3642 5153 1873 2526 3640 2747
95VC26 , 5050 5152 5473 2025 2427 4348
95VC27, 4041 5152 0000 2525 2632 4048
95VC28 , 4041 5151 7373 2525 2731 4365
95VC29 , 4040 5152 5473 2025 1926 4547
95VC30, 4343 5151 1858 2025 5966 3940
95VC31, 4041 5151 3573 2627 2030 0000
95VC32, 4141 5153 5473 2525 3031 4547
95VC33 , 3638 5152 6673 2525 2627 4545
95VC34, 4044 5151 5378 2525 3030 4347
95VC35, 3849 5151 7477 2025 2528 0000
95VC36 , 3849 5151 6873 2525 3031 4348
95VC37, 4141 5152 7073 2626 1931 4547
95VC38, 4141 5153 5479 2526 3131 4347
95VC39, 3744 4949 1818 2020 5861 2740
95VC40 , 4043 5151 2473 2025 2664 3843
95VC41 , 4044 5353 6173 2525 2425 5165
95VC42 , 3644 5353 6680 2525 1819 4345
95VC43, 4040 0000 6161 2525 1826 4345
95VC44 , 3535 4951 1818 2526 3840 0000
95VC45, 3636 5152 7373 2025 2428 4343
95VCA46 , 4848 4951 1873 2121 1866 4046
95VC47, 0000 5152 6673 2525 2430 4654
9SVC48 , 3742 4949 1858 0000 5866 3256
9SVC49 , 4848 0000 1866 2525 1861 3946
95VCS0, 3244 5152 7373 2525 2430 4855

pop
9SVDO1 , 3843 5151 6684 2525 1520 4952
95VDO2 , 4146 5151 5454 2025 0000 4548
9SVDO3 , 4444 5151 5454 2525 1820 4352
95VDO4 , 3841 5151 5454 2525 0000 4549
95VDOS , 3839 5151 0000 2525 0000 4553
95VDO6 , 3638 5151 6666 2526 1826 5252
9SVDO7 , 4350 5151 0000 2025 0000 4343
95VD09 , 3839 5151 0000 2525 0000 4345
95VD10, 4343 5151 0000 2424 0000 4143
95VD11 , 3638 5151 0000 2526 0000 4141
95VDI12 , 4343 5151 6670 2026 0000 4852
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95VD13, 4143 5151 0000 2525 0000 4048
95VD14 , 3238 5151 5066 2026 0000 3845
95VD15 , 3843 5151 0000 2525 0000 4552
95VD16 , 3943 5151 0000 2525 0000 4348
95VD17 , 3844 5151 5454 2525 0000 4352
95VD18, 4141 5151 0000 2525 0000 4141
95VD19 , 4444 5151 0000 2525 0000 5253
95VD20, 3638 5151 5454 2526 1826 4143
95VD21 , 3643 5151 0000 2525 0000 4545
95VD22, 3637 5151 6679 2526 1626 3843
95VD23, 3941 5151 0000 2626 0000 4141
95VD24 , 0000 5151 00002627 0000 0000
95VD2S , 3238 5151 5070 2525 2026 4549
95VD26 , 3841 5151 7079 2626 2426 3845
95VD27 , 3641 5151 6970 2526 1826 5253
95VD28 , 4143 5151 0000 2526 0000 4045
95VD29 , 3844 5151 0000 2525 1820 5253
95VD30, 3243 5151 7684 2525 1827 3852
95VD31, 3643 5151 5466 2525 1520 4952
95VD32, 4043 5151 7979 2626 1826 3845
95VD33 , 3243 5151 5079 2526 1826 4949
95VD34 , 3243 5151 0000 2525 0000 6060
95VD35, 4143 5151 6666 2525 2426 4152
95VD36 , 4142 5151 0000 2526 0000 4545
95VD37 , 3643 5151 5454 2526 2426 4141
95VD38 , 4143 5151 0000 2525 0000 5260
95VD39 , 0000 5151 0000 2525 0000 3840
95VD40, 3644 5151 6670 2525 2526 4041
95VD41 , 4150 5151 6679 2525 1620 4952
95VD42 , 4144 5151 0000 2526 1824 4153
95VD43, 3641 5151 5454 2525 2424 4852

pop
95VFO1 , 3243 5153 0000 2026 2529 3946
9SVFO2 , 4143 5353 0000 2525 2525 4656
9SVFO3 , 4343 5152 0000 1925 1829 3940
9SVFO4 , 3744 4953 0000 2028 0000 3039
9SVIFOS , 4142 5151 6673 2025 2829 4657
9SVFO6 , 4142 5151 6673 2025 2829 4657
95VFO7 , 4344 5152 0000 2020 0000 3946
9SVFO8 , 4142 5153 0000 2025 0000 3344
9SVF09 , 4344 5151 0000 2025 2329 4663
9SVF10, 4344 5153 0000 2020 0000 3946
9SVF11 , 4143 5153 0000 2525 0000 4646
95VF12 , 0000 5153 0000 2020 0000 0000
95VF13 , 4143 5153 0000 2026 0000 3939
95VF14 , 4143 5152 0000 2020 1627 4456
9SVF1S , 4449 5353 0000 2525 1730 4657
9SVF16 , 4344 5152 0000 2525 0000 4646
9SVF17 , 4144 5151 0000 2025 0000 3957
9SVFIS , 3249 5153 0000 2020 0000 4453
9SVF19 , 3249 5153 0000 2025 0000 4453
95VF20 , 3638 5153 1867 2025 2639 4046
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95VF21 , 4344 5152 0000 2020 2530 3946
95VF22 , 4344 5152 0000 2025 0000 3946
9SVF23 , 4343 5151 6666 2025 2425 4456
9SVF24 , 3741 5152 0000 2025 0000 4652
9SVF25 , 4143 5152 6772 2025 0000 3356
9SVF26 , 4143 5153 0000 2025 0000 4646
95VF27 , 4344 5153 0000 2025 0000 4646
9SVE28 , 3244 5153 6667 2026 1830 3939
95VF29 , 4141 5151 7073 2626 2427 3757
9SVF30 , 4142 5151 6666 2525 2529 4457
95VF31 , 3244 5153 6772 2526 2430 3946
9SVF32 , 4449 5153 6667 2526 1618 3946
95VF33 , 3943 5151 0000 2025 0000 3752
9SVF34 , 4244 5151 6682 2525 2424 4054
9SVF35 , 4244 5151 0000 2525 1919 4054
9SVF36 , 4244 5151 0000 2526 2430 4054
9SVF37 , 3132 5353 6667 2525 1830 4657

'95VF38, 4143 5151 6774 2025 2528 3757
9SVF39 , 4348 5151 6673 2025 3039 3946
95VF40 , 4149 5153 6682 2525 1628 4857
9SVF41 , 3643 5153 6673 2026 1631 4452
9SVF42 , 4344 5151 6767 2525 2425 4957
95VF43 , 3646 5154 1818 2026 2429 3746
95VF44 , 4343 5153 0000 2026 0000 3946
9SVF4S , 4243 5153 6770 2025 2829 3944
9SVF46 , 4243 5152 7381 2025 2424 3944
9SVF47 , 4343 5151 6666 2025 2628 4446
9SVF48 , 3243 5353 6681 2026 1824 3939
9SVF49 , 4249 5153 7382 2525 2525 4457
9SVFS0 , 4143 5151 0000 2525 2525 3744

pop

95VGO1 , 3638 0000 6666 0000 2424 4043
95VGO2 , 3643 5151 7179 2525 2428 4956
95VGO3 , 4243 5151 7583 2525 2530 4646
95VG04 , 3643 5151 7579 2025 2225 4352
95VGOS , 3644 5151 7087 2526 1825 5661
95VGO6 , 4346 5152 6667 2525 2425 4046
95VGO7 , 4446 5151 7172 2526 1826 4352
95VGO8 , 3643 5151 6673 2526 2526 4052
95VG09 , 4349 5151 6681 2525 1828 4648
95VG10, 4346 0000 6781 0000 1839 0000
95VG11, 3643 5151 6681 2525 2424 4348
95VG12,4343 5152 7181 2525 1825 4667
95VG13, 3636 5151 7071 2526 1828 5261
95VG14 , 3642 5153 7072 2020 2525 4956
95VGI1S , 3743 5151 0000 2025 0000 4652
95VG16 , 3640 5353 0000 2525 0000 4646
95VG17, 4446 5153 6671 2525 1926 5252
95VG18, 3641 5151 7179 2020 1825 4352
95VG19,4043 5151 7281 2021 1838 4146
95VG20 , 3643 5151 6681 2222 1825 4661
9SVG21 ,4349 5151 7071 2222 1825 4852
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95VG22 , 4343 5151 7272 2525 2538 6164
95VG23 , 3636 5252 6672 2224 1828 4043
95VG24 ,.4344 5151 6770 2025 1826 4649
95VG2S , 3843 5151 7272 2525 2438 4552
" 95VG26, 3642 5152 6771 2222 2538 4656
95VG27 , 4041 5151 7273 1522 1824 4652
95VG28 , 3843 5151 6672 2020 1824 0000
95VG29 , 3643 5151 7072 1919 1924 0000
95VG30, 0000 0000 7282 2222 1824 0000
95VG31, 3642 5151 6783 2525 2528 4674
95VG32 , 4346 5151 6464 2025 1818 4652
95VG33, 3641 5153 7079 2126 2424 4348 .
95VG34 , 4346 5151 7172 2020 2526 5252
95VG3S5 , 4043 5153 7281 2525 1838 4646
95VG36 , 3644 5353 6666 1622 2425 4852
95VG37 , 4343 5151 7273 2020 2425 4561
95VG38 , 3644 5151 6670 2222 1939 4652
95VG39, 4249 5151 8181 2020 1539 4346
95VG40, 4244 5151 7273 2525 2528 4646
95VG41 , 3843 5252 6679 2525 2424 3143
95VG42 , 3646 5151 7072 2525 1828 5261
95VG43 , 3838 5253 7279 2525 2628 3156
95VG44 , 3643 5151 7070 2525 1939 4661
95VG4S5 , 3642 5151 6672 1919 1828 5252
95VG46 , 3642 5151 6770 2525 1828 4661
95VG47 , 4346 5151 7070 1919 1928 4661
95VG48 , 4446 5151 7070 2223 1939 4652
95VG49 , 3943 5151 6667 2525 2425 4652
95VG50 , 4043 5153 0000 2525 0000 4065
95VGS1 , 4041 5152 7081 2525 2525 4552
95VG52 , 3840 5153 7173 2526 1828 4550
95VGS3 , 3843 5151 7072 2526 2530 3852
95VGS54 , 4151 5152 6671 2525 2425 5665
9SVGSS , 4144 5151 7375 2526 1618 4040

pop :
95VHOI , 3941 5353 7172 2526 1828 4657
95VH02 , 3636 5151 6780 2526 1618 3852
95VHO3 , 3651 5153 0000 2025 1825 4049
95VHO4 , 3641 5153 7075 2025 2525 4343
9SVHOS , 4848 4951 1818 2526 5365 4052
95VHO6 , 4242 4949 1818 2025 5365 3840
95VHO7 , 3641 5152 7682 2525 2525 4346
95VHO8 , 3643 4951 6670 2025 1824 4145
95VH09 , 4848 4951 1854 2025 1864 2752
95VHI0, 3743 5151 7079 2525 2528 4874
95VH11 , 3651 5153 0000 2529 1830 4345
9SVHI2 , 4344 5151 7079 2729 1518 4074
9SVH13 , 3743 5151 7081 2025 2830 5274
9SVHI4 , 3640 4949 7079 2020 1824 4345
9SVHIS , 4343 5152 6775 2528 1518 4346
9SVH16 , 4040 5151 7171 2025 2424 5256
9SVH17 , 3839 5153 7070 2525 1525 4052
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95VHI8 , 4343 5353 7173 2525 2830 4246
95VH19 , 4046 5153 7179 2525 1826 4045
95VH20 , 3643 5151 7070 2525 1830 4346
9SVH21 , 4049 5152 6870 2025 2530 4774
9SVH22 , 4343 5151 7070 2525 1830 4046
95VH23 , 3641 5152 6773 2020 1525 4345
95VH24 , 4251 5353 7071 2025 1825 4552
9SVH2S , 4351 5153 7375 2525 1818 4043
9SVH26 , 4143 5253 7073 2526 2538 4345
95VH27 , 4046 S151 7079 2525 1624 4348
95VH28 , 3536 5151 5470 2026 2427 4042
9SVH29 , 3243 5152 0000 2025 1930 4352
9SVH30 , 3637 5153 7082 2025 1530 4052
95VH31 , 4242 4951 1854 2025 1864 4052
95VH32 , 4242 4949 1854 2526 5365 2738
9SVH33 , 3641 S151 6773 2025 2525 4346
95VH34 , 4242 4949 1818 2626 1864 2738
9SVH3S , 4242 4951 1818 2525 1853 4052
9SVH36 , 3743 5151 7082 2025 2528 4874
95VH37 , 4248 4949 1854 2529 6465 2738
9SVH38 , 3638 5353 7172 2728 2428 4247
9SVH39 , 3643 5153 7079 2025 1530 4052
95VH40 , 3643 5353 7281 2728 2628 4552
9SVH41, 4143 5153 7981 2529 2428 4343
95VH42 , 4242 4949 1854 2025 1864 2738
95VH43 , 4848 4949 1818 2728 1853 3840
95VH44 , 4248 4951 1818 2525 1864 2752
9SVH4S , 3741 0000 7079 2025 2324 6065
95VH46 , 4143 5151 7079 2125 1818 5252
95VH47 , 3643 5353 7575 2526 1818 4041
9SVH4S , 4248 4951 1854 2728 5264 4052
9SVHA49 , 4248 4949 7377 2729 0000 3840
9SVHSO0 , 4043 5152 7579 2528 1525 4545
9SVHS1 , 3237 5151 7373 2526 2424 3346
9SVHS2 , 3237 5153 7373 0000 2424 4654
95VHS3 , 3232 5152 7173 2020 1818 4646
9SVHS4 , 4248 4949 0000 0000 1864 3840
9SVHSS , 4043 5152 7579 2729 1525 4545
9SVHS6 , 3337 5151 7373 2026 2424 3346
pop

95VIO1 , 0000 5153 5778 2526 2426 4849
95VI02 , 4141 5353 5778 2125 2426 3856
95VI03 , 4141 5153 7581 2526 1930 4856
9SVIO4 , 4344 4951 6473 2526 2630 4851
95VI0S , 3642 5153 1973 2025 1927 4856
9SVIO6 , 4141 5151 5778 2526 1530 3849
95VIOT , 0000 5153 6469 2026 1526 4851
9SVIOB', 4446 4953 6773 2526 1524 4251
95VI09 , 4141 5353 5778 2025 2630 4856
9SVII0, 4143 5153 7078 2626 3030 4256
95VI11, 4142 4951 6770 2526 2426 4548
9SVI12, 4141 5153 5778 2526 1530 3849
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95VI13, 4141 4953 2475 2526 1928 4856
95VId , 4141 5153 1878 2025 2630 3856
95VI1S5 , 4244 5153 7378 2526 1530 3842
9SVI16, 4142 4951 7073 2125 2630 4548
95VI17, 4141 5153 5781 2526 2630 4956
95VI18, 3141 4953 5781 2626 2630 4256
95VI19 , 4446 5153 6770 2525 1930 3851
95VI20, 3642 5153 7078 2025 2627 4856
95VI21, 4949 5353 6769 2125 2628 4856
9SVI22 , 4142 4953 6773 2525 1819 4856
95VI23 , 4243 5153 7181 2121 1519 4343
95VI24 , 4646 5153 7072 2025 2830 4856
9SVI2S , 4246 5353 5964 0000 1928 3856
95VI26 , 4142 4953 7373 0000 1819 4256
95VI27 , 4246 5151 7173 2020 2428 4848
95VI28 , 4146 5353 7073 1523 2633 4356
95VI29 , 3642 5153 7273 0000 2428 4856
95VI30, 4042 5353 7373 0000 2830 4345
95VI31, 4246 5353 7073 2020 1826 3843
95VI32, 4146 5353 6981 1523 2633 4851
95VI33, 4649 5153 6467 1522 2628 4356
95VI34 , 4049 5151 6781 1523 1928 4348
95VI35, 3641 5353 6781 0000 2828 4351
95VI36, 4149 5151 6467 0000 1827 5656
95VI37, 4143 5353 6467 0000 1526 5656
95VI38, 4146 4953 7173 1524 2633 4348
95VI39, 4042 5353 7173 1522 1818 4548
95VI40, 3844 5153 6767 0000 1527 4551
95VI41, 4646 5153 7381 2121 1929 0000
95VI42 , 4244 5153 5981 1523 1928 4548
95VI43, 4246 5151 7281 1523 1826 5656
95VI44 , 3842 5153 7172 0000 2428 4856
95VI4S , 4248 5153 6767 1524 1919 4848
95VI146 , 4146 5151 6973 0000 2630 4245
95VI47 , 3642 5153 6471 0000 2628 4856
95VI48 , 3844 5153 5471 1524 1519 4343
95VI49, 3642 5153 7273 0000 2626 4856
95VI50, 4243 5153 6771 1524 1526 4956
95VIS1 , 4244 5153 6781 0000 2628 5656
95VI52, 3642 5153 7172 1523 2626 4956
95VIS3, 4243 5353 5481 1515 1930 4343
95VI54 , 3642 5353 7172 1515 2426 4856
95VISS , 4143 5153 6481 0000 2828 4956
95VI56 , 4344 5153 7073 1521 1526 3838
95VI57 , 4949 5151 6767 2222 2626 4856
95VIS8 , 4142 5153 6773 1523 2426 5156
95VIS9, 4243 5353 6781 2121 1927 4351
95VI60, 4646 5153 6471 2126 1926 4356

pop
95V101 , 3636 0000 0000 2025 0000 0000

95VI02, 3641 5151 7070 2020 2627 4949
95VJ03 , 3644 5151 7071 2020 2425 4349
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95VI04 , 3644 5353 7070 2020 2126 0000
95VIOS , 3649 5151 7071 2020 1924 4949
95VIO06 , 4144 5151 0000 2025 1925 0000
95VI07 , 4449 5151 7073 2025 2627 4351
95VI08 , 4444 5151 0000 2025 2626 0000
95VI09 , 3649 5151 7373 2021 2424 4949
95VJ10, 3644 5153 0000 2020 0000 0000
95VI11, 0000 5151 7073 0000 1825 4549
95VIJ12, 0000 5151 0000 2020 0000 4349
95VI14,0000 5153 7070 0000 1924 4949
95VI15, 3636 5153 7373 2025 2425 4351
95VI116, 0000 5151 0000 0000 1924 4349 -
95VI17,3641 5151 7171 2020 1927 4749
95VJ18 , 3636 5151 0000 2020 1924 4949
95VI19, 3244 5151 7073 2020 1927 4349 .
95VJ20 , 3244 5353 6869 2020 1925 4343
95VI21 , 4444 5151 7073 2020 1927 4349
95VI22 , 4444 5151 7173 2025 1927 4343
95VJ23 , 4444 5151 7071 2025 0000 4343
95VI24 , 4449 5153 7071 2021 1927 4349
95VI2S , 4444 5151 7070 2021 1925 4349
95V1I26 , 3236 5153 7171 2020 2626 4343
95VI27 , 4449 5153 7071 2020 1925 4343
95VI128 , 3641 5151 7373 2020 1924 4349
95VI29 , 4444 5151 7070 2025 1926 4351
95VI30 , 4448 5151 7070 2020 2425 4343
95VI31 , 3249 5153 7073 2020 2530 4343
95VI32, 3644 5153 7070 2021 1925 4343
95VI33, 4444 5151 7173 2020 1926 4343
95VI34 , 4444 5151 7070 2025 1925 4343
95VI35 , 3644 5151 7071 2021 1927 4343
95VI36 , 4849 5151 7073 2020 2426 4349
95VI37 , 4449 5353 7070 2020 1925 4349
95VI38 , 4444 4951 7073 2020 2526 4349
95VI39 , 3644 5153 7071 2025 1927 4347
95VJ40 , 3244 5153 7171 2020 1927 4349
95VI41 , 4449 5153 7171 2020 1925 4343
95VI42 , 3244 5151 6673 2125 1819 4549
95VJ43 , 4444 5151 7070 2020 2727 4949
95VI44 , 4449 5153 6670 2020 1925 4343
95VJ4S , 4144 5151 7073 2020 2627 4349
95VI146 , 3236 5153 7070 2525 1926 4351
95VI47 , 3244 5151 7071 2021 0000 0000
95VJ48 , 4444 5151 7071 2020 2627 4347
95VJ49 , 4444 5153 6569 2020 2527 4343
95VI50 , 4449 5153 7173 2020 1924 4349
95VIS1 , 3249 4951 6871 2020 2530 4343
95VI52 , 4449 5153 7171 2021 2627 4349
95VJS54 , 4444 5153 7071 2021 2527 4349
95VISS , 3644 5151 6868 2021 2525 4349
95VIS6 , 3248 5153 7071 2025 1925 4347
95VI57 , 3644 5153 7071 2021 1927 4343
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95VIS8 , 4444 5151 7073 2025 1925 4343
95VI59 , 4444 5151 6666 2025 2527 4343

pop

95VKO1 , 3838 5151 7475 2128 2739 5262
95VKO02 , 3248 5152 5076 2025 2626 3371
95VKO03 , 4346 5152 6972 2526 2526 3455
95VK04 , 0000 5153 7385 0000 1527 4959
9SVKOS , 4346 5151 6972 2626 2526 3462
95VKO6 , 3232 5151 6876 2020 2626 5275
9SVKO7 , 4956 4953 6285 2026 1528 3849
9SVKO8 , 3856 5153 7285 2020 2640 4949
95VK09 , 4848 5353 7685 2326 2740 4956
95VK10, 4646 5151 5075 2028 1926 6162
95VK11,4346 5151 6983 2026 2526 3462
95VK12 , 4648 5153 7376 2526 1524 4959
95VK13, 3146 5151 8385 2626 2626 3462
95VK14 , 00005151 5061 2020 2238 7173
95VK15, 0000 5151 8585 0000 2238 7173
95VK16 , 3232 5152 5075 2528 1639 6262
95VK17, 0000 5151 1859 0000 0000 3041
95VK18, 3243 5151 8585 2020 2226 7173
95VK19, 4848 5353 7685 2326 2740 4956
95VK20, 3243 5151 0000 2025 1619 4275
95VK21 , 4346 5151 6983 2026 2641 4462
95VK22 , 3232 5151 6972 2026 2626 4462
95VK23 , 4343 5153 8385 2026 1926 3438
95VK24 , 3243 5151 0000 2026 0000 4444
95VK25 , 3131 5152 8385 2025 1626 5252
95VK26 , 3844 4951 6262 2025 1927 4951
95VK27 , 4343 5151 7285 2026 1941 3434
95VK28 , 4346 5151 0000 2626 0000 3462
95VK29 , 3246 0000 5050 2025 1626 6162
9SVKID , 3434 4951 2359 1927 5456 2740
95VK31 , 3738 4951 6272 2025 1924 4949
95VK32, 3232 5151 6876 2025 1619 4276
95VK33 , 4656 4953 6285 2026 1528 4949
95VK34 , 4848 5153 768S 2025 1524 3859

pop

95VLO1 , 3232 5252 0000 2026 0000 4242
95VLO02, 3237 5151 7783 2026 2636 3549
95VLO3 , 3737 4952 7583 2025 2536 7277
95VL04 , 3246 4952 7783 2026 2536 4977
95VLOS , 3737 4951 7782 2026 2536 3549
9SVLO06 , 3242 4949 7275 2025 3838 4272
95VLO7 , 4249 5252 0000 2525 0000 4961
95VLO8 , 0000 5253 7272 2526 2222 6173
95VL09 , 4646 5152 7583 2027 2626 6177
95VL10, 3737 5152 7782 2026 2526 4977
9SVLI11 , 4646 4952 6282 2027 2225 6177
95VL12, 4646 4952 7582 2020 2626 4278
95VL13, 3242 5252 6275 2526 3838 4662
95VL14 , 4343 5252 6262 2526 0000 4261
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9SVL1S5, 3242 5252 7275 2526 3838 4662
95VL16, 3737 5151 7583 2025 2636 3572
9SVL17, 3246 5252 6262 2025 0000 6274
9SVL18, 0000 5151 6262 2020 2526 3542
. 9SVLI19, 3249 4951 7576 2020 2438 4249
95VL20, 4646 4951 7782 2026 2626 3549
95VL21 , 4249 5153 5282 2526 1924 3549
95VL22 , 4646 4951 6283 2027 2226 3561
9SVL23, 4246 5151 0000 2026 2538 4649
95VL24 , 4246 5152 0000 2525 0000 4949
95VL25 , 0000 5152 0000 2127 2538 4144
9SVL26 , 4349 5252 7373 2525 2441 5972
95VL27, 3737 5151 7782 2026 2636 3549
95VL28 , 0000 5152 0000 2525 2224 0000
95VL29, 3232 5252 6262 2025 2626 4962
95VL30, 4249 5151 5275 2025 2641 4971
95VL31 , 4949 4949 0000 2025 0000 4249
95VL32 , 3232 5152 6262 2026 2441 7071
95VL33 , 4949 4949 7576 0000 2438 4249
95VL34 , 4249 5152 6262 2526 2226 4973
9SVL35 , 3246 5152 7582 2026 2526 4977
95VL36 , 3246 4952 7783 2026 2626 4977
95VL37, 3737 5151 7783 2025 2526 3572
95VL38, 4646 5151 7582 2020 2225 3561
95VL39, 3137 4951 7583 2025 2636 3572
95VLAQ, 3137 4951 7783 0000 2536 3572
9SVILAL , 4646 4951 7783 2525 2441 3561
95VLA2, 3137 4951 7783 2025 2626 3572
9SVILA3, 3636 5152 6290 2026 2626 4449
95VLA4 , 4343 5151 7275 2025 2224 4144
95VLAS , 3737 5151 7582 2020 2225 3542
95VLA6 , 3146 5252 6262 0000 2226 4473
95VLAT , 4646 5151 7783 2025 2636 3571
95VLAS , 3143 4951 6262 2026 3838 4949
9SVLA9 , 0000 0000 6282 2025 2226 0000
95VLS0, 3643 5252 7175 0000 0000 0000
95VLS1 , 4242 5151 6275 2526 2238 3562
95VLS2, 3737 4952 7582 2121 2526 4277
95VLS3 , 4646 5151 5275 2020 2226 4949
95VLS4 , 3131 5252 7576 2025 2838 4671
95VLSS , 3146 4951 7783 2025 2526 3572
95VLS6 , 3137 5151 7583 0000 2536 3572

pop

95VMO1 , 4652 5151 6571 2328 2426 3862
9SVMO2 , 4244 5153 6667 2020 2424 4563
95VMO3 , 4246 5152 6466 2528 2633 3535
95VMO04 , 3139 5151 6683 2028 1825 3538
9SVMOS , 3941 5151 6666 2023 1828 4560 -
95VMO6 , 4242 5151 7575 2020 2424 4769
95VMO7 , 3244 5153 5667 2326 1526 4545
9SVMO08 , 3946 5151 0000 2028 0000 4860
95VMO09 , 4251 5153 5675 2026 2628 3547
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95VMI10 , 4244 5153 6667 2020 2426 4563
95VMI1 , 3242 5151 7575 2020 2026 4563
95VM12 , 4244 5151 6875 2025 2426 4170
95VM13, 0000 5151 6681 2023 2441 4860
95VM14 , 4042 5151 7575 2020 2424 6369
95VM15 , 3342 5151 6667 2020 2024 4247
95VM16 , 3144 5151 5666 2020 2526 3848
95VM17 , 4251 5152 5675 2028 2628 4761
95VM18 , 4258 5152 7375 2025 1826 4774
95VM20, 3346 5151 6667 2028 1826 3848
95VM21 , 3941 5151 6666 2028 1828 3848
95VM22 , 3241 5152 6877 0000 2626 3360
95VM23 , 4158 5151 6875 2025 2426 4774
95VM24 , 3241 0000 0000 2023 2526 3848
95VM25 , 4258 5151 6675 2528 2430 4761
95VM26 , 3244 5153 6774 2025 2626 4647

pop .
9Y5VNO1 , 4343 5151 6771 2525 1515 4647
95VNO2 , 0000 5151 0000 0000 1515 4647
95VNO3 , 4949 5151 7376 2025 2328 4777
95VNO4 , 0000 5151 6269 0000 2424 4462
9SVNOS , 4349 5151 6973 2525 2425 4762
95VNO6 , 4349 5151 7679 2628 1538 6263
95VNO7 , 4355 5151 6975 2125 2223 4860
95VNOS , 4349 5151 5675 2828 2526 4462
95VNO9 , 4243 5151 6269 2525 2426 4760
95VNI10, 4243 5151 7375 2525 1524 4462
95VN11, 3743 5151 5675 2025 2425 3544
9SVN12, 4949 5151 0000 2528 0000 4444
95VN13, 4949 5151 6969 2028 1526 4447
95VN14 , 4246 5151 6979 2020 1520 4757
95VNI15 , 4349 5151 7576 2026 1524 4554
95VN17 , 4949 5151 7575 2025 2326 4447
95VN18 , 4449 5151 5656 2021 2324 4446
95VNI19, 4449 5151 7173 2021 2426 4447
95VN20, 4649 5151 6476 2528 2838 5463
95VN21 , 4449 5151 6971 2525 1520 0000
95VN22 , 4949 5151 6476 2628 2328 5463
95VN23 , 4646 5151 7575 2121 1922 0000
95VN24 , 4249 5151 6969 2021 2324 4447
95VN2S5 , 4356 5151 5675 2020 2425 3544

pop

95VQO1 , 3232 5151 0000 2525 1830 4245
95VQO2, 3241 5151 6573 2028 2930 3346
95VQO3 , 3043 5152 0000 1925 2429 3041
95VQO04 , 3741 0000 0000 2025 2629 0000
95VQOS , 4444 5253 7173 2026 2530 4652
95VQO06 , 3741 0000 6566 0000 1824 0000
95VQO7 , 3333 5151 7373 0000 2430 4654
95VQO8 , 3237 5151 7173 2525 3030 4646
95VQQ9 , 3241 5151 0000 2125 2630 3345
95VQI10, 3237 5153 6565 0000 1824 4648
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95VQl11, 3348 5151 0000 2028 1824 4646
95VQI2, 3232 5153 6567 2025 2424 0000
95VQ13, 3348 5151 7373 2525 2430 4545
95VQ14 , 3232 5151 6573 2025 2629 4648
95VQI15, 3741 5152 7171 2025 1830 5454
95VQL16, 3244 5152 7373 2020 2429 4546
95VQ17, 3232 4951 0000 0000 1866 0000
95VQ18, 3637 5253 7373 2125 2430 4546
95VQ19, 3337 5153 0000 2525 2430 0000
95VQ20, 4444 5151 6573 0000 2429 4546
95VQ21, 3248 5151 7173 2121 2929 3345
95VQ22 , 4448 5153 6573 2525 2930 4548
95VQ23 , 0000 0000 0000 2525 1824 4546
95VQ24,4141 5153 5454 2025 1829 4347
95VQ25, 4141 5151 0000 2023 2629 0000
95VQ26 , 3232 0000 6670 2028 2425 0000
95VQ27, 4148 0000 7173 2525 1830 4546
95VQ28 , 3648 5151 0000 0000 1824 3348
95VQ29, 3244 5151- 0000 2525 2629 4546
95vQ30, 3741 5151 0000 1928 1826 3848
95vQ31, 3333 5151 0000 2020 0000 0000
95VQ32, 3840 5152 0000 2525 1919 4547
95VQ33, 0000 5252 6678 2526 2426 4051
95VQ34, 4250 5153 6173 2021 2527 6565
95VQ35, 3136 5152 5473 2525 2431 4748
95VQ36, 3841 5151 6779 0000 1925 4547
95VQ37, 4350 5151 5454 2028 3264 3843
95VQ38, 4050 5152 7373 2525 1530 3845
95VQ39, 3641 5153 0000 2125 1925 4365
95VQ40, 4244 5151 5858 1919 5967 2940
95VQ41, 3849 5152 0000 0000 3031 3845
95VQ42, 4043 5151 5454 2028 3268 3843
95VQ43, 3042 4951 5858 2828 2560 3041
95VQ44 , 3750 5153 0000 2027 2664 0000
95VQ45 , 3737 5151 0000 0000 2731 4345
95VQ46 , 4243 5153 0000 2830 2436 4040
95VQ47 , 3644 5252 0000 0000 2630 4345
95VQ48 , 3641 5153 6681 0000 2426 4848
95VQ49 , 3636 5353 0000 2020 2629 4565
95VQS0, 3840 5152 7373 2525 1920 4751
95VQS1 , 3850 5253 0000 2525 3131 4045
95VQS52, 4150 0000 7385 2025 2040 2743
95VQ53 , 0000 5153 0000 2025 2424 4343
95VQ54 , 3337 4949 0000 1927 0000 3856”
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APPENDIX C: RAW DATA (GENEPOP INPUT FORMAT) FOR CHAPTER 4 ANALYSIS

Bold typeface indicates an individual that was determined to contain putative steelhead alleles as described
in the text. Data is in GENEPOP input format.- Population codes are as follows: TH=Thomdyke;
TB=Tarboo; F=Fulton; C=Courtney; B=Bear; BM=Big Mission; ST=Stavis; SB=Seabeck; BB=Big Beef:
LA=Little Anderson.

“Omy77
Oneull
Otsl
Ots4
Sfo8
Ssa85s
Oneu2
Ots100
Ssald4
Ots103

pop

THO1 , 0000 0000 0000 0000 0000 0000 2527 3033 1820 1010
THO2 , 4343 5151 0000 2025 1830 0000 1825 2430 1923 1010
THO3 , 3643 5353 7073 2526 1824 4652 1922 3033 1820 1010
THO4 , 4143 5353 7073 2025 1830 4650 2325 3033 1919 1010
THOS , 3643 5353 7073 2026 1828 4675 2227 0000 1919 1010
THO6 , 4143 5253 5470 2025 2630 5075 2525 2937 1919 1010
THO7 , 3338 5353 7073 2020 1839 4648 2325 2137 1819 1010
THO8 , 4244 5151 7373 2525 1624 4548 1922 2930 1820 1010
THO09 , 3642 5353 7070 2025 2526 4546 2525 2937 1924 1010
THI10, 3338 5153 7379 2525 1539 4546 2527 2020 1919 1010
THI1 , 3643 5153 5470 2025 1825 4546 1825 3038 1923 1010
THI2, 3643 5153 5470 2025 1826 4652 0000 0000 0000 1010
THI13, 3643 5153 7073 2021 1828 4575 1919 3037 1819 1010
THI14 , 3338 5153 7079 2025 1825 4548 2425 3337 1923 1010
THI1S, 4143 5151 7073 2025 3030 4652 2425 3337 1923 1010
THI16, 4143 5151 7073 2025 3030 4652 2327 3738 1923 1010
TH17 , 3843 5153 7071 2021 2830 4575 1622 1414 1923 1010
THI8 , 3840 5152 7382 2626 2528 4546 2325 3037 1920 1011
THI9, 4446 5153 5487 2025 2526 4546 1825 3037 1919 1010
TH20, 3636 5152 5467 2025 1630 4357 1623 3738 1919 1010
TH21 , 4040 5353 7073 2025 1839 4849 1619 3738 1519 1010
TH22 , 3644 5353 6773 2025 1618 4348 2325 3738 1923 1010
TH23 , 3336 5353 6673 2026 2430 4675 2226 2238 0000 0910
TH24 , 3644 5353 6770 2525 1828 4348 2226 2238 1923 1010
TH2S , 4651 5151 7379 2020 3030 5075 1825 3738 2323 1010
TH26 , 3843 5353 6673 2026-2430 4675 1825 3738 1923 1010
TH27 , 3336 5353 7073 2026 2430 4675 0000 0000 0000 0000
TH28 , 3342 5153 7079 2525 1830 4952 2123 3037 1923 1010
TH29, 3651 5253 7073 2025 1925 4548 2325 3038 1519 1010
TH30, 3338 5353 7073 2020 2526 4648 2525 2930 1919 1010
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TH31 , 4044 5153 5470 2025 1828 4243 1819 3737 1519 1010
TH32, 3644 5353 5470 2025 1618 4348 1619 3037 1519 1010
TH33, 3338 5153 7073 2125 1828 4552 2327 3037 1923 1010
TH34, 3336 5153 7071 2125 2830 4552 1827 2437 1923 1010
TH35, 3636 5151 5473 2025 2330 4549 2323 3037 1919 1010
TH36, 3343 5151 5470 2025 2630 4674 2527 3038 1819 1010
TH37, 4043 5151 5470 2525 1818 4252 1819 3038 1819 1010
TH38, 4143 5151 5470 2025 1826 4646 1925 3738 1920 1010
TH39, 3643 5151 6773 2025 1618 4243 1925 3038 1920 1010
THA41, 3636 5353 7073 2025 1824 4849 1925 3738 1920 1010
TH42 , 3844 5454 6671 2227 2830 4774 1625 2238 1919 1010
TH43 , 4650 5353 5473 2020 1628 4348 2325 2430 2323 1010
TH44 , 3338 5353 7073 2526 2430 4652 2226 2238 1919 1010
THA4S , 3351 5153 7379 2525 1825 4546 1825 3038 1919 1010
TH46 , 3642 5353 0000 2020 1839 4648 2525 2929 1924 1010
TH47 , 3336 5353 0000 2526 2430 4652 2525 2929 1919 1010
TH48 , 3233 5151 7179 2525 2525 4552 2325 2228 1919 1010
TH49 , 3341 0000 0000 2025 1826 4646 2325 2228 1819 1010
THSO0 , 0000 0000 0000 0000 0000 0000 0000 3038 1920 1010

Pop
TBO1, 4242 5151 7171 2026 2425 4173 2525 2530 1923 1010
. TBO02, 3846 5152 5454 2026 2526 4048 2525 1025 1923 1010
.TB03, 4243 5151 5454 2525 2425 5252 1930 3033 1819 1010
TBO04 , 4346 5353 6679 2020 1825 4252 1625 1428 1919 1010
TBOS , 4043 5151 6666 2020 1525 5257 1820 2429 1919 1010
TBO06 , 3844 5151 5473 2025 1826 3845 2227 1437 1919 1010
TBO07 , 4349 5152 7173 2026 2426 4149 2525 3032 1919 1010
TBO8 , 3248 5153 5470 2020 1825 4552 1821 0000 1519 1010
TB09, 4144 5253 7171 2026 1818 5252 1820 3237 1919 1010
TB10, 3340 5151 6670 2025 1818 5252 1623 3237 1923 1010
TB11, 4243 5153 7081 2026 2425 4849 2527 2832 1818 1010
TB12,4649 5151 7172 2025 1825 4348 2025 2930 1919 1010
TB13, 4449 5151 0000 2526 2828 4143 2525 3033 1919 1010
TB14, 4243 5153 6666 2525 1525 4852 1927 1232 1919 1010
TB15, 3846 5253 5466 2025 2425 4052 1825 1025 1923 0910
TB16, 4249 5153 6681 2525 1824 5052 1818 2537 2123 1010
TB17, 4242 5152 6671 2026 2426 4148 2525 2530 1919 1010
TB18, 4449 5151 6681 2026 2830 4148 1818 3237 1919 1010
TB19,3343 5151 7381 2828 2123 4853 2323 3637 1921 0911
TB20, 0000 5151 5471 2026 2830 4148 1825 3337 1819 1010
TB21,4249 5151 5454 2025 2430 5252 1822 3337 1919 0910
TB22, 4349 5153 8081 2525 1818 4352 2325 2828 1923 1010
TB23, 4449 5151 7179 2020 1818 4346 2227 1237 1919 1010
TB24, 3846 5253 5471 2026 2525 4048 1825 1025 1923 1010
TB2S, 3849 5151 6673 2025 2426 5052 2525 2837 2323 0910
TB26, 3536 5152 6673 2025 1825 4865 2325 3037 1921 1010
TB27, 4349 5253 0000 2525 1626 4848 1927 2828 1923 1010
TB28, 4951 0000 5472 2025 2530 4352 1825 3033 1819 1010
TB29, 4452 5151 5466 2525 1525 5252 2527 3237 1919 1010
TB30, 4244 5151 5454 2020 2830 4852 1818 3337 1819 1010
TB31, 4449 5153 6666 2020 1838 4352 2425 2828 1919 1010
TB32, 0000 5153 6671 2025 1825 4357 0000 3237 1919 1010
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TB33, 4449 5151 6673 2025 1838 5257 2525 1433 0000 1010
TB34, 4449 5151 7073 2025 2425 4352 2525 3738 1923 1010
TB35 , 4449 5153 6771 2025 1828 5274 2526 2228 1824 1010
TB36,4344 5151 2481 2025 2425 4249 2225 1230 1922 1010

pop

FO1, 3358 5151 8282 2525 2931 4750 1519 0000 1919 0910
F02 , 4358 5151 7682 2525 1531 5359 1923 2323 1919 1010
F03 , 4344 5151 7182 2525 2930 4242 1820 0000 1923 1010
FO4 , 4044 5151 0000 2021 2228 4144 0000 0000 1919 0000
FO5 , 4258 5151 7682 2525 1531 5059 1420 2323 1819 1011
F06 , 3333 5151 6977 2025 1522 4667 1414 2323 1919 1010
F07,4043 5151 8182 1920 1528 4144 1115 3638 1919 1011
FOB , 4344 5153 8383 2525 1526 4141 1419 2323 1923 0910
F09 , 3344 0000 0000 0000 0000 0000 0000 0000 0000 0000
F10, 4343 5153 7171 2121 1532 5961 1419 3337 1921 1011
F11,4044 5153 7273 2025 2731 4459 1119 3333 1919 1011
F12, 4344 5153 7983 2025 2130 4862 2331 3636 1919 1111
F13, 4044 5151 8182 2021 2628 4144 1120 3838 1919 0911
F14, 3344 5151 7272 2020 2628 4450 1118 3438 1919 1010
F15, 3344 5151 0000 2525 1518 4059 0000 0000 1921 0000
F16, 4358 5151 5673 2525 1532 5059 1420 2338 1819 1011
F51, 3344 0000 0000 0000 0000 0000 1519 2350 1919 0910
F52, 3333 5353 0000 2525 1919 4242 0000 0000 0000 0000
F53, 3333 5353 0000 2025 1527 4759 0000 0000 1919 0000

pop

CO01 , 0000 0000 0000 0000 0000 0000 1725 3437 1819 1010
C02 , 3544 5151 7887 2025 1725 4070 2527 3737 1919 1010
C03, 4243 5151 6978 2121 1625 4950 1926 3036 1922 1010
C04 , 3544 5151 7887 2025 1725 4070 2527 3737 1919 1010
CO0S , 3743 5353 6667 2529 1858 3946 1830 2830 1921 1010
C06 , 4344 5153 7379 2025 1725 4974 1820 2838 1924 1010
C07 , 4249 4952 6670 2028 3959 3670 2330 1942 1922 1016
C08 , 3643 5151 6773 2025 2529 4356 2125 2237 1923 1010
C09, 4040 5151 6666 2025 2424 4145 1823 0000 1922 1010
C10, 4246 5151 6772 2526 2425 4046 2527 2232 1919 1010
Cl1, 3544 5153 5467 2025 2525 4070 1827 3737 1719 1010
C12, 4244 5153 7887 2025 2539 5270 1718 3737 1719 1010
C13, 4143 5151 7379 0000 2628 4346 2225 2231 1823 1010
C14, 4243 5151 6687 2525 2839 5252 1723 3737 1919 1010
C15, 3543 5153 7071 2125 1818 4351 1419 3738 1919 1010
C16, 3333 5153 6670 2525 1624 4952 2127 3737 1919 1010
C17, 4142 4951 7382 2025 2959 4243 2225 2430 2122 1016
C18, 3542 0000 7087 2525 1725 4043 1927 3838 1919 1010
C19, 3642 5151 6787 2525 1825 4043 2327 0000 0000 1010
C20, 4042 5153 5467 2025 2539 5270 1725 3737 1722 1010
C21,4043 5151 6671 2020 2426 4570 1822 3237 1919 1010
C22,4044 5153 6771 2025 1524 3843 1923 2537 1819 1010
C23, 3943 5153 6772 2025 2525 5256 1921 0000 1922 1010
C24 , 0000 0000 0000 2525 0000 0000 2225 3237 1919 1010
C2s, 0000 0000 0000 2025 0000 0000 1723 3237 1819 1010
C26, 3540 5151 0000 2025 2525 5270 1718 0000 1922 1010
C27, 3543 5152 6666 2525 2526 4352 2727 3132 1919 1011
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C28 , 3843 5153 5475 2020 1526 4652 2526 2837 1819 1010
C29, 3636 5151 7181 2525 2839 3864 2222 1919 1919 1010
pop

BO1, 0000 5151 6667 0000 1525 4874 0000 0000 0000 0000
B02, 4040 5153 7378 2025 2428 4356 0000 3737 1921 1010
B03, 4044 5151 6771 2025 1525 5252 2325 3738 1923 1011
B04, 3942 5151 6679 2024 2425 7074 0000 2232 0000 1010
BO0S , 3543 5151 6666 0000 2527 4564 0000 0000 0000 0000
B06 , 4149 5153 6671 2020 2525 4647 0000 1414 1919 1010
B07, 3343 5152 6670 2025 2525 4056 1823 3737 1921 1010
B08 , 4243 5152 7070 2525 1618 5252 2527 2830 1919 1010
B09, 3844 5151 6770 2020 2533 3856 2326 2838 1919 0000
B10, 0000 5253 6266 2125 1825 4852 0000 0000 1921 1010
B11,4043 5153 5481 2025 2525 3856 2325 3737 1921 1010
B12,4249 5152 6670 2026 1824 4952 0000 0000 0000 1010
B13,4344 5153 6970 2025 2528 4952 2526 3037 1919 1010
B14,4044 5151 6873 2020 2426 4852 1719 0000 1919 1010
B15,4044 5153 6671 2026 1839 3152 2527 2837 1919 1010
B16,4040 5253 7378 2025 1828 4956 1723 1437 2122 1010
B17,4043 5153 5470 2020 2525 4043 1825 3637 1921 1010
B18, 3340 5253 5468 2020 2425 4056 1923 2237 1919 1010
B19, 3842 5152 5467 2025 2426 4374 0000 2937 0000 1010
B20, 4244 5153 6669 2020 2428 3152 1827 2228 1919 1010
B21,4246 5153 6283 2024 1824 4661 2327 3037 1718 1010
B22, 4444 5151 7071 2025 2525 4052 2525 2837 1919 1010
B23, 4042 5153 7887 2025 2525 3152 1725 0000 1919 1010
B24, 4243 5153 6669 2026 1617 3850 1922 2837 1922 1010
B25, 4249 5151 7072 2020 2228 4252 2727 2837 1919 1010
B26, 4246 5151 6271 2024 1824 4061 1818 3037 1919 1010
B27, 4243 5151 70702020 1618 3138 1825 2830 1919 1010
B28, 4343 5152 6670 2025 2425 5256 1923 2237 1819 1010
B29, 3343 5253 7079 2026 2525 3152 2527 2836 1819 1010
B30, 5151 5151 7173 2526 2425 3843 1825 2728 1923 1010
B31, 3840 5153 7174 2026 1830 5256 2327 2337 1921 1010
B32,4044 5151 6771 2025 1525 5252 2325 3838 1923 1011
B33,4951 5152 7173 2020 2526 4748 1723 1442 1919 1010

pop

BMO1 , 0000 0000 0000 2525 0000 0000 0000 0000 0000 0000
BMO02, 4043 5151 7181 2626 2528 4348 0000 0000 1922 0000
BMO03, 3536 5151 6671 2525 2628 4545 2525 3737 1923 1010
BM04, 3343 5152 6671 2226 2638 4546 2528 0000 1919 1010
BMOS, 4343 5151 6781 2525 1838 4748 2222 0000 1519 1010
BMO06 , 0000 0000 0000 2525 0000 0000 0000 0000 0000 0000
BMO07, 3749 5152 7175 2727 1838 4040 0000 0000 0000 0000
BMO08, 3642 5151 6671 2525 1938 4345 2325 2938 1919 1010
BMO09, 3538 5151 0000 2025 1826 4345 0000 0000 0000 0000
BM10, 4042 5152 7475 2627 1825 4040 2230 1437 1922 1010
BM11, 4344 5152 6671 2026 1828 4052 2325 1222 1922 0910
BM12, 3636 5153 6770 2525 2225 4352 2223 3030 1919 1010
BM13, 4343 5153 6670 2126 1818 4952 2525 2238 1819 1010
BM14, 3640 5151 1818 2025 2526 4647 2023 0000 1919 1010
BM1S5, 3637 5153 7075 2525 1825 4549 2225 3037 1819 1010
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BM16, 3539 5151 7070 2525 1825 3856 0000 0000 0000 0000
BM17, 4349 5151 7581 2425 2225 3852 1927 1422 1919 1010
BM18, 3644 5151 5466 0000 2425 4852 1825 1222 1919 1010
BM19, 0000 0000 0000 2025 0000 4352 0000 0000 0000 0000
BM20, 3539 5151 7073 2525 1833 4856 1826 0000 1919 1010
BM21, 3540 5151 1818 2528 2538 2948 2548 1028 2323 1016
BM22, 3551 5153 6771 2025 2533 4152 0000 0000 0000 0000
BM23, 3643 5353 0000 0000 0000 4549 0000 0000 0000 0000
BM24, 3537 5151 0000 2121 0000 4548 2227 0000 1919 1010
BM25 , 4344 0000 0000 1924 0000 0000 2222 0000 1919 1010
BM26 , 3536 0000 6565 2025 2434 4251 2227 0000 1919 0000
BM28 , 0000 0000 0000 2126 0000 0000 1823 1414 1919 1010
BM29, 3540 5151 6675 2227 1628 4552 2027 2222 1919 1010
BM30 , 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000
BM31 , 3944 5153 0000 2626 1818 4348 0000 0000 0000 0000
BM32, 3543 5353 6770 2025 2526 5252 2325 2238 1919 0910
BM33, 3636 5151 7070 0000 2533 4565 0000 0000 0000 0000
BM34 , 4243 5153 7579 0000 1838 4552 0000 0000 0000 0000
BM35, 3643 5151 7070 2626 2528 5256 2325 3838 1919 0910
BM36, 3540 5151 7171 2222 1826 4043 0000 0000 1919 1010
BM37, 3543 5151 7181 0000 1828 4852 0000 0000 0000 0000
BM38 , 4043 5252 7373 2020 1838 4770 1825 0000 1919 1010
BM39, 3636 5152 6670 2525 1825 4570 1820 1222 1519 1010
BM40, 3841 4951 0000 2529 3639 4040 2743 1428 1919 1010
BM41 ; 3538 5153 7071 0000 1833 3348 0000 0000 0000 0000
BM42 , 3943 5153 6771 2025.2525 5252 2325 2230 1922 0910
BM43 , 4444 5252 7070 2525 1825 5252 2225 3039 1921 1010.
BM44 , 4344 5152 7275 2525 1825 5256 0000 0000 0000 0000
BM45 , 3542 5153 6770 2525 1826 3856 0000 0000 1919 0000
BM46 , 3343 5152 7072 2025 2538 4346 2325 0000 1919 1010
BM47 , 3640 5151 5466 2025 2525 4664 2223 3030 1919 1010
BM48 , 3644 5153 6671 2025 2426 4345 2227 3737 1519 1010
BMS0, 3643 5152 7070 2020 1825 4952 1818 3738 1819 1010

pop '
STO1, 3640 5253 0000 2020 0000 4046 0000 0000 1919 0000
STO02, 3349 0000 7073 2025 1818 4657 2727 0000 1923 1010
STO03, 4243 5151 6773 2525 1625 5274 1825 3737 1923 1010
ST04, 3651 5151 6773 2025 2530 5256 2124 1414 1823 1010
STOS, 4151 5151 7070 2025 1624 4545 1927 2222 1819 1010
STO06, 3846 5151 7576 2525 2430 4557 1820 2424 1823 1010
ST07, 4251 5151 7272 2021 2425 4648 1923 2732 1919 1010
STO8, 3643 5252 6770 2020 1818 4052 2326 2832 1919 1010
. ST09, 3640 5153 7178 2025 1627 4046 1722 2837 1919 1011
ST10, 4243 5153 7082 2526 2425 4247 2328 2237 1819 1010
ST11, 4043 5151 7073 2025 1828 4548 1825 1417 1519 1010
ST12, 3743 5153 7173 2025 1830 4055 2427 1437 1823 1010
ST13, 5151 5153 6770 2020 1925 4650 2223 2437 1919 0910
ST14, 4151 5153 7082 2526 1819 4346 2426 3236 1823 1010
ST15, 3646 4949 7981 2025 1830 4052 2526 2537 1923 1010
ST16, 3940 5153 7375 2025 2758 4248 2223 1224 1921 1011
ST17, 4141 4951 1873 2027 1572 0000 1616 1031 1921 1010
STI18, 3641 5153 7879 2626 2538 4042 1823 3637 1919 1010
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ST19, 3949 5253 7173 2025 1825 4850 1720 2737 1919 1010
ST20, 4040 5151 7073 2526 2527 4146 2327 2437 1819 1011
ST21, 3643 5153 7073 2126 1516 4965 1623 2737 1819 1010
ST22, 3642 5151 5479 2526 2530 4143 2326 0000 1823 1010
ST23, 4246 5151 7173 2525 2425 4952 2525 1437 1819 1010
ST24, 4040 5151 7182 2025 1515 4550 2425 3737 1923 1010
ST25, 4044 5153 6773 2025 3033 4046 1823 2437 1919 1010
ST26, 3743 5151 7879 2026 1825 4952 1823 1438 1819 0910
ST27, 3646 5153 7282 2026 2424 4546 2125 2428 1919 1010
ST28 , 3640 5152 6770 2525 1818 4346 2525 3037 1919 1010
ST29, 4143 5151 7071 2526 1519 3848 1827 3237 1919 1010
ST30, 3640 5153 7070 2525 1825 3846 2225 1437 1919 1011
ST31, 4042 5151 7179 0000 2430 3852 2527 3738 1519 0910
ST32, 4142 4951 7173 2025 1827 4646 2325 1424 1919 1111
ST33, 3740 5353 5478 2526 1825 3849 2325 2222 1919 1010
ST34, 4041 5153 6770 2626 2430 3852 1619 2537 1923 1010
ST35, 4243 5151 6771 0000 2528 0000 2425 1430 1819 1010
ST36, 3741 4953 7273 2126 1825 5050 2225 1414 1919 1010
ST37, 4244 5151 7071 2525 2529 4648 2122 1424 1919 1010
ST38, 3851 5153 6767 2526 1825 4648 2323 2432 1819 0910
ST39, 3349 5253 7173 2525 1818 4557 2727 2837 1923 1010
ST40, 4243 5153 6670 2025 1824 4345 2324 2437 0000 1010
ST41, 3842 5151 7375 2525 2425 4545 2324 2538 1919 1010
ST42, 4044 5152 7582 2526 1825 4750 2528 2237 1919 1010
ST43, 0000 4951 8181 2525 1618 0000 2225 2532 1923 1010
ST44, 0000 5151 7070 2526 1830 0000 1725 1437 1919 1010
ST4S, 3641 5152 6678 2020 1827 4648 1721 1437 1919 1010
ST46, 0000 5152 7171 2525 1625 4857 1727 2737 1919 1010
ST47, 3651 5151 7072 2525 1825 4248 1627 2424 1919 1010
ST48, 4040 5153 7078 2526 1827 4652 2327 2437 1819 1011
ST49, 3846 5151 6781 2526 3030 0000 1625 3237 1923 1010
STS50, 4046 5153 7379 2626 1825 4550 2527 1422 1823 1010

pop .
SBO1, 0000 0000 0000 0000 0000 0000 2225 2828 1819 1010
SB02, 3644 5151 6672 2525 2530 4148 2525 2738 1919 1010
SB03, 4044 5353 6666 2025 2525 4048 2525 1438 1919 1010
SB04 , 4042 5151 5471 2025 2528 4152 2326 1414 1519 1010
SBOS , 4648 5153 7171 0000 1825 4050 2325 1422 1919 1010
SB06, 3838 5151 5466 2525 2526 4850 1925 1222 1919 1010
SB07, 3746 4951 1818 1925 2640 3950 2235 1414 1926 1015
SBO8 , 4243 5151 7273 2525 1828 5061 1725 1424 1819 1011
SB09, 3343 5253 7378 2025 1638 4750 1823 2238 1923 1010
SB10, 3840 5153 7172 2025 1826 4552 2326 2838 1919 1010
SB11, 3743 4953 1818 1925 3058 3952 2581 1038 1921 1016
SB12,4348 5353 6671 2525 2525 5252 1822 3838 1819 0000
SB13, 3639 5153 0000 0000 2628 4949 1922 2838 1923 1010
SB14, 3841 5253 7071 2025 1825 4752 1925 2238 1919 1010
SB15, 4848 4949 1818 1925 2540 3952 2835 2828 1921 1016
SB16, 3743 4951 1818 0000 2658 3950 2222 0000 1926 1010
SB17, 3639 5253 7071 2525 2628 4949 1922 0000 1919 1010
SB18, 3846 5252 7379 2525 2526 4547 2122 3838 1919 1010
SB19, 3344 5151 7173 2025 2558 4152 2227 3838 1923 1010

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



242

SB20, 3951 4951 1820 2030 2454 3043 2348 1024 1921 1010
SB21 , 3849 5153 6673 2525 1830 5252 2627 1224 1919 1011
SB22, 4244 5151 6671 2021 3030 5252 1919 1438 1923 1010
SB23 , 4243 5253 6679 2026 1825 4252 2225 2829 1823 1011
SB24 , 3638 5151 5475 2525 2626 4850 2225 1229 1819 1011
SB25 , 3843 5153 0000 2025 1826 4956 1925 1238 1923 1010
SB26, 4346 5151 7173 2125 2530 5052 1925 3038 1823 1010
SB27, 3842 5252 0000 2525 2530 3850 2225 1238 1819 1010
SB28, 3846 5151 7070 2525 2426 4950 2222 3838 1823 1010
SB29, 3839 5151 6671 2020 2628 4952 1922 2828 1923 1010
SB30, 3840 5151 7079 2025 2425 5252 2226 2839 1923 1010
SB31, 3844 5153 7079 2025 1826 4949 1922 3838 1923 1010
SB32, 3839 5151 7172 2025 1824 4952 1922 2828 1923 1010
SB33, 3842 5253 7071 2020 1818 4045 1825 2838 1919 1010
SB34, 3243 5253 7578 2025 1658 3850 1825 1422 1923 1010
SB35, 3738 4951 1818 1925 1840 3952 1935 1014 1926 1016
SB36, 3640 5152 7079 2125 2630 4352 2326 3838 1819 1010
SB37, 4242 5151 5466 2525 1824 4050 1824 2136 1819 0000
SB38, 4242 5253 6670 1919 1818 4045 1825 2837 1919 1011
SB39, 3846 5253 7071 2020 1826 4145 1825 1437 1919 1010
SB40, 4344 5151 7378 2525 1858 3848 2525 3737 1923 1010
SB41, 4042 5153 7179 2025 2528 4052 2526 1438 1519 1010
SB42, 3846 5151 7172 2525 2426 4852 2326 2828 1919 1010 -
SB43, 3644 5253 7079 2525 1824 4949 1922 2837 1923 1010
SB44, 3643 5151 5470 2525 2530 5050 2225 2932 1819 1011
SB45 , 3838 0000 6675 2525 1818 3852 2525 1228 1919 1010
SB46, 3846 5151 6672 2525 2426 4548 2526 1437 1919 1010
SB47 , 4346 5353 6682 2024 2526 4052 1827 1437 1919 1010
SB48 , 4242 5153 6679 2025 2528 4052 2326 1414 1519 1010
SB49, 3643 5353 6670 2025 2325 4047 2325 3737 2323 1010
SB50, 3636 5253 7182 2526 1825 4757 1925 3737 1923 1010

pop

BBOI1 , 3640 5253 5470 2525 1528 3848 2226 1414 0000 1010
BB02, 3644 5153 7073 2025 1924 4548 2527 2837 1923 1011
BB03, 4343 5151 7379 2020 1624 4949 1922 2839 1823 1010
BB04, 4348 0000 7070 2026 2428 4552 1925 2438 1823 1010
BBO0S , 4243 5353 7070 2526 2230 4952 1926 0000 1718 1010
BBO06, 4142 5353 7378 2026 2728 4749 2525 2238 1919 0910
BBO07, 4042 5353 5473 2526 1828 3865 2325 2238 1920 1010
BBO08, 3642 4949 1871 2030 1518 3052 2348 1039 1523 1011
BB09, 4343 4952 5475 2024 1830 5252 1825 1438 1719 1010
BB10, 4349 4951 5454 2020 1822 5252 1819 2539 1923 1010
BB11, 3642 5151 8282 2025 2426 4545 1621 2938 1923 1010
BB12,4343 5353 6681 2026 1626 4549 1925 2832 1923 1010
BB13, 4242 5153 7379 2525 1824 4252 2324 3838 1919 0910
BB14, 4349 0000 5454 2026 1822 4952 1922 2425 0000 1010
BB1S5, 4344 5151 7273 2020 1626 4549 2527 2838 1919 1010
BB16, 4149 5151 6673 2526 2830 4652 2223 2838 1919 1010
BB17, 4343 5151 7081 2020 1625 4952 2225 1212 1819 1010
BB18, 4349 5252 7073 2526 1518 4652 2325 0000 1919 1010
BB19, 4043 5151 7073 2025 1528 4652 2328 3438 1919 1010
BB20, 0000 5353 0000 0000 1828 4045 2125 1439 1919 0910
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BB21 , 3648 5153 7081 2026 2828 4549 2225 2539 0000 1010
BB22, 3642 4949 0000 2025 1524 5252 1925 2839 0000 1011
BB23, 4243 5252 7575 2026 2528 4646 2325 3032 1919 1010
BB24 , 4343 5151 5473 2020 1616 4949 2225 3738 1923 1010
BB2S, 3648 5151 7071 2026 2529 4748 2425 2238 1919 1010
BB26 , 4848 5151 6670 2026 1828 4546 1822 2438 0000 1010
BB27, 4041 5151 5479 2025 2429 4552 2526 2832 0000 1010
BB28 , 4343 4952 5475 2026 1830 5252 1824 1437 1519 1010
BB29, 4048 5152 6681 2020 2930 4852 2525 3037 1823 1010
BB30, 4346 5153 5464 2525 1822 4752 2023 1437 1717 1010
BB31, 4041 5252 6767 2026 1818 3852 0000 3030 2020 1010
BB32, 4349 5353 5473 2526 1618 3865 0000 0000 2020 0000
BB33, 4249 4951 5479 2020 1824 5252 1818 2538 1717 0910
BB34, 4143 5151 7373 2025 2830 4974 2727 0000 2424 0000
BB35, 3641 5151 7075 2629 1930 4048 2424 0000 1821 0000
BB36, 4346 5151 7379 2125 0000 4046 2225 2428 2020 1010
BB37, 3641 5151 7079 2025 1518 4952 2225 2430 1919 1010
BB38, 3640 0000 7982 2020 2526 4652 1925 2930 1823 1010
BB39, 4448 5151 6670 2025 2629 3852 2223 1437 1919 1010
BB40, 3642 5253 5466 2026 1525 4646 2125 2730 1923 1010
BB41, 4242 5151 7070 2026 1825 3849 2525 3738 1719 1010
BB42, 0000 5151 0000 0000 2529 5265 2526 1432 1919 1010
BB43, 3646 5153 7070 2025 2528 4252 2225 3737 1719 1010
BB44, 4048 5151 6681 2525 2629 4652 2525 3037 1919 0910
BB45, 4044 5253 6679 2021 2526 4546 2528 2237 1919 1010
BB46, 3646 5253 6671 2025 2026 4648 1925 3037 1819 1010
BB47, 3851 5153 5487 2526 2529 5265 2525 1432 1919 1010
BB48, 3740 5151 7079 2025 1525 4346 2125 1430 2223 1010
BB49, 3643 5151 7575 2025 1928 3848 2123 1437 1919 0910
BB50, 4042 5151 7070 202S 1818 3840 2325 3737 1919 1010
BBS1, 4343 5152 0000 2025 1525 4652 0000 0000 0000 0000
BB52, 3639 5353 5454 2526 2528 4652 0000 0000 0000 0000
BB53, 4043 5151 5466 2525 2425 3852 0000 0000 0000 0000
BB54, 4648 5153 7073 2026 1818 4949 0000 0000 0000 0000
BBSS, 3742 4953 5571 2530 1839 3049 0000 0000 0000 0000
BB56, 3643 5152 6670 2525 1830 5252 0000 0000 0000 0000
BBS57, 3643 5253 0000 2025 1618 0000 0000 0000 0000 0000
BBS58 , 4243 5353 5454 2526 2428 4652 0000 0000 0000 0000
BBS59, 3641 5353 0000 2525 1824 4864 0000 0000 0000 0000
BB60, 4344 4951 0000 2020 1826 3848 0000 0000 0000 0000
BB61 , 4344 5151 0000 2026 1824 3849 0000 0000 0000 0000
BB62, 3848 5153 7073 2526 1818 4152 0000 0000 0000 0000
BB63, 3640 5152 0000 2525 1826 5252 0000 0000 0000 0000
BB64 , 4043 5151 0000 2531 1525 0000 0000 0000 0000 0000
BB65 , 4042 5151 0000 2525 1618 5252 0000 0000 0000 0000
BB66 , 4343 5152 0000 2020 0000 4646 0000 0000 0000 0000
BB67, 3638 5151 6770 2020 1818 4852 0000 0000 0000 0000
BB68 , 3640 5151 7079 2525 1628 5252 0000 0000 0000 0000
BBG69, 4346 5151 7179 2020 1830 3852 0000 0000 0000 0000
BB70, 4243 5153 7279 2025 0000 4152 0000 0000 0000 0000
BB71, 4343 5151 6676 2026 1824 3852 0000 0000 0000 0000
BB72, 3636 5153 7373 2525 2424 4357 0000 0000 0000 0000
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BB73, 4243 5153 5473 2525 1818 5052 0000 0000 0000 0000
BB74, 4041 5151 0000 0000 0000 3852 0000 0000 0000 0000
BB75, 3638 5252 0000 0000 1826 4152 0000 0000 0000 0000
BB76, 3646 4953 0000 2020 1930 4852 0000 0000 0000 0000
BB77, 4244 5153 6673 2526 2425 5265 0000 0000 0000 0000
BB78 , 3842 5353 5470 2526 1827 4652 0000 0000 0000 0000
BB79, 4043 5153 5466 2020 1619 4045 0000 0000 0000 0000
BB80, 0000 5151 7070 2526 1818 5252 0000 0000 0000 0000
BB81, 3643 5151 5475 2025 0000 3852 0000 0000 0000 0000
BB82, 3236 5152 7072 2025 2124 4252 0000 0000 0000 0000
BB83, 0000 5151 5454 2020 1829 3852 0000 0000 0000 0000
BB84 , 4649 5353 0000 2126 1628 4852 0000 0000 0000 0000
BB85 , 3842 5153 0000 0000 2525 4352 0000 0000 0000 0000
BB86 , 3848 5153 7373 2526 1818 4652 0000 0000 0000 0000
BB87, 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000
BB88 , 3640 5151 7070 2025 1618 3852 0000 0000 0000 0000
BB89, 0000 0000 6781 2526 2528 3846 0000 0000 0000 0000
BB90, 3848 5353 0000 2020 1818 4152 0000 0000 0000 0000
BB91 , 4346 5153 0000 2125 1828 4652 0000 0000 0000 0000
BB92, 4243 5152 0000 2525 2020 3843 0000 0000 0000 0000
BB93, 3636 5152 0000 2525 1828 5252 0000 0000 0000 0000
BB9%4 , 4649 5353 0000 2026 1625 4665 0000 0000 0000 0000
BB95 , 4446 5152 7177 2020 1625 5252 0000 0000 0000 0000
BB96 , 0000 4949 8182 2526 1825 4650 0000 0000 0000 0000
BB97, 3643 5151 0000 2025 1818 5252 0000 0000 0000 0000
BB98 , 3942 5151 0000 2525 2525 0000 0000 0000 0000 0000 -
BB99, 4344 5151 0000 2025 1818 4852 0000 0000 0000 0000
BB100, 4449 0000 0000 2126 0000 0000 0000 0000 0000 0000

pop .

LAOQ2, 4243 5151 7070 2025 2626 4848 2325 2838 1818 1010
LAOQ3, 3646 5353 0000 2025 3040 4952 2223 2537 1919 1010
LA04 , 3242 5151 6666 2525 1825 5252 0000 0000 0000 0000
LAOS , 3843 5151 7087 2526 1838 4045 2225 3737 1919 1010
LAO06 , 4246 5252 6472 2025 1830 5052 2527 2832 1923 1010
LAO07, 4046 5151 7173 2526 1830 5252 2325 1238 1919 1010
LAO8 , 3648 5151 6670 2025 1518 5073 1621 2937 1923 1010
LA09, 3239 5152 5466 2025 1825 4352 2527 0000 1919 0910
LAIO, 3243 5253 7273 2526 1818 3843 2527 2237 1819 0910
LAIl1, 4246 5252 5472 2025 2430 5052 2527 3237 1923 1010
LA12, 3646 5151 7279 2025 1818 3848 2526 3737 1519 1010
LA13, 3846 5152 5464 2025 2528 3852 2526 3738 1919 1010
LAl4, 3636 5152 5473 2026 1626 4849 2121 3032 1919 1010
LAILS, 3746 5153 7175 2525 2525 3857 2327 3737 1919 1010
LAI6, 3643 5151 7073 2020 2530 4052 2325 0000 1919 1010
LA17, 3244 5151 7879 2026 2530 4952 1821 3233 1919 1010
LAI18, 3642 5151 7073 2025 1838 5273 2123 1230 1919 1010 .
LA19, 4046 5153 7175 2525 2530 3852 0000 3737 1919 1010
LA20, 4046 5252 7071 2020 1825 5252 2525 3032 1919 1010
LA21, 4346 5153 7079 2025 1838 4052 2325 3038 1919 1010
LA22, 3242 5151 7171 2026 2525 3840 2323 1228 1919 1010
LA23, 4244 5152 5466 0000 1825 4352 2627 3737 1923 1010
LA24, 4246 5153 5471 2525 1830 4650 1627 2830 1919 1010
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LA25, 4346 5151 5473 2626 2528 3840 2525 1237 1919 1010
LA26 , 3843 5152 7073 2026 1628 4057 2325 1425 1919 1010
LA27, 3636 5151 5454 2525 2538 4873 2123 2220 1919 1010
LA28, 4142 5151 7879 2026 2525 4048 2125 3238 1919 1010
LA29, 3643 5151 7073 2525 1838 4872 2123 1230 1919 1010
LA30, 3242 5151 7173 2026 2425 4049 2526 1214 1919 1010
LA31, 4343 5152 7078 2025 2530 5252 1925 3030 1919 1010
LA32,4646 5151 6671 2025 3030 4652 2527 3037 1919 1010
LA33,4346 5152 7071 2525 1818 4952 1926 3738 1919 1010
LA34 , 4246 5152 5466 2026 2525 5252 1925 3237 1923 0910
LA3S , 3243 5151 7073 2025 2538 4242 2123 1237 1919 1010
LA36,4243 5153 7172 2126 1826 4852 2223 3838 1919 1010
LA37, 3642 5151 5467 2526 2538 3845 2325 3839 1819 1010
LA38,4042 5151 7079 2525 3038 3838 2225 0000 1919 1010
LA39,4646 5153 7175 2525 1830 3857 2323 1238 1919 1010
LA40, 3641 5151 5473 2020 2630 4952 2526 3737 1919 0910
LA41, 3643 5153 7073 202S 1825 3840 2526 3737 1919 0910
LA42 , 3842 5253 7072 2026 1818 4048 2225 3737 1919 1010
LA43, 0000 5153 5454 2525 0000 0000 2626 1414 1515 1010
LAd44 , 3242 5153 7287 2020 2630 4052 1927 1237 1923 1010
LA45 , 4044 5353 5471 2526 1830 3857 2325 3737 1923 1010
LA46 , 3843 5152 6673 2020 2428 4052 2125 2525 1919 1010
LA47 ,4444 5151 5466 2626 1818 4852 2325 1232 1919 1010
LA48 , 4646 5153 6673 2525 1830 4052 1719 3738 1819 1010
LA49, 3843 5151 7071 2525 1818 5252 2126 2837 1819 1010
" LASO, 3842 5151 7879 2026 1828 4048 2226 3737 1923 1011
LAS1 , 0000 0000 6673 2525 0000 2828 2225 3738 1919 1010
LAS2, 3242 5153 5454 2026 2525 4049 1821 3238 1919 1010
LAS3, 3741 5153 6470 2126 3038 5273 0000 0000 0000 0000
LAS4 , 3644 5153 6672 2025 1825 3840 2526 3737 1919 1010
LASS5 , 3642 5151 7070 2126 3838 4952 1819 1438 1823 1010

pop

YCO1 , 3536 4949 7282 2121 2424 3434 3336 0000 1919 0000
YCO02 , 3646 4949 7171 2121 2224 3333 3336 0000 1919 0000
YCO03 , 3546 4949 8082 2121 2224 3333 3636 0000 1919 0000
YCO04 , 3646 4949 7180 2121 2224 3333 3638 0000 1819 0000
YCOS , 3646 4949 7780 2121 2424 3334 3638 0000 1818 0000
YCO06 , 3636 4949 8082 2121 2424 3434 3336 0000 1919 0000
YCO07 , 3636 4949 8082 2121 2224 3333 3336 0000 1919 0000
YCO8 , 3636 4949 7180 2121 2224 3334 3535 0000 1818 0000
YC09, 3636 4949 8082 2121 2424 3334 0000 0000 1819 0000
YC10, 4646 4949 7182 2121 2222 3434 3638 0000 1919 0000
YCl11, 3536 4949 8082 2121 2222 3434 0000 0000 0000 0000
YC12, 3636 4949 8080 2121 2424 3333 3838 0000 1819 0000
YC13, 3646 4949 8082 2121 2424 3334 3636 0000 1919 0000
YCI14 , 3546 4949 7180 2121 2224 3435 3636 0000 1819 0000
YCI15, 3636 4949 7180 2121 2424 3434 3636 0000 1919 0000
YC16, 3636 4949 8080 2121 2222 3434 3537 0000 1819 0000
YC17, 3636 4949 7182 2121 2224 3333 0000 0000 1919 0000
YC18, 3636 4949 7171 2121 2224 3434 3535 0000 1919 0000
YC19, 3535 4949 7180 2121 2222 3333 3535 0000 1819 0000
YC20, 3436 4949 7171 2121 2224 3434 3636 0000 1819 0000
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YC21, 3546 4949 8080 2121 2224 3333 3636 0000 1819 0000
YC22 , 3536 4949 8080 2121 2224 3333 3535 0000 1818 0000
YC23, 3646 4949 7780 2121 2222 3333 3636 0000 1819 0000
YC24 , 3646 4949 8080 2121 2224 3434 3636 0000 1819 0000
YC25 , 3535 0000 0000 2121 0000 3333 0000 0000 1919 0000
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APPENDIX D. ALLELE FREQUENCIES FOR 13 WASHINGTON COASTAL CUTTHROAT TROUT POPULATIONS
AT 6 MICROSATELLITE LOCI. NUMBERS OF ALLELES SCORED (2N) ARE GIVEN FOR EACH
POPULATION/LOCUS COMBINATION. FRAGMENT SIZES ARE GIVEN IN BASES (B).

Locus (b) Allele Population
Parker Covington Fennel Double Ditch Gold Stavis Gierin Peabody Goodman Snahapish Oxbow Wildcat Salt

Omy?7 10730 0011 0 0 0 0 0 0 0 0 0 0 0 0
109 31 0 0 0 0.011 0 0 0009 0O 0.052 0.088 0042 0O 0.012
11132 0.096 0.100 . 0.063 0.074 0 0.060 0 0094 0.224 0.147 0104 0O 0.159
11333 0.043 0.043 0 0 0 0012 0 0 0 0 0042 0O 0.085
11534 0 0 0 0 0 0 0 0 0 0 0 0 0
11735 0o o 0 0 0 0012 0 0 0 0 0 0 0
119 36 0.383 0.114 0.125 0.011 0.222 0.202 0.064 0.198 0 0.029 0 0 0.098
12137 0 0.057 0.013 0.021 0.009 0.095 0O 0 0.017 0.206 0 0.023 0.122
123 38 0.011 0.043 0.162 0 0.074 0.024 0.027 0 0.086 0 0 0 0.061
12539 0 0 0.050 0.011 0.009 0.024 0 0 0 0 0083 0 0
12740 O 0.129 0013 0 0.065 0.095 0.027 0 0 0 0021 0 0.037
129 41 0.011 0.200 0.188 0.181 0.056 0.107 0245 0047 O 0 014 0 0.183
131 42 oot 0 0013 0.106 0.074 0012 0236 O 0 0.108 0271 0091 0.012
13343 0.128 0.043 0237 0330 0.287 0.262 0.082 0 0.207 0.069 0 0250 0
13544 0.245 0.129 0.100 0.181 0.083 0.012 0.082 0509 0017 0 0.125 0,068 0.098
13746 0O 0 0013 0 0.083 0.024 0.155 0 0.190 0.255 0083 0.091 0
13948 0 0.029 0 o.on 0 0 0.009 0028 0.138 0 0 0 0.073
141 49 0.053 0.029 0 0.064 ‘0,028 0.012 0.064 0.123 0017 0.098 0 0432 0012
14350 0011 0.071 0025 0 0 0 0 0 0 -0 0 0 0.049
145 51 0 0. 0 0 0.009 0.048 0 0 0 0 0042 0 0
147 52 0 0 0 0 0 0 0 0 0 0 0021 0 0
153 55 0 0 0 0 0 0 0 0 0 0 0 0023 0
155 56 0 0.014 0 0 0 0 0 0 0.052 0 0 0023 0
159 58 0 0 0 0 0 0 0 0 0 0 0063 © 0
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2N

Oneull 144 49
146 51
147 52
148 53
149 54
2N

Ol 23150
23552
23753
23954
241 55
243 56
245 57
24959
253 61
255 62
259 64
261 65
263 66
265 67
267 68
269 69
271170
27137
21572
2713
279 714
28175
283 76
28577
28778

0.128
0.745
0.128

20

cocopoocooO
Y]
1% ]

70

0
0.574
0.250
0.176
0

68

N-X-X-)
2
Ld
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(=N — 2 — I~ — I — I~
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0.010
0.615
0.094
0.281

go
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53
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0.048

0.048
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0.024

108 84

0 0.037
0.798 0.573
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0 0
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(= — I — I — I I~ I — I~ B — I~ I ]

0.163 0.013
0.067 0.051
0 0.013
0 0
0.173 0.282
0.106 0.103
0.192 0.038
0.058 0.154
0 0
0.029 0.090
0 0.013
0 0
0 0

110

0.070
0.395

0.535

114

- - - KX

106

0.018
0.759

0.223

112

ceoo
go
2

(=]

0.040
0.020
0.440
0.260

0.190

(==~ I~

58

0.065
0.694
0.065
0.177
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13543 0085 0.152 0.110 0 0.088 0.179 0.134 0588 O 0 0 0 0.095
13744 0 0 0 0.128 0 0 0 0 0.063 0.038 0 0273 0
13945 0 0.197 0171 0 0.039 0.143 0063 0020 O 0 0120 0.023 0.257
14146  0.096 0.121 0 0.266 0.255 0.143 0 0 0 0.038 0020 0.068 0.203
14347 0511 0.091 0 0 0 0024 0 0039 0 0 0.160 0227 0.068
14548 0266 0.106 0.061 0.011 0.049 0.036 0232 0 0 0 0.120 0.023 0.108
14749 0 0 0.085 0.011 0.029 0.012 0.063 0.314 0.188 0.226 0 0 0
14950 0011 O 0 0 00100 0 0 0 0 0 0 0
151 51 0 0.015 0 0 0 0 0.080 0.039 0.016 0 0 0 0.027
15352 0 0.015 0.195 0.032 0225 0.131 © 0 0.063 0 0 0 0.014
15553 0 0 0.061 0.021 0 0 0 0 0 0 0 0 0
15754 0 0.076 0 0.032 0 0012 0 0 0. 0 0 0.068 0.041
15955 O 0.030 0 0 0 0 0 0 0.016 0 0 0 0
16156 O 0 0 0.043 0.059 0.012 0.295 0 0.031 0 0 0 0
16357 0 0 0 0.117 0 0012 0 0 0 0 0 0023 0
16759 0 0 0 0 .0 0 0 0 0.047 0.009 0 0 0
16960 0 0 0037 0 0 0012 0 0 0 0 0080 0045 O
171 61 0 0 0 0 0.088 0 0 0 0.031 0.075 0040 O 0
17362 0 0 0 0 0 0 0 0 0.172 0.047 0020 0114 0
17563 0 0 0 0.011 0 0 0 0 0 0 0.080 0068 0
17764 0 0 0 0 00100 0 0 0 0 0 0 0
179 65 0 0.045 0 0 0.020 0.012 © 0 0 0 0 0 0.054
18367 0 0 0 0 00100 0 0 0 0 0 0 0
18769 0O 0 0 0 0 0 0 0 0 0 0040 O 0
18970 0 0 0 0 0 0 0 0 0 0.009 0020 O 0
19171 0 0 0 0 0 0 0 0 0.063 0.038 0 0 0
19372 0 0 0 0 0 0 0 0 0 0.094 0 0 0
19573 0 0 0 0 0 0 0 0 0.047 0.028 0 0 0
19774 0 0 0 0 0.010 0.060 0 0 0 0.009 0040 © 0
19975 0 0 0 0 0 0 0 0 0.031 0 0 0 0
20076 0 0 0 0 0 0 0 0 0.016 0 0 0 0
20377 0 0 0 0 0 0 0 0 0 0.075 0 0023 0
20578 O 0 0 0 0 0 0 0 0 0.009 0 0 0

94 66 82 94 102 84 112 102 64 106 50 44 74

167
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APPENDIX E. ALLELE FREQUENCIES FOR 10 HOOD CANAL COASTAL CUTTHROAT TROUT POPULATIONS
AT 10 MICROSATELLITE LOCI (OTS101 EXCLUDED DUE TO A HIGH PERCENTAGE OF APPARENT NULL
ALLELES) AND ONE YELLOWSTONE POPULATION AT 8 LOCI. NUMBERS OF ALLELES SCORED (2N) ARE
GIVEN FOR EACH POPULATION/LOCUS COMBINATION. FRAGMENT SIZES ARE IN BASES (B).
LOCUS/POPULATION COMBINATIONS FOR WHICH AMPLIFICATION WAS NOT ATTEMPTED ARE MARKED

WITH “-“, PRIVATE ALLELE FREQUENCIES ARE IN BOLD.

Population

Locus (b) . ’
Thomdyke Tarboo Fulton Courtney Bear Big Mission  Stavis Seabeck Big Beef Little Anderson  Yellowstone

Omy77 111 0011 - 0015 0 0 0 0 0 0 0.005 0.087 . 0
113 0.16 0.03 0289 0.043 0.037 0.025 0022 0013 0 0 0
115 0 0 0 0 0 0 0 0 0 0 0.020
117 0 0015 O 0.152 0.019 0.162 0 0 0 0 0.200
119 0.234 0015 0 0.087 0 02 0.144 0.128 0.163 0.144 0.560
121 0 0 0 0 0 0.038 0044 O 0,011 0.019 0
123 0.106 0076 O 0.022 0.056 0.025 0.044 0.256 0.043 0.067 0
125 0 0 0 0.022 0019 0.05 0011 0.051 0.011 0.01 0
127 0.053 0.03 0105 0.13 0.167 0.075 0.189 0.077 0.103 0.048 0
129 0.064 0015 O 0.022 0019 0 0.089 0.013 0.049 0.029 0
131 0.043 0.152 0026 0.152 0204 0.05 0.122 0.154 0.125 0.183 0
133 0.181 0.136 0211 0217 0.167 0237 0.111 0.103 0.255 0.154 0
135 0.074 0.167 0263 0.13 0.148 0.1 0.033 0.064 0.054 0.058 0
137 0.032 0076 0 0.022 0.037 0 0.067 0.103 0.06 0.192 0.220
139 0 0015 O 0 0 0 0 0.026 0.065 0.01 0
141 0 0227 O 0 0.074 0.025 0.033 0.013 0.049 0 0
143 0.011 0 0 0 0 0 0 0 0 ] 0
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APPENDIX F. SCALE ANALYSIS RESULTS

Age notation follows that currently in use by the Washington Department of Fish and Wildlife. Smolt ages
are the number of freshwater annuli. Adult ages are designated by the smolt age prior to the decimal,
following the decimal, a “+” indicates partial years and separating post-smolt annuli, an “F" indicates a
non-spawning annulus, and an “S” indicates a spawning annulus. An “R.” indicates a partially regenerated
scale for which a smolt age could not be assigned. Results are not given for fully regenerated scales or for
ambiguous samples. Scale reading performed by John G. Sneva, Washington Department of Fish and
Wildlife, Olympia, WA. Fork lenths are given in mm.

Stage Date Length Creek Sex
smolt 3/2295 232 Big Beef unknown
smolt  3/23/95 255 Big Beef unknown
smolt  3/24/95 204 Big Beef unknown
. smolt 3/2495 215 Big Beef unknown
smolt 372495 232 Big Beef unknown
smolt  3/27/95 210 Big Beef unknown
smolt  3/29/95 252 Big Beef unknown
smolt 3/29/95 2n Big Beef unknown
smolt  3/29/95 235 Big Beef unknown
smolt 3/31/95 151 Big Beef unknown
smolt  3/29/94 228 Big Beef unknown
smolt 4/1/94 165 Big Beef unknown
smolt 4/3/94 170 Big Beef unknown
smolt 4/3/94 190 Big Beef unknown
smolt 4/3/94 195 Big Beef unknown
smolt  4/4/94 165 Big Beef unknown
smolt 4/4/94 162 Big Beef unknown
smoit  4/5/94 136 Big Beef unknown
smolt 4/5/94 176 Big Beef unknown
smolt 4/6/94 210 Big Beef unknown
smolt  4/9/94 141 Big Beef unknown
smolt 4/11/94 161 Big Beef unknown
smolt 4/12/94 208 Big Beef unknown
smolt  4/13/94 186 Big Beef unknown
smolt 4/13/94 196 Big Beef unknown
smolt 4/13/94 200 Big Beef unknown
smolt 4/14/94 186 Big Beef unknown
smolt 4/15/94 170 Big Beef unknown
smolt 4/15/94 173 Big Beef unknown
smolt 4/15/94 235 Big Beef unknown
smolt 4/17/94 162 Big Beef unknown
smolt 4/17/94 158 Big Beef unknown
smolt 4/18/94 144 Big Beef unknown
smolt 4/18/94 162 Big Beef unknown
smolt 4/18/94 189 Big Beef unknown
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smolt 4/18/94 153 Big Beef unknown
smolt 4/1884 203 Big Beef unknown
smoit 4/19/94 237 Big Beef unknown
smolt 4/1994 243 BigBeef unknown
smolt 4/21/94 139 BigBeef unknown
smolt 4/21/94 159 Big Beef unknown
smolt 4/22/94 153 Big Beef unknown
smoit 4/22/94 188 BigBeef unknown
smoit 4/22/94 191 Big Beef unknown
smolt 4/22/94 180 BigBeef unknown
smolt 4/22/94 195 Big Beef unknown
smolt 4/22/94 146 Big Beef unknown
smolt 4/23/94 210 -Big Beef unknown
smolt 4/24/94 165 Big Beef unknown
smolt 4/24/94 130 Big Beef unknown
smolt 4/24/94 160 Big Beef unknown
smolt 4/24/94 179 Big Beef unknown
smolt 4/25/94 175 BigBeef unknown
smolt 4/25/94 164 Big Beef unknown
smolt 4/25/94 135 Big Beef unknown
smoit 4/25/094 147 . BigBeef unknown
smolt 4/25/94 214 Big Beef unknown
smolt 4/25/94 144 Big Beef unknown
smolt 4/25/94 181 Big Beef unknown
smolt 4/25/94 183 Big Beef unknown
smolt 4/25/94 207 Big Beef unknown
smolt 4/26/94 129 Big Beef unknown
smolt 4/26/94 160 Big Beef unknown
smolt 4/27/94 125 Big Beef unknown
smolt 472794 145 Big Beef unknown
smolt 4/27/94 150 Big Beef unknown
smolt 412794 172 Big Beef unknown
smolt 4/27/94 139 Big Beef unknown
smolt  4727/94 173 Big Beef unknown
smolt  4/27/94 196 Big Beef unknown
smolt 4/28/94 153 Big Beef unknown
smolt 4/28/94 144 Big Beef unknown
smolt 4/28/94 138 Big Beef unknown
smolt  4/28/94 161 Big Beef unknown
smolt 4/28/94 141 Big Beef unknown
smolt 4/28/94 139 Big Beef unknown
smolt 4/28/94 161 Big Beef unknown
smolt 4/28/94 136 Big Beef unknown
smolt 4/28/94 139 Big Beef unknown
smolt ~ 4/28/04 156 Big Beef unknown
smolt  4/29/94 149 Big Beef unknown
smolt  4/29/94 130 Big Beef unknown
smolt 4/29/94 158 Big Beef unknown
smolt 4/29/94 124 Big Beef unknown
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smolt  4/29/94 144 Big Beef unknown
smolt  4/29/94 136 Big Beef unknown
smolt 4/29/94 194 BigBeef unknown
smolt  4/30/94 141 Big Beef unknown
smolt  4/30/94 166 Big Beef unknown
smolt  4/30/94 160 Big Beef unknown
smoit 4/30/94 144 Big Beef unknown
smolt 4/30/94 124 Big Beef unknown
smolt 4/30/94 152 Big Beef unknown
smolt 4/30/94 218 Big Beef ' unknown
smolt 5/1/94 134 Big Beef unknown
smolt 5/1/94 148 Big Beef unknown
smolt 5/1/94 183 Big Beef unknown
smolt 5/1/94 136 Big Beef unknown
smolt 5/1/94 149 Big Beef unknown
smolt 5/194 152 Big Beef unknown
smolt 5/2/94 136 Big Beef unknown
smolt  5/2/94 155  BigBeef unknown
smolt 5/2/94 162 Big Beef unknown
smolt 5/2/94 137 Big Beef unknown
smolt 5/3/94 139 Big Beef unknown
smolt 5/3/94 153 Big Beef unknown
smolt 5/3/94 137 Big Beef unknown
smolt 5/3/94 156 Big Beef unknown
smolt 5/3/94 144 Big Beef unknown
smolt 5/4/94 130 Big Beef unknown
smolt 5/4/94 140 Big Beef unknown
smolt 5/4/94 137 Big Beef unknown
smolt  5/4/94 110 Big Beef unknown
smolt 5/4/94 146 Big Beef unknown
smolt  5/4/94 137 Big Beef unknown
smolt 5/4/94 165 Big Beef unknown
smolt  5/4/94 134 Big Beef unknown
smolt  5/4/94 102 Big Beef unknown
smolt 5/4/94 122 Big Beef unknown
smolt  5/4/94 152 Big Beef unknown
smolt  5/4/94 125 Big Beef unknown
smolt  5/4/94 125 Big Beef unknown
smolt 5/4/94 156 Big Beef unknown
smolt 5/4/94 144 Big Beef unknown
smolt 5/4/94 138 Big Beef unknown
smolt 5/4/94 142 Big Beef unknown
smolt 5/5/94 132 Big Beef unknown
smolt  5/5/94 164 Big Beef unknown
smolt 5/5/94 137 Big Beef unknown
smolt 5/5/94 158 Big Beef unknown
smolt  5/5/94 147 Big Beef unknown
smolt 5/8/94 227 Big Beef unknown
smolt 5/8/94 208 Big Beef unknown
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smolt  4/2/95 208 Big Beef unknown
smolt  4/2/95 176 Big Beef unknown
smolt 4/3/95 168 . BigBeef unknown
smolt 4/4/95 147 Big Beef unknown
smolt  4/5/95 191 Big Beef unknown
smolt 4/595 188 Big Beef unknown
smolt 4/5/95 247 Big Beef unknown
smolt  4/5/95 207 Big Beef unknown
smolt  4/6/95 197 Big Beef unknown
smolt  4/6/95 176 Big Beef unknown
smolt 4/6/95 215 Big Beef unknown
smolt 4/6/95 164 Big Beef unknown
smolt 4/6/95 190 Big Beef unknown
smolt  4/6/95 199 Big Beef unknown
smolt 4/6/95 169 Big Beef unknown
smolt 4/6/95 143 Big Beef unknown
smolt 47795 21§ Big Beef unknown
smolt 4/7/95 266 Big Beef unknown
smolt 4/7/95 132 Big Beef unknown
smolt 4995 172 Big Beef unknown
smolt 4/9/95 243 Big Beef unknown
smolt 4/9/95 156 Big Beef unknown
smolt 4/9/95 121 Big Beef unknown
smolt 4/9/95 147 Big Beef unknown
smolt 4/9/95 132 Big Beef unknown
smolt 4/1095 153 Big Beef unknown
smolt 4/1095 204 Big Beef unknown
smolt 4/1095 215 Big Beef unknown
smolt 4/1095 139 Big Beef unknown
smolt 4/10095 229 Big Beef unknown
smolt 4/10095 106 Big Beef unknown
smolt 4/1195 225 Big Beef unknown
smolt 4/1195 247 Big Beef unknown
smolt 4/1195 226 Big Beef unknown
smolt 4/1195 202 Big Beef unknown
smolt 4/1195 217 Big Beef unknown
smolt 4/12/95 158 Big Beef unknown
smolt 4/1295 221 Big Beef unknown
smolt 4/1295 237 Big Beef unknown
smolt 4/1295 233 Big Beef unknown
smolt 4/12/95 208 Big Beef unknown
smolt 4/12/95 162 Big Beef unknown
smolt 4/1395 216 Big Beef unknown
smolt  4/13/95 147 Big Beef unknown
smolt 4/1395 149 Big Beef unknown
smolt 4/13095 137 Big Beef unknown
smolt 4/14/95 126 Big Beef unknown
smolt  4/14/95 139 Big Beef unknown
smolt 4/1495 218 Big Beef unknown
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smolt 4/14/95 163 Big Beef unknown
smolt 4/1495 199 Big Beef unknown
smolt 4/14/95 227 Big Beef unknown
smolt 4/14/95 179 Big Beef unknown
smolt 4/14/95 180 Big Beef unknown
smolt 4/1495 208 Big Beef unknown
smolt 41795 142 Big Beef unknown
smolt 4/1795 170 Big Beef unknown
smolt 4/1795 18§ Big Beef unknown
smolt 4/1795 217 Big Beef unknown
smolt 4/1795 127 Big Beef unkmown
smolt  4/1995 220 Big Beef unknown
smolt 4/1995 210 Big Beef unknown
smolt 4720095 235 Big Beef unknown
smolt 472195 115 Big Beef unknown
smolt 472495 111 Big Beef unknown
smolt 4/3095 245 Big Beef unknown
smolt 5/1795 251 Big Beef unknown
smolt 5/6/94 135 Stavis unknown
smolt 5/6/94 - 122 Stavis unknown
smolt 5/6/94 161 Stavis unknown
smolt 5/6/94 112 Stavis unknown
smolt 5/6/94 129 Stavis unknown
smolt 5/6/94 108 Stavis unknown
smolt 5/6/94 150 Stavis unknown
smolt 5/6/94 121 Stavis unknown
smolt 5/6/94 140 Stavis unknown
smolt 5/6/94 152 Stavis unknown
smolt 572394 134 Stavis . unknown
smolt 5/23/94 135 Stavis unknown
smolt 5/23/94 140 Stavis unknown
smolt 5/23/94 128 Stavis unknown ~
smolt 572394 135 Stavis unknown
smolt 572394 125 Stavis unknown
smolt 572394 127 Stavis unknown
smolt 5/24/94 167 Stavis unknown
smolt 5/24/94 155 Stavis - unknown
smolt 572494 137 Stavis unknown
smolt 5/24/94 128 Stavis unknown
smolt 5/24/94 . 137 Stavis unknown
smolt 52794 125 Stavis unknown
smolt 5/27/94 127 Stavis unknown
smolt 5/27/94 123 Stavis unknown
smolt §5/27/84 134 Stavis unknown
smolt 4/11/95 132 Stavis unknown
smolt 4/15/95 200 Stavis unknown
smolt 4/17/95 153 Stavis unknown
‘smolt  4/17/95 122 Stavis unknown
smolt 4/1795 132 Stavis . unknown

NN ERNDRDNNRDNNDRDONDPDRDREPDREDNNNRODONNNONWNNONWE= NN NN NWWLNNNON

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



264

smolt 41795 96 Stavis unknown 1
smolt  4/1795 132 Stavis unknown 2
smolt 4/17/95 152 Stavis unknown 2
smolt 5/195 243 Stavis unknown 4
adult 1272993 363 Big Beef Female 2.+
adult 1273003 335 Big Beef Male 2.+
adult 1273193 420 Big Beef Male 3+
adult 1/3/94 315 Big Beef Male R+
adult 1/3/94 350 Big Beef Male 2.+
adult 171194 350 BigBeef Female R+
aduit 1/11/94 325 Big Beef Male R+
adult 1/11/94 440 Big Beef Female 3.4+5+
adult 1/12/94 337 Big Beef Female R+
adult 1/12/94 350 Big Beef Male R+
adult 1/12/94 351 Big Beef Female 2+
adult 1/12/94 345 Big Beef Female R+
adult 1/13/94 341 Big Beef Female R+
adult 1/13/94 367 Big Beef Male R+
adult 1/1384 _ 351 Big Beef Male R+
adult 1/15/94 368 Big Beef Female 3+
adult 1/16/94 377 Big Beef Femaie 2+
adult 1/16/94 387 BigBeef Female 248+
adult 1/18/84 355 Big Beef Female R.+
adult 172394 331 Big Beef Male 2.+
adult 12394 425 Big Beef Female R.+F+
adult 1/24/94 356 Big Beef Female 2.+
adult 172494 372 Big Beef Male R.+
adult 1/24/94 222 Big Beef Male 2.+
adult 1/24/94 312 Big Beef Female R+
“adult  1/24/94 310 Big Beef Female 3+
adult 12794 360 BigBeef Female @ R.+
adult 12794 401 Big Beef Female R.+S+
adult 112994 378 Big Beef Male R+
aduit 2/6/94 226 Big Beef Male R+
adult  2/6/94 320 Big Beef Female 3.+
adult /1194 372 Big Beef Male R.+
adult 21894 362 Big Beef Female R.+
adult 2/22/94 33§ Big Beef Male 24
adult 272594 323 Big Beef Female R.+
adult 272694 361 Big Beef Male R+
adult 2/26/94 375 Big Beef Female 3+
adult 2/26/94 337 Big Beef Female 2.+
adult 2/26/94 326 Big Beef Female 2.+
adult  2/26/94 365 Big Beef Female 2.+
adult 226/94 341 Big Beef Female R.+
adult 2/26/94 358 Big Beef Male 2+
adult 272794 387 Big Beef Male R+
adult 22894 362 Big Beef Female R.+
adult 2/28/94 348 Big Beef Female R+
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adult 2/28094 384 BigBeef Female R.+
adult 3/194 377 BigBeef Female R+
adult 3/294 382 BigBeef Male R+
adult 3/2/94 451 Big Beef Female R+S+
adult 3/2/94 320 Big Beef Female 2.+
adult 3/2/94 340 Big Beef Female 2.+
adult 3/2/94 220 Big Beef Male 2.+
adult 3/294 359 Big Beef Female R+
adult 37394 364 BigBeef Female R.+
adult  3/4/94 335 BigBeef Female. 2.+
adult 3/6/94 341 BigBeef Female R+
adult 3/10094 353 BigBeef Female 2.+
aduit 3/1094 400 Big Beef Male 2.+
adult 3/1184 331 BigBeef Female R.+
adult 3/1494 369 Big Beef Male 3+
adult 3/14/94 402 Big Beef Female R+
adult 3/1494 366 Big Beef Female 2.+
adult 3/14/94 333 BigBeef Female R+
adult 3/1684 331 Big Beef Female 2.+
adult 3/1794 346 Big Beef Female R+
adult 3/18/94 342 Big Beef Female R+
adult 3720094 374 Big Beef Female R.+
adult 373004 337 BigBeef Female R+
adult 4/394 360 Big Beef Female R+
adult 47794 340 Big Beef Female R+
adult 4/1194 282 Big Beef Male R+
adult 4/1194 354 Big Beef Female R+
adult 4/1194 351 Big Beef Male? 2.+
adult 4/1794 379 BigBeef Male R+
adult 472584 210 BigBeef Female R+
adult 42994 392 Big Beef Female R.+S+
adult 1072794 414 BigBeef Female R.+S+
adult 11/1/94 395 BigBeef Female R4S+
adult 11694 294 BigBeef Male R+
adult 11/6/94 209 Big Beef Male R+
adult 11/6894 312 BigBeef Female 2.+F+
adult 11/11/94 336 Big Beef Female R+
adult 12/2/94 425 Big Beef Female R.+F+
adult 12/1594 357 Big Beef Male R+
adult 1/895 320 Big Beef Male R+
adult 1/1795 352 Big Beef Female R+
adult 172895 418 Big Beef Female R.+S+
adult 172995 450 Big Beef - Female R+F+
adult 172995 332 BigBeef Male R+
adult 173095 334 Big Beef Male R4S+
adult 27295 365 BigBeef Female 2.4+F+
adult 2/395 324 Big Beef = Male R+
adult 2/3/95 351 BigBeef Female 3+
adult 2/3/95 337 BigBeef Female 3+
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adult 2/4/95 454 BigBeef Female R.+F+
adult 2/5/95 361 BigBeef Female 2.+
adult 2/595 329 Big Beef Male 2.+
adult 2/595 381 BigBeef Female 2.4F+
adult 2/595 366 BigBeef Male R+
adult 2/595 366 BigBeef Female R.+
adult 2/5M95 379 BigBeef Female  R.+S+
adult 2/6/95 328 BigBeef Female R.+
adult 2/6/95 443 BigBeef Female 2.+F+
adult 2/6M5 39 BigBeef Female 2.+
adult 2/695 421 BigBeef Female R.+
adult 2/6/95 400 BigBeef Female R.+
adult 2/6/95 409 BigBeef Female R.+F+
adult 2/895 31 BigBeef Female R.+
adult 212195 430 BigBeef Female R.+S+
adult 212695 353 BigBeef Female 2.+
adult 3/795 1m Big Beef Male k+
adult 3/905 376 Big Beef Male 3.+
adult 3/995 440 BigBeef Female R.+S+
adult  3/14/95 400 Big Beef Male R+
adult 3/14/95 370 BigBeef Female 3.+

* adult  3/18/95 295 BigBeef Male R+
adult  3/18M95 340 Big Beef Male 2.+
adult 372005 409 BigBeef Female R.+F+
adult 3/22/95 348  BigBeef Male 2.4F+
adult 372295 365 BigBeef Female 2.+
adult  3/2895 392 Big Beef Male 2.+
adult 372995 395 Big Beef Male R.+S+S+
adult 372995 348 BigBeef Female 2.+
adult  3/295 313 Big Beef Female  R.+F+
adult 372995 383 BigBeef Female R.+
adult 4/195 355 BigBeef Female  R.+S+
adult  4/3/95 BigBeef Female  2.+5+
adult 4/4/95 364 Big Beef Male 4.+
adult  4/595 375 Big Beef Male R+
adult 47795 335 BigBeef Female 2.+
adult 47795 365 BigBeef Female 3.+
adult 4/795 358 Big Beef Female 2.+
adult 47795 356 Big Beef Male 2.+
adult 4/995 244 Big Beef Male 3+
adult  4/1095 34 Big Beef Female 2.+
adult 4/1095. 370 Big Beef Female 2.+
adult  4/10/95 338 Big Beef Female 2.+
adult 4/10/95 350 Big Beef Female R.+
adult 4/11/95 319 BigBeef Female 2.+
adult  4/1995 320 . BigBeef Female 2.+
adult  4/23/95 394 Big Beef Female  R.+S+
adule 12/1995 352 Big Beef Male 2.+
adult 12/1795 366 Big Beef Male 2.+

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



267

adult 17396 347 . BigBeef Female 2.+
adult 373096 361 BigBeef Female 2.+
adult 3/1396 320 BigBeef Male R+
adult 12/195° 321 BigBeef Female 2.+
adult 111195 280 Big Beef Male 2+
adult 4/7/96 394 BigBeef Female 2.+S+
adult 171586 473 Big Beef Male R.4+S+
adult 117195 350 Big Beef Female R.+S+
adult 11/1295 267 Big Beef Male 3+
adult 11712895 386 Big Beef Male 3.+
adult 1122295 330 BigBeef Female R.+
adult 1172385 332 BigBeef Female 2.+
adult 1172505 451 - BigBeef Female 2.+F+
adult 1172585 326 Big Beef Male R+
adult 1172505 350 Big Beef Male R.+
adult 11725095 352 Big Beef Male 3.+
adult 472296 344 Big Beef Male 3.+
adult 1173095 359 BigBeef Female 2.+
adult 1173095 169 BigBeef Female R.+
adult 1173095 375 Big Beef Male R+
adult 12/1/5 365 BigBeef Female 2.+
aduit /196 328 Big Beef Male R+
adult 1222095 272 Big Beef Male L.+
adult 122195 315 BigBeef Female R.+
adult 1222185 310 Big Beef Male 2.+
adult 1/3/96 333 BigBeef Female 2.+
adult -1/3/96 396 BigBeef Female 3.+
adult 17396 378 BigBeef Male 2.+F+S+
adult 17396 330 Big Beef Male R+
adult 1/3/96 347 BigBeef Male 2.+
adult 1/6/96 330 Big Beef Male 2.+
adult 1/896 350 BigBeef Female R.+
adult 1/9/96 428 BigBeef Female 2.+F+
adult 171386 360 BigBeef Male 2.+
adult 1/1496 364 BigBeef Female 2.+
adult 1/1496 366 BigBeef Female 2.+
adult 1/1586 356 BigBeef Female R.+
adult 1/15M6 346 Big Beef Male R.+
adult 1/1596 20§ Big Beef Male 2.+
adult 1/1586 317 BigBeef Female R.+
adult 1/15/96 359 . BigBeef Male 2.+
adult 1/1506 332 BigBeef Male 2+
adult 1/16/96 328 BigBeef Female 2.+
adult 2/196 384 BigBeef Female 2.+
adult 2/1/96 306 BigBeef Male 2.+
adult /196 312 BigBeef Female 2.+
adult 2/1/96 439 BigBeef Female R.+S+
adult /196 365 BigBeef Female 2.+
adult 22196 305 BigBeef Female R.+
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adult 2/196 362 Big Beef Male R+
adult 27796 332 BigBeef Female 2.+

adult 2/7/96 409 Big Beef Male R+
adult 2/9/96 391 BigBeef Female 2.+
adult 2/1996 410 BigBeef Female R+
adult  3/2096 338 BigBeef Female 2.4+
adult 1/15M96 422 Big Beef Male 248+
adult 372896 355 Big Beef Female R+
adult 12/1095° 425 BigBeef Female 2.4S+
adult 373196 284 Big Beef Male R+
adult 47796 362 BigBeef Male 2.+

adult 4/2/96 352 Big Beef Female 2.+

adult 4/1196 325 BigBeef Female 2+
adult 2/1/96 348 Big Beef Female R+
adult 1/3/96 423 BigBeef Female 2.4F+
adult  3/4/96 380 BigBeef Female  R.+S+
adult 272196 485 BigBeef Female  R.+S+s+
adult 1/11M96 430 Big Beef Female R.+S+s+
adult 271796 452 BigBeef Female R.+F+84S+
adult 1/1596 443 Big Beef Male 248+
adult 171596 417 BigBeef Femaie 2,48+
adut  1/396 434 BigBeef Female  R.+F+
adult 3/1896 458 BigBeef Female  2.4F+S+
adult 17796 380 Big Beef Female R4S+
adut 1/17M6 352 BigBeef Male 3.+
adult 47796 386 Big Beef Female 2.+
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APPENDIX G. DATA FOR RECAPTURED COASTAL CUTTHROAT TROUT IN BIG BEE?’ CREEK

FROM 1993-1996.

Creek Stage Date Trap Weight Length VItag #* Sex
Big Beef smolt 4/1395 down 79 201 Al17 1 1
Big Beef adult 121995 wp 424 352 Al7 2 1
Big Beef smolt 4/1995 down 90 215 Ad5 1 1
Big Beef adult 121795 up 466 366 Ad5 2 1
Big Beef smolt 4/19/95 down 80 197 A48 1 2
Big Beef adult 1/3/96 up 393 347 A48 2 2
Big Beef adult 1/1596 up 479 350 A9 1 2
Big Beef adult 42596 down 370 339 A9 2 2
Big Beef adult 1/1586 up 563 367 AS0 1 2
Big Beef adult 4/1796 - down 315 . 365 AS0 2 2.
Big Beef smolt 4/2085 dowm 35. 159 A52 1 2
Big Beef adult 373096 wuwp 506 361 A2 2 2
Big Beef adult 4/1296 down 420 356 A2 3 2
Big Beef smolt 42195 down 153 249 A62 1 2
Big Beef adult 12295 wuwp 506 363 A62 2 2
Big Beef smolt 472195 down 37 160 A72 1 1
Big Beef aduit 117195 up 438 338 A2 2 1
Big Beef adult 3/1396 down 268 320 A72 3 1
Big Beef smolt 4/22/95 down 75 200 A8 1 2
Big Beef adult 12195 vuvp 368 321 A8 2 2
Big Beef adult 4/1996 down 290 315 A78 3 2
Big Beef smolt 4/2295 down 49 173 A85 1 1
Big Beef adult 4/13/96 down na 345 A85 2 1
Stavis smolt 5/1685 - down na 168 AP 1 1
Big Beef adult 11/1195 wup 212 280 AF9 2 1
Big Beef smolt 4/1594 down 88 210 BAd 1 2
Big Beef adult 172995 wp 500 354 BA4 2 2
Big Beef adult 4/1995 down 375 351 BA4d 3 2
Big Beef adult 11/1295 wup 782 408 BAd 4 2
Big Beef adult 22096 uwp 862 418 BAd 5 2
Big Beef adult 47796 down 598 394 BAd 6 2
Big Beef smolt 4/1594 down 82 205 BA8 1 2
Big Beef adult 3/1495 uwp 509 370 BA8 2 2
Big Beef smolt 4/15/94 down 118 229 BA9 1 1
Big Beef adult 373195 down 549 400 BA9 2 1
Big Beef adult 1/1586 up 1174 473 BA9 3 1
Big Beef smolt 4/1894 down 61 189 BE2 1
Big Beef adult 4/3095 down na 352 BE2 2
Big Beef smolt 4/19/94 down 123 228 BHO 1
Big Beef adult 3995 up 598 376 BHO 2 1
Big Beef adult 4/595 down 503 370 BHO 3 1
Big Beef adult 4/7/94 down 316 340 Cls 1 2
Big Beef adult 11/194 up 620 395 Cls 2 1
Big Beef smolt 4/1094 down 67 190 Ci6 1
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Big Beef adult 12395 uwp 675 385  C46

2 2
Big Beef adult 4/1184 down 181 282 c4 1 1
Big Beef adult 173095 wp 410 334 ca8 2 1
Big Beef adult 3/2985 dowm 279 327 ca8 3 1
Big Beef adult 4/1194 down 267 321 C¥o 1 2
Big Beef adult 2/595 up 596 379 CY 2 2
Big Beef adult 4/895 down na na C49 3 2
Big Beef adult 4/4/94 up 353 320 ce8 12
Big Beef adult 472694 down SB 320 c68 2 2
Big Beef adult 5/5/94 down 242 320 ces 3 2
Big Beef adult 47795 down 403 364 c68 4 2
Big Beef adult 3/3094 down 374 337 cs7 1 2
Big Beef adult 3/9/95 up 972 440 c87 2 2
Big Beef smolt 4/1494 down 78 198 CNO 1
Big Beef adult 1/896 up 1003 444 CNO 2 2
Big Beef smolt 4/1494 down 47 165 CNd 1
Big Beef adult 2/6/95 up 494 349 CNd 2 2
Big Beef adult 4/1695 down 355 CN4 3
Big Beef smolt 4/25895 down S2 176 D72 1
Big Beef adult 4/196 up 473 355 D72 2 2
Big Beef adult 127894 uwp 528 360 DAO 1 2
Big Beef adult 4/2294 down 421 359 DAO 2 2
Big Beef adult 1/25894 up 569 367 DAl 1 2
Big Beef adult 2/1694 down 555 367 DAI 2 2
Big Beef adult 3/1294 up 523 367 DAl 3 2
Big Beef adult 4/11/94 down 463 369 DAl 4 2
Big Beef adult 172384 uwp 782 425 DBl 1 2
Big Beef adult 272294 down 618 423 DBl 2 2
Big Beef adult 1/2294 up 832 412 DB2 1 2
Big Beef adult 2/22/94 down 648 404 DB2 2 2
Big Beef aduit 1/16/594 up 593 mn DB6 1 2
Big Beef adult 4/794 down 480 375 DB6 2 2
Big Beef adult 1/16894 up 664 387 DB7 1 2
Big Beef adult 3/294 down 560 382 DB?7 2 1
Big Beef adult 1/15894 up 544 368 DB 1 2
Big Beef adult 1/2394 down 449 365 DB 2 2
Big Beef adult 1/1394 up 520 367 DC3I 1 1
Big Beef adult 372004 down 388 365 DC3 2 1
Big Beef adult 1/1394 uwp 450 351 DC5 1 1
Big Beef adult 4/7/94 down 336 345 DCS 2 1
Big Beef adult 1/1294 vup 1042 438 DC8 1 1
Big Beef aduit 3/1894 down 808 430 DC8 2 1
Big Beef adult 1/3/94 up 335 315 DD 1 1
Big Beef adult 4/8/94 down 224 306 DD 2 1
Big Beef adult 1/3/94 up 525 337 DEO. 1 1
Big Beef adult 3/30/94 down 388 350 DEO 2 1
Big Beef adult 1/1/94 up 551 363 DE2 1 2
Big Beef adult 1/2394 down 540 378 DE2 2 2
Big Beef adult 1273003 uwp 378 335 DE8 1 1
Big Beef adult 2/2294 down 386 335 DE8 2 1|
Big Beef adult 3/1/94 up na na DE8 3
Big Beef adult 4/2094 down 294 330 DES§ 4 |
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Big Beef " smolt 5/25M95 down 31 149 E23 1

Big Beef adult 4/1096 down 318 285 E23 2 1
Stavis smolt 52505 down na 303 E33 1 2
Big Beef adult 121795 up 481 348 E33 2 2
Big Beef adult 11/1595 wup 713 395 E73 1 1
Big Beef adult 3/2586 down 412 391 E73 2 1
Big Beef adult 1172295 up 434 330 E75 1 2
Big Beef adult 4/6/96 down 312 334 E75 2 2
Big Beef adult 1172395 up 398 332 E76 1 2
Big Beef adult 57796 down 349 336 E76 2 2
Big Beef adult 11/2595 uwp 462 350 E80 1 1
Big Beef adult 4/1396 down na 339 ES0 2 1
Big Beef adult 11/2995 up 651 402 E83 1 2
Big Beef adult 127195 uwp 662 395 ES83 2 2
Big Beef adult 11729895 up 373 329 E84 1 1
Big Beef adult 4/22/96 down 322 344 E84 2 1
Big Beef smolt 5/4/95 down 28 139 EE4 1

Big Beef adult 4730096  down- na 360 EE4 2 2
Stavis smolt 5/8/95 down na 171 EH3 1

Big Beef adult 22/1/96 up 445 328 EH3 2 1
Stavis smolt 4/7/95 down na 141 Fo4 1

Big Beef adult 5/16896 down 230 218 Fo4 2 1
Big Beef adult 122195 up 683 379 FA9 1 2
Big Beef aduit 3/2596 down 380 378 FA9 2 2
Big Beef adult 122195 up 366 310 FBO 1 1
Big Beef adult 4/1796 down na na FBO 2 1
Big Beef adult 17396 up 395 330 FB6 1 1
Big Beef adult 4/8/96 down 365 318 FB6 2 1
Big Beef adult 1/14%6 up 581 384 FC9 1 2
Big Beef adult 4/1306 down na 376 FC9 2 2
Big Beef adult 1/15896 up 509 356 FD2 1 2
Big Beef adult 4/1296 down 400 37 FD2 2 2
Big Beef adult 1/1586 up 490 359 FD7 1 1
Big Beef adult 4/1296 down 426 350 FD7 2 1
Big Beef adult 2/196 up 1073 439 FFO 1 2
Big Beef adult 2/1586 up - 1050 445 FF0 2 2
Big Beef adult 2/1/96 up 521 365 FF2 1 2
Big Beef adult 4/3/96 down 388 358 FF2 2 2
Big Beef adult 27196 up 294 305 FF3 1 2
Big Beef adult 4/2/96 down 328 296 FF3 2 2
Big Beef adult 2196 up 370 328 FF4 1 1
Big Beef adult 4/16/96 down 283 321 FF4 2 1
Big Beef adult 2/7/96 up 709 409 FF8 1 1
Big Beef adult 4/2/96 down 461 395 FF8 2 1
Big Beef adult 22096 up 700 390 FH2 1 2
Big Beef - adult 372596 down 429 387 FH2 2 2
Big Beef adult 372096 wp 413 338 FI0 1 2
Big Beef adult 4730096 down 298 335 FI0 2 2
Big Beef adult 3/1895 down 229 295 HO4 I 1
Big Beef adult 1/3/96 up 642 390 HO4 2 1
Big Beef adult 1/1596 up- 870 422 HOS 3 1
Big Beef smolt 3/24095 down 89 215 H12 1 x
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Big Beef adult 4896 down 362 312  HI2

2 2
Big Beef smolt 32785 down 61 192 H15 1 x
Big Beef adult 3/2806 down 412 355 HIS 2 2
Big Beef adult 3/2995 down 329 348 H21 1 2
Big Beef - adult 1271095 up 768 425 H21T 2 2
Big Beef adult 33195 down 200 291 H28 1 1
Big Beef adult 11/1195 wup 623 383 H28 2 1
Big Beef smolt 4/395 down 43 168 H36 1 x
Big Beef adult 372096 up 562 369 H36 2 2
Big Beef smolt 4/4/95 down 255 285 H37 1 x
Big Beef adult 4/6/96 down 461 3 H37 2 2
Big Beef adult 4/195 down 554 395 Hg8 1 2
Big Beef adult 2/196 up 883 434 H8 2 2
Big Beef adult 4/195 down 240 317 H9 1 1
Big Beef adult 128895 uwp 633 382 HO 2 1
Big Beef adult 47796 down na 374 H9 3 1
Big Beef smolt 4/695 down 52 176 HS3 1 «x
Big Beef adult 33196 down 48l 284 HS3 2 1
Big Beef smolt 4/6M5 down 36 164 H56 1 x
Big Beef adult 47796 down 409 362 HS6 2 1
Big Beef adult 4/695 down 416 361 H64 1 2
Big Beef adult 12295 uwp 990 429 H4 2 2
Big Beef smolt 47795 down 10§ 220 H66 1 x
Big Beef adult 12719895 wp 563 362 H66 2 2
Big Beef adult 4/9/95 down 135 244 H83 I 1
Big Beef adult 117895 uwp na 383 H83 2 1
Big Beef smolt 4/9/95 down 89 197 H87 -1 x
. Big Beef adult 1172995 up 474 342 H87 2 2
Big Beef adult 4/1095 up 309 347 H9S 1 1
Big Beef adult 4/1195 down 312 na HS 2 1
Big Beef adult 4/1095 uwp 383 4 H% 1 2
Big Beef adult 4/1195 down 380 na H6 2 2
Big Beef smolt 4/2805 down 21 131 HB9 1
Big Beef adult 2196 up 345 310 HB9 2 2
Big Beef smolt 5/195 - down na 218 H4 1
Big Beef adult 4/2/96 up 370 352 H4 2 2
Big Beef smolt 5/8/94 down 30 135 9 1
Big Beef adult 1/1096 up 473 344 I19 2 2
Big Beef smolt 5/8/94 down 20 122 J24 1
Big Beef adult 2/196 up 483 348 J24 2 2
Big Beef smolt 5/4/94 down 32 156 L36 1
Big Beef adult 1/3/96 up 824 423 L36 2 2
Big Beef adult 2/1/96 up 624 415 L36 3 2
Big Beef adult 4/1195 down 290 319 M6O 1 2
Big Beef adult 3/4/96 down 495 380 M60 2 2
" Big Beef smoit 4/1195  down 121 226 M63 1 x
Big Beef adult 1173095 uwp 480 343 M63 2 2
Big Beef . smolt 4/2695 down 49 175 RI2 1 x
Big Beef adult 1026095 up na 310 RI2 2 2
Little Anderson adult 4/6/94 down na 305 TO8 1 2
Big Beef adult 11394 wp 562 367 TO8 2 2
Big Beef adult 3/1884 up 558 378 T53 1 2
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Big Beef adult 3/3194 down 450 380 T53 2 2
Big Beef adult 3/1884 uwp 440 342 T54 1 2
Big Beef adult 4/7/94 down 357 338 54 2 2
Big Beef adult 3/1794 wp 473 346 TSS 1 2
Big Beef adult 3/3094 down 371 346 ™SS 2 2
Big Beef adult 22195 wp 928 430 TS5 3 2
Big Beef adult 222196 up 1388 485 TS5 4 2
Big Beef adult 3/1794 wp 375 346 TS6 1 2
Big Beef adult 3/1894 down na na T56 2 2
Big Beef adult 3/1694 up 383 331 T57 1 2
Big Beef adult 4/1194 down 303 330 57 2 2
Big Beef adult 3/1494 wp 477 354 T62 1 2
Big Beef adult 3/29M4 down 439 353 T62 2 2
Big Beef adult 3/1585 wp 781 419 T62 3 2
Big Beef adult 4/2505  down - 486 412 T62 4 2
Big Beef adult 3/14/94 wp 489 366 T66 1 2
Big Beef adult 4/6/94 down na 362 T66 2 2
Big Beef adult 171995 uwp 873 430 66 3 2
Big Beef ~ adult 3/300M5 down 680 425 .T66 4 2
Big Beef adult 3/1494 uwp 436 347 T68 1 2
Stavis adult 373194 down na 345 T68 2 2
Big Beef adult 3/1494 up 369 333 T70 1 2
Big Beef adult 4/1994 down 301 330 TO 2 2
Big Beef adult 2/695 up 702 400 T0O "3 2
Big Beef adult 4/8/95 down na na T70 4 2
Big Beef adult 3/1194 up g1 331 T2 1 2
Big Beef adult 4/1894 down 292 328 ™T™ 2 2
Big Beef adult 42395 down 438 394 T2 3 2
BigBeef adult U196 up 867 430 T2 4 2
Big Beef ~ adult 3/1094 uwp 491 353 T76 1 2
Big Beef adult 172805 uwp 892 418 T6 2 2
Big Beef adult 3/1094 wp 551 373 T78 1 2
Big Beef adult 4/1194  down 437 370 T78 2 2
Big Beef adult 3/10894 up 696 400 T80 1 1
Big Beef adult 4/1994 down 588 395 T8O 2 1
Big Beef adult 3/394 wp 537 364 T95 1 2
Big Beef adult 4/3/94 down 399 360 T95 2 2
Big Beef adult 2/2804 uwp 526 362 TAO 1 2
Big Beef adult 4/1194 down 395 - 360 TAO 2 2
Big Beef adult 272894 up 570 403 TA2 1 2
Big Beef adult 3/194 down 565 403 TA2 2 2
Big Beef adult 272884 uwp 596 387 TA6 1 1
Big Beef adult 4/1794 down 478 3719 TA6 2 1
Big Beef adult 372195 down 919 426 TA6 3 1
Big Beef adult 22884 up 555 374 TA8 1 2
Big Beef adult 4/1894 down 425 368 TA8 2 2
Big Beef adult 2695 up 795 421 TA8 3.2
Big Beef adult 4/1195 down 574 415 TA8 4 2
Big Beef adult 2/1796 up 970 452 TA8 5 2
Big Beef adult™ 22894 uwp 645 396 TBO 1 1
Big Beef adult 4/1994 down 506 389 ™0 2 1
Big Beef adult 228094 uwp 675 412 ™8 1 1
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Big Beef adult 373194 down 559 412 ™8 2 1
Big Beef adult 3/194 up 486 351 T 1 2
Big Beef adult 1/1795 uwp 958 431 ™ 2 2
Big Beef adult 3/1/94 up 588 388 TD3 I 2
Big Beef adult 3/4/94 up na na ™3 2 2
Big Beef adult 4/1994  down 413 379 ™3 3 2
Big Beef adult 3/2/94 up 905 451 . TDS 1 2
Big Beef - adult 4/8/94 down 656 441 ™ 2 2
Big Beef adult 3/2/94 up n 334 ™7 1 1
Big Beef adult 4/6/94 down SB 329 ™7 2 1
Big Beef adult 3/2/94 up 104 220 TEA 1 1
Big Beef adult 4/6/94 down SB 212 TEA 2 1
Big Beef adult 172995 uwp 290 306 TEA 3 1
Big Beef adult 1173095 wup 704 394 TEA 4 1
Big Beef adult 3/2/94 up 469 359 TE7T 1 2
Big Beef adult 4/394 down 317 350 TE7T 2 2
Big Beef adult 22794 up 576 362 TF2 1 1
Big Beef . adult 4/794 down 477 359 TF2 2 1
Big Beef adult 22794 uwp 596 378 TF4 1 2
Big Beef adult 4/3/94 down 447 378 TF4 2 2
Big Beef adult 22694 up 345 331 TF6 1 1
Big Beef adult 4/1194 down 291 330 TF6 2 1
Big Beef adult 22694 up 806 418 TH2 1 2
Big Beef adult 3/2984  down 580 411 TH2 2 2
Big Beef adult 22694 up 529 375 TH6 1 2
Big Beef adult 4/6/94 down na 365 TH6 2 2
Big Beef adult 22006 uwp 981 459 TH6 3 2
Big Beef adult 22684 up 441 337 TH8 1 2
Big Beef - adult 4/3/94 down 306 330 TH8 2 2
Big Beef - adult 272694 up 431 47 TI4 1 1
Big Beef adult 4/9/94 down 342 344 TI4 2 1
Big Beef adult 22684 uwp 323 320 TIS 1 1
Big Beef adult 4/13894 down 255 314 TIS 2 1
Big Beef adult /17895 up 723 401 TIS 3 1
Big Beef adult 32995 down 525 395 TIS 4 1
Big Beef adult 22684 up 536 365 TI6 1 2
Big Beef adult 1/1895 uwp 1022 435 TI6 2 2
Big Beef adult 22694 up 456 358 T8 1 1
Big Beef adult 32094  down 429 351 TI8 2 1
Big Beef adult 22584 wp 698 397 TI9 1 2
Big Beef "adult 4/2994  down 492 392 TI9 2 2
Big Beef adult 12895 wp 1012 441 TI9 3 2
Big Beef adult 272594 up 355 323 TKI 1 2
Big Beef adult 4/1394  down 257 315 TKI 2 2
Big Beef adult 21894 up 687 400 TK3 1 1
Big Beef adult 47794 down 496 390 TK3 2 1
Big Beef adult 271894 up 538 362 TK4 1 2
Stavis adult 4/1994 down na 362 TK4 2 2
Big Beef adult 171294 uwp 467 351 TK?7 -1 2
Big Beef adult 21684 down 452 352 TK7 2 2
Big Beef adult 22894 uwp 395 352 TK7 3 2
Big Beef adult 21184 up 624 mn TK8 1 1
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Big Beef adult /1794 up na na TK8 2 1
Big Beef adult 4/894 down 446 363 TK8 3 1
Big Beef adult 2/6/94 down 662 425 TL6 1 1
Big Beef adult 47295 down 642 447 T6 2 2
Big Beef adult 172784 wp 690 401 - TL9 1 2
Big Beef adult 173194 down 580 401 L9 2 2
Big Beef smolt 4/11/94  down 62 183 TUL 1

Big Beef adult 4/795 down 365 356 TU1L 2 1
Big Beef adult 4/1095 up 360 355 UL 3 1
Big Beef adult 4/1195 down 349 na TU1L 4 1
Big Beef smolt 4/13/94 down 48 167 ™3 1

Big Beef adult /196 up 474 404 ™3 2 2
Stavis smolt /4/94 down na 156 Z38 1

Big Beef adult 2/5P95 up 523 366 238 2 1
Big Beef adult 1/1586 up 990 443 238 3°1
Big Beef adult 119094 up 335 321 ZA9 1 1
Big Beef adult 4/2295 down 267 321 249 2 2
Big Beef - adult 111494 wp 629 392 Z52 1 1
Big Beef adult. 2/26/95 up 568 394 z52 2 1
Big Beef adult - 1/1795 up 484 352 Z61 1 2
Big Beef - adult 5/2/95 down 332 345 261 2 2
Big Beef adult 1/18895 up 440 335 262 1 2
Big Beef adult 3/2805 down 335 333 262 2 2
Big Beef adult 1/15/96 up 822 417 262 3 2
Big Beef adult 3/1486 down 567 398 Z62 4 2
Big Beef adult 1/18895 uwp 524 369 263 1 1
Big Beef adult 4/495 down 382 364 Z63 2 1
Big Beef adult 172995 uwp 838 414 264 1 2
Big Beef adult 372095 down 631 409 264 2 2
Big Beef adult 2/2/95 up na 356 Z70 1 1
Big Beef adult 372295 down 341 348 zZno 2 1
Big Beef adult 2/3/95 up 203 269 Z73 1 1
Big Beef adult 4/595 down 163 264 Z13 2 1
Big Beef adult 2/395 up 425 337 zZ6 1 2
Big Beef adult 5/195 down 270 332 Z76 2 2
Big Beef adult 2/5/95 up 518 361 z19 1 2
Big Beef adult 4/195 down 388 352 Z19 2 2
Big Beef adult 2/5/95 up 300 317 282 1 2
Big Beef adult 3/29895 down 226 313 282 2 2
Big Beef adult 1172095 up 648 396 232 3 2
Big Beef adult 2/5/95 up 835 419 287 1 2
Big Beef adult 4/7/95 down 654 415 287 2 2
Big Beef adult 2/6/95 up 743 409 238 1 2
Big Beef adult 1/3/96 up 946 434 288 2 2
Big Beef adult 2/6/95 up 413 328 289 1 2
Big Beef adult 4/8/95 down na na 2389 2 2
Big Beef adult 2/6/95 up 997 443 290 1 2
Big Beef adult 3/18096 down 743 458 29 2 2
Big Beef adult 2/6/95 up 544 363 291 1 2
Big Beef adult 372295 down 406 365 291 2 2
Big Beef adult 2/6/95 up 657 387 292 1 2
Big Beef adult 372995  down 495 383 292 2 2
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Big Beef adut 2895 wp 362 311 294 1 2
Big Beef adult 17796 uwp 626 380 294 2 2
BigBeef . adult 4/1296  down 446 378 794 3 2

*Indicates the order and count of capture events for each individual.
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