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Abstract

Gordon H. Reeves

An investigation of the genetic and meristic patterns of coastal cutthroat trout

(Oncorhynchus clarki clarki) in two coastal basins, one in Oregon and one in Alaska,

revealed varying degrees of differences among populations within each site. Coastal

cutthroat trout collected from seven sites above and below barriers from Elk River,

Oregon were characterized by significant genetic structuring (Fst=0.095) based on

allozymes and significant differences among nine meristic characters. This may reflect

the geologic history and local conditions of the Elk River Basin. Despite this divergence,

Elk River populations were relatively similar to each other (Nei's genetic identity>

0.0987), suggesting that these populations share common ancestry. Fewer differences

were detected among the coastal cutthroat trout from four sites below and above a barrier

within Vixen Inlet, Alaska. Genetic structuring among populations was low (Fst=0.016)

and significant differences were detected in only two of nine meristic characters. This

may reflect the recent glacial history of southeast Alaska. In both sites, there was

concordance between allozyme data and meristic data.
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Genetic and Meristic Relationships of Coastal Cutthroat Trout (Oncorhynchus clarki clarki)
Residing Above and Below Barriers in Two Coastal Basins

1. Introduction

Populations of Pacific salmon (Oncorhynchus spp.) may exhibit highly variable

morphologies, life histories, behaviors, and genetic structures. At the regional scale, chum

salmon (0. keta) exhibit wide variation in body shape (Beacham and Murray 1987), while

sockeye salmon (0. nerka) vary in age and size at maturity (Healy 1987) and in fecundity

(Foersester 1954). Similar variation has been seen in other species of salmonids, such as

Chinook salmon (0. tshawystcha) (Healy and Heard 1984, Nicholas and Hankin 1988,

Taylor 1990) and coastal cutthroat trout (0. clarki clarki) (Sumner 1953, Dewitt 1954,

Armstrong 1971, and Johnston 1981). Genetic variation among salmonids has been

detected at regional scales for chum salmon (Altukhov and Salmenkova 1991), chinook

salmon (Utter et aL 1973), Atlantic salmon (S. salar) (Stahl 1987), Sockeye salmon (0.

nerka) (Taylor et al. 1996), and steelhead (0. mykiss) (Reisenbichier et al. 1992).

Variation has also been found among local populations of brown trout (Salino trutta)

(Ryman et al. 1979, Skaala and Nvdal 1989), Atlantic salmon (Vuorinen and Berg 1989),

sockeye salmon (Foote et al. 1989) and coastal cutthroat trout (Utter et al. 1973, Campton

and Utter 1987). These patterns of variation reflect precise homing of salmonids to natal

streams (Altukhov and Salmenkova 1991), adaptations to local conditions (Gadgil and

Bossert 1970, Beacham and Murray 1987, Campton and Utter 1987) and habitat diversity

(Utteretal. 1973).

Local populations of Pacific salmon may exhibit large variation in life history

features. One such feature is the development of resident and anadromous populations

within the same watershed. This feature has been observed in sockeye, (Ricker 1940)

coastal cutthroat trout (DeWitt 1954, Johnston 1981), Atlantic salmon (MacCrimmon and

Gots 1979) and brown trout (Ryman et al. 1979, Skaala Nvdal 1989). There are several
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reasons why such populations may develop. These forms may arise when migration to the

marine environment results in increased fitness (Gross 1987) or when conditions in the

freshwater environment favor rapid maturity over smoltification (Thorpe 1987). Presence

of physical barriers may also lead to the development of different life histories. Northcote

(1992) argues that a species with separate populations of migratory and non-migratory

forms may increase long-term survival in dynamic and unpredictable environments. In

such environments, Northcote (1992) suggests fitness may vary between forms.

Therefore, life history variation may provide an important mechanism for preserving local

populations of salmonids, particularly in marginal and unpredictable habitats.

Coastal cutthroat trout are present from the Eel River in northern California to

Prince William Sound in Alaska (DeWitt 1954). They are a separate subspecies from

interior cutthroat trout of which there are numerous subspecies. Coastal cutthroat trout may

be distinguished from these subspecies by meristics and morphology (Behnke 1965).

Coastal cutthroat trout are renowned for their complex life histories which include

anadromous, or amphidromous, potamodromous, lacustrine and resident forms (DeWitt

1954, Lowry 1965, Johnston 1981). Several of these forms may occur together within a

watershed and below bathers to migration. Campton and Utter (1987) detected genetic

differentiation between a resident population and other anadromous coastal cutthroat trout

populations in Puget Sound, Washington. However, the level ofreproductive isolation

and genetic differentiation among sympatric life history forms is generally not well

understood (DeWitt 1954, Johnston 1981). Johnson (1994) has speculated that resident

populations are not entirely reproductively isolated from anadromous populations. Above

physical barriers to migration, populations of coastal cutthroat trout are isolated from

anadromous forms, and levels of downstream migration from these sites are unknown

(Johnston 1981, Behnke 1979).

Above bather populations of coastal cutthroat trout may be distinctively suited to

marginal habitats, and because of small population sizes, they may be of evolutionary
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importance to the subspecies as a whole (Northcote 1992). Fish occupying above barrier

stream reaches face potential differences in physical habitat such as stream morphometry,

extremes in flow levels, and temperatures (Elliot 1987). Differences in size at a specific

age, condition factor, and timing of spawning have been observed in above barrier

populations of rainbow trout (0. mykiss) and coastal cutthroat trout (Northcote and

Hartman 1988). Small isolated coastal cutthroat trout populations may be particularly

susceptible to founder effect, bottlenecks, and genetic drift (Allendorf 1983, Campton and

Utter 1987). These populations possibly undergo different selection regimes with regards

to downstream migration (Northcote 1981), smoltification, and seaward migration

(Campton and Utter 1987). Clarification of these patterns may provide insight into the

importance of above barrier fish occupying marginal habitats as well as into life history and

population structure of salmonid species as a whole (Campton and Utter 1987).

The purpose of this study is to describe the genetic and meristic variation within and

among cutthroat trout residing in two coastal basins. I asked, are there genetic differences

in the cutthroat trout residing within a coastal basin? If there are differences, is there

concordance between genotype data and meristic data? The specific objective of this study

was to identify genetic similarities or differences using meristic and allozyme techniques.



2. Methods

Study Areas and Sample Collection

Coastal cutthroat trout were collected in two basins, Elk River, Oregon, and Vixen

Inlet, Alaska (Fig. 1). Two basins separated by a great physical distance were intentionally

chosen for sampling with the expectation that the likelihood of detecting different patterns

of genetic variation would be increased. Forms foundabove and below geologic barriers

which were considered to be bathers to anadromous adults were compared.

The Elk River is located in the Siskiyou National Forest in southern Oregon and

drains an area of approximately 240 km2. Locations of waterfall bathers and of collection

sites are shown in Figure 1. Upper reaches of the basin are characterized by the steep

drainages and high relief of the Klamath Mountains, with an average slope of 80%

(McHugh 1986). Debris flows and landslides are common features of the watershed

(Swanson 1974). The Elk River basin is geologically complex. Soil types, parent

material, and the age of exposed surfaces vary widely, with some dating to the Jurassic

(Baldwin 1976, McHugh 1986).

Coastal cutthroat trout were collected with seine nets from several sites in the

mainstem of Elk River, and with backpack electroshockers in seven tributaries in

September and October, 1992. Tributaries were chosen based on the presence of barriers

and presence of coastal cutthroat trout. Collections were made from multiple sites in each

tributary by sampling upstream from the mouth or from the bather. Sample sizes ranged

from 24 to 36 individuals.

Coastal cutthroat trout in Elk River were collected above bathers at three sites:

China Creek, Anvil Creek, and Rock Creek (Fig. 1). The Rock Creek bather consists of

boulders that appear to have been deposited by land slides or earth flows. It is

approximately 1.5-2.5 m high and may not prevent the upstream migration of anadromous

fish in high flow conditions. The bather at Anvil Creek is approximately 3-4 m high. It is
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Figure 1. Location of Vixen Inlet, Alaska, and Elk River, Oregon. and respective
collection sites at each location. Bars depict geologic barriers.



considered a barrier under high flow conditions by biologists with local knowledge of this

site (Gary Susak, Oregon Department of Fish and Wildlife (ODFW)), personal

communication). The bather at China Creek is located at the confluence of China Creek

and the mainstem of the Elk River. Collections were also made in Bagley Creek, which

was once connected to the mainstem of the Elk River, but was diverted into a mill sluice

pond approximately 50 years ago and was still diverted at the time specimens were

collected (G. Susak, ODFW, personal communication).

The second site, Vixen Inlet, is located in the Tongass National Forest on the

Cleveland Peninsula, an arm of the mainland in southeast Alaska (Fig. 1). This area was

probably glaciated during the Pleistocene, with glacial retreat between 10,000-15,000 years

ago (Mann 1986). As a result, re-invasion of the fish fauna, including coastal cutthroat

trout, is thought to have been relatively recent. A waterfall of approximately 6-7 m is

located in the lower section of this drainage and is considered a bather to migration of adult

anadromous fish. It is not clear how this bather was formed. Tidewater influence extends

approximately to this barrier. Above the barrier, substrate was characterized by bedrock

with little gravel. A 60 ha lake separated the above and below barrier sites from the two

tributary sites in the upper portion of the basin. It had a maximum depth of 22.0 m and

mean depth of 9.8 m, and contained kokanee (0. nerka), stickleback (Gasterosteus

aculeatus), and sculpin (Cottus sp.) (R. Medel, USFS, personal communication). It is not

clear why cutthroat trout were not identified in this survey. Tributaries in Vixen Inlet have

no formal names; two tributaries draining into the lake were designated First and Second

tributaries for identification purposes (Fig. 1). First and Second tributaries were

characterized by low gradient riffle/pool habitats, abundant gravel, and by large woody

debris.

In July of 1992 and 1993, coastal cutthroat trout were collected in four locations in

Vixen Inlet with minnow traps baited with borax-treated salmon roe and with hook and
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line. Sample sizes ranged from 33-54 specimens. In First and Second tributaries,

collections were made over 0.5-0.8 km of stream.

Captured individuals were tagged with an unique identification number, length and

weight measurements were taken, and the specimen was immediately frozen on dry ice.

Individuals larger than 250 mm were dissected in the field; tissues from the eye, heart,

liver, and muscle were removed, placed in individual vials, and stored on dry ice.

Specimens were transferred to freezer facilities (at least C) until electrophoretic

analysis. While they were frozen, tissue samples were removed from smaller individuals

in the laboratory. Muscle tissues and fin clips from the adipose and caudal fin were

collected and archived (storage in -80° C) for potential future research. I collected

representatives of all age classes. It was sometimes difficult to distinguish juvenile coastal

cutthroat trout from rainbow trout in the field. Two loci, CK-A2 and sMEP-1, were used

as laboratory methods to identify rainbow trout that were inadvertently included in the

sample (Campton and Utter 1985, Berg 1987)

Electrophoretic Techniques

Methods for starch gel electrophoresis (following Abersold et al. 1987) were used

in this study to obtain genotype data. Allozyme data from electrophoretic analysis have

proven to be a reliable means for describing the amount of genetic variation within and

among populations (Harris 1966, Utter et al. 1987). This analysis is based on the

genetically-coded variation of amino acid base sequences that make up proteins.

Genetically controlled differences in the size, electrical charge, and structure of a protein

affect the movement of the protein when exposed to an electrical charge in a stable physical

medium (starch-gel). Differential movement of these gene products can be viewed with the

application of enzyme-specific stains. The banding pattern produced by this reaction

represents a phenotype. However, because there is a direct relationship between DNA



sequences and amino acid sequences, the technique allows researchers to identify alleles, or

different forms of a gene which in turn, allows inferences to be made about genotype. This

technique can be used to screen multiple enzymes, representing multiple loci, for many

individuals in a single day. For this study, the relative mobility of alleles for coastal

cutthroat trout were measured by using the common allele in rainbow trout as a standard.

Tissue samples for all coastal cutthroat trout specimens were homogenized and

centrifuged. Samples were then applied to starch gels with paper wicks. Liver, heart,

muscle, and eye tissues were used to screen 59 loci that code for 27 enzymes

(Table I nomenclature follows Shaklee et al. 1990). Three buffers systems were used:

TBE- a Tris-borate EDTA gel and tray buffer (Markert and Faulhaber 1965), TBCLE-a

Tris-citrate gel buffer and lithium hydroxide borate tray buffer (Ridgeway et al. 1970), and

ACE- an amine-citrate-EDTA gel and tray buffer (Clayton and Tretiak 1972).

Meristics

After tissue samples were removed for genetic analysis, specimens were preserved

in 10% forinalin for three days to two weeks, depending on their size, and then stored in

70% ethyl alcohol. Systematic subsamples from each group were taken in the following

manner to ensure representatives of all age classeswere included in the sample. All fish

were included in the sample for meristic counts from sites with 20-29 specimens. A

subsample was taken from collections with 30 or more fish. Specimens from a given site

were removed from storage and ordered by size. The proportion of the total number of

individuals from each collection that would be needed to ensure that each meristic

subsample had a minimum of 20 fish was calculated. This proportion determined the

number of fish selected from each collection. The necessary number of individuals from

the sample was then systematically selected. This was repeated for each sample. For

example, in a sample with 48 individuals it was determined that 50% of the fish would be

needed for meristic counts, meaning every other fish would be selected. A coin flip



Table 1. Enzymes in coastal cutthroat trout examined for this study. Enzyme names from the
International Union of Biochemistry (TUB). Tissues include: M-muscle, L-liver, E-Eye, H-
Heart. See text for abbreviation of buffer systems. a denotes loci which were not consistently
resolved in aU samples and were excluded from further analysis.

I.U.B. Enzyme Name Locus Tissue Buffer

Asparate aminotranlerase sAAt-l.2 M ACE
mAAt-1 M ACEat2 M ACE

Adenosine deaminase ADA-i M ACE
ADA-2 E ACE

Alcohol dehydrogenase ADH L ACE

Adenylate kinase AK-i M ACE

Alanine amino transferase ALAT M ACE

Aconitate hydratase d.sAH L ACE
a1&jj H ACE
am/J2 H ACE

Creaiine kinase CK-A1 M TBCLE
CK-A2 M TBCLE
CK-B B TBE
aCK.C1 E ACE
aCKC2 E ACE

Esterase aEST.3 L TBCLE

Fructose-biphosphate aldolase aF.BALD4 E TG
aFBD2 E TG

Fumarate hydratase fl M ACE

Glycerol-3-pbosphate dehydrogenate G3PDH- 1 M ACE
G3PDH-2 M ACE

Glyceraldehyde-3-phosphate dehydrogenate GAPDH-3 H ACE
GAPDH-4 E ACE
GAPDH-5 E ACE

Glucose-6-phosphate isomerase GPI-A M TBCLE
GPI-B 1 M TBCLE
GPI-B2 M TBCLE



10

Table 1. Continued.

I.U.B. Enzyme Name Locus Tissue Buffer

Guanine deaminase aGDA1 L ACE
L ACE

Glutathione reductase H TBE

Isocitrate dehydrogenase (NADP) sIDHL2 L ACE
mIDH-i M ACE
mIDH-2 M ACE

L-lactate dehydrogenase LDH-A1 M TBCLE
LDH M TBCLE

LDH-B1 E TBE
LDH-B2 L TBCLE
LDH-C E TBE

Malate dehydrogenase sMDH-A1.2 L ACE
sMDH-B1.2 M ACE
mMDH- 1
mMDH-2

Malic enzyme sMEP-i M ACE
sMEP-2 M ACE
mMEP-2 M ACE

Dipeptidase aPEP-A M TBE

Tripeptide aminopeptidase PEP-B M TBE

Peptidase-C aPEP-C E TBE

Proline dipeptidase PEP-D E TBE

Phosphogluconate PGDH L ACE
dehydrogenase

Phosphoglucomutase PGM- 1 M ACE
PGM-2 M ACE
apGM4r L ACE

Superoxide dismutase SOD-i L TBCLE

Triose-phosphate isomerase aTpI. 1 M TG
aTpv2 M TG
al-p13 M TG
a'pJ4 M TG
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determined if the first or second fish would be the initial selection thus establishing the

order of inclusion for the subsample.

Counts of the following meristic characters were made: total number of scales in the

lateral line series, total number of scales above the lateral line, pelvic rays, pectoral rays,

dorsal fin pterygiophores, anal fin pterygiophores, vertebrae counts, gill rakers on the

upper arch, gill rakers on the lower arch, and branchiostegal rays. Pterygiophore counts

did not include the first non branched rays. Pelvic and pectoral fm rays, branchiostegal

rays, and gill rakers of each specimen were stained with alizarin red several days prior to

examination. The lateral line scale series and scales above the lateral line were stained with

malachite green immediately prior to examination. Methods for counts followed Hubbs

and Lagler (1964), except for counts of vertebrae, dorsal fin pterygiophores, and anal fin

pterygiophores which were made from radiographs. Leary et al. (1985) found relatively

high heritability in anal fin rays, dorsal fin rays, pectoral fin rays, pelvic fin rays, upper

and lower gill rakers, mandibular pores and vertebrae, although rearing density affected

vertebrae and pelvic fin rays (Leary et al. 1991), suggesting that these traits are a useful for

detecting differences among populations.

Statistical Analysis

Genetic variation within groups was estimated by a variety of methods. For each

group of fish sampled from a given site, allele frequencies were calculated. These data

provide the basis for all other analyses. Mean numberof alleles per locus for each

population was estimated. Percentage of polymorphic loci where the most common allele

occurs at frequency less than 0.95 also was estimated. Heterozygosity Is the proportion of

individuals that are heterozygous at a single locus. Average heterozygosity was calculated

for each collection site by taking the mean over all loci. To test if collections represented

randomly mating populations (Hard 1991) contingency chi-square tests were used for all

non-duplicated polymorphic loci with expected values of allele frequencies greater than one
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(Lewontin and Felsenstein 1965). This analysis tests for deviations from Hardy-Weinberg

equilibrium. In order for expected values of allele frequencies to be above one, rare alleles

were pooled at the PEP-B and PGM- 1 loci at the Rock Creek above bather sample and at

the PGDH locus from the Elk River mainstem. Leven&s (1949) correction for small

sample size was employed for this analysis. Number of rare alleles (alleles present at a

frequency less than <0.05) were counted. These estimates track the distribution of

individual alleles, which provides a method for interpreting evolutionary forces within or

among populations.

Genetic variation among groups was estimated using three tests. Contingency clii-

square analysis was used to test the hypothesis that there were no allele frequency

differences between pairs of samples among all polymorphic loci. The amount of

population differentiation among groups was quantified with Wright's Fst (Wright, 1978).

This estimate partitions the observed genetic variation within and among groups and

provides a relative measure of the amount of divergence between populations. Measures of

Nei's genetic identity (1972) allow for relative comparisons to be made among groups, and

can be used as a multiocus comparison. I used a geometric matrix of Nei's genetic identity

in two graphical display methods, unpaired group method (UPGMA) cluster analysis and

Multidimensional Scaling (MDS). Because comparisons of populations within basins was

a principle concern, separate UPGMA dendrograrns were produced for the coastal cutthroat

trout populations in Elk River and Vixen Inlet. However, because there was little variation

among groups in the Vixen Inlet basin, the Elk River mainstem population was included as

an outgroup. The MDS method provides a three-dimensional view of the relations among

all sites in Oregon and Alaska arid is based on a geometric matrix of Neits genetic distance.

Genetic data for all samples were analyzed with the computer package BIOSYS-1

(Swofford and Selander 1981). The computer package NTSYS (Rohif 1991) was used for

multidimensional scaling.
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Variation among meristic characters was estimated with two methods. Analysis of

variance (ANOVA) was used to test for significant differences in means of the meristic

characters among populations within each site. Because unequal variances (F-test) were

detected in lateral line series in Oregon collections, ANOVA for this trait was performed on

square root transformed data. Discriminant function analysis was used to identify

differences among groups by creating a linear function of non-correlated meristic traits in

the Oregon and Alaska groups. Using this method, meristic traits can be used

simultaneously to ascertain if there are differences among groups. Correlation analysis was

used to quantify the contribution of each meristic character for each discriminant function.

Characters with significant differences were then ranked in order of the greatest to the least

contribution based on their R value.



3. Results

Genetic Analysis

14

Genetic variation between sites within and among sites was detected with a variety

of techniques. Allele frequencies, mean number of alleles per locus, percentage of

polymorphic loci, number of rare alleles, and Wright's Fst for polymorphic loci are

presented in Table 2. Twelve of 41 loci screened within the Elk River were polymorphic

(0.95 criteria). In other words, the most common allele at these loci occurred at a

frequency of 0.95 or less. Average heterozygosity (direct count estimate) in Oregon sites

ranged from 0.034 to 0.061 (Fig. 2). These estimates of average heterozygosity are

comparable to the range detected in coastal cutthroat trout in the nearby Coquille River

(0.032-0.069) (Currens et al. 1992), but lower than the range detected in Puget Sound,

Washington (0.080-0.129) (Campton and Utter 1987).

Of 50 chi square contingency tests, four loci did not conform to Hardy-Weinberg

proportions. There was a deficiency of heterozygotes at the PEP-B locus in the below

bather Anvil Creek sample (X2=4.7, p=0.03l) and an excess of heterozygotes at the GPI-

B 1 locus in the Anvil Creek above bather sample (X2-4.6, p 0.032). A deficiency of

heterozygotes at the ADH loci was detected in the samples collected from the mainstem of

the Elk River (X2=22.9, p<O.00l) and from Bagley Creek (X2=16.9, p <0.001). China

Creek and upper Anvil Creek are isolated above barriers and fish from these sites had the

lowest numbers of rare alleles (one and two, respectively), while numbers of rare alleles in

other populations ranged from four to six (Table 2).

Contingency chi-square tests were performed among all possible pairs of collection

sites within the Elk River basin (Table 3a). Of these 21 tests, differences were detected

among all pairs of sites (p< 0.05) with the exception of the coastal cutthroat trout samples

from above and below the barrier at Anvil Creek (p=O.35).



Table 2. Allele frequencies for polymorphic loci in four populations of coastal cutthroat trout in Alaska
and seven populations in Oregon. See Figure 1 for collection sites. Allele designation are based on relative mobilities
of electromorphs from muscle, liver, heart and eye tissues compared with a rainbow trout standard. Sample size (N),
mean number of alleles, percentage of polymorphic loci, Wright's Fst and number of rare alleles are presented.

Collection Sites
Alaska Oregon

Locus AKI AK2 AK3 AK4 0R2 0R3 0R4 0R5 0R6 0R7 0R8

sAAT- 1.2
N 66 86 106 96 52 54 46 56 72 78 48
100 1.000 1.000 1.000 0.995 0.971 1.000 0.989 0.955 0.965 0.987 1.000
114 0.000 0.000 0.000 0.000 0.000 0.000 0.011 0.045 0.000 0.0 13 0.000
85 0.000 0.000 0.000 0.005 0.029 0.000 0.000 0.000 0.350 0.000 0.000

mAAT-1
N 20 43 53 48 26 27 22 28 36 39 24
100 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.974 0.750
-94 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.026 0.250

ADH
N 20 43 53 48 26 27 23 28 36 39 24
-100 1.000 1.000 1.000 1.000 1.000 0.944 1.000 1.000 0.958 1.000 1.000
-89 0.000 0.000 0.000 0.000 0.000 0.056 0.000 0.000 0.042 0.000 0.000



Table 2. continued

Alaska Oregon
Locus AK1 AK2 AK3 AK4 0R2 0R3 0R4 0R5 0R6 0R7 0R8

AK-i
N 33 43 53 48 26 27 23 28 36 39 24
100 1.000 1.000 1.000 0.958 1.000 1.000 1.000 1.000 1.000 1.000 1.000
37 0.000 0.000 0.000 0.042 0.000 0.000 0.000 0.000 0.000 0.000 0.000

ALAT
N 33 43 53 48 26 27 23 28 36 39 24
100 1.000 0.986 0.875 0.979 1.000 1.000 1.000 1.000 1.000 1.000 1.000
95 0.000 0.000 0.019 0.02 1 0.000 0.000 0.000 0.000 0.000 0.000 0.000
108 0.000 0.014 0.106 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

CK-A2
N 33 43 53 48 26 27 23 28 36 39 24
100 0.0 15 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
85 0.850 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

FF1

N 20 43 53 48 26 27 23 28 36 39 24
100 1.000 1.000 0.991 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
1 16 0.000 0.000 0.009 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000



1e 2. continued

US

[-B!

160

mIDHP- 1
N

100
140

sIDHP-1,2
N

100

40
123

71

25

Alaska Oregon
AK! AK2 AK3 AK4 0R2 OR3 OR4 0R5 0R6 0R7 0R8

31 43 50 48 13 27 6 24 36 31 24
0.823 0.860 0.870 0.885 0.654 0.907 0.750 0.688 1.000 0.677 0.938
0.177 0.140 0.130 0.115 0.346 0.093 0.250 0.312 0.000 0.323 0.062

33 43 53 48 26 27 23 28 36 39 24
1.000 1.000 1.000 1.000 1.000 1.000 0.978 1.000 1.000 1.000 1.000
0.000 0.000 0.000 0.000 0.000 0.000 0.022 0.000 0.000 0.000 0.000

64 86 106 96 52 54 46 56 72 72 48
0.250 0.244 0.250 0.255 0.250 0.250 0.239 0.223 0.257 0.27 1 0.250
0.000 0.000 0.000 0.016 0.000 0.019 0.000 0.000 0.049 0.007 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.02 1 0.000
0.750 0.756 0.750 0.729 0.750 0.704 0.761 0.777 0.694 0.708 0.750
0.000 0.000 0.000 0.000 0.000 0.019 0.000 0.000 0.000 0.000 0.000



Table 2, continued

Alaska Oregon
Locus AK1 AK2 AK3 AK4 OR2 0R3 0R4 0R5 0R6 0R7 0R8

LDH-A2
N 33 43 53 48 26 27 23 28 36 39 24
100 1.000 1.000 1.000 0.990 1.000 1.000 1.000 1.000 1.000 1.000 1.000
55 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
87 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
51 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.028 0.000 0.000
64 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

LDH-B2
N 33 43 53 48 26 27 23 27 36 39 24
100 0.970 0.977 0.981 1.000 0.962 0.907 0.978 1.000 1.000 0.987 0.958
70 0.000 0.000 0.000 0.000 0.019 0.074 0.022 0.000 0.000 0.013 0.042
125 0.030 0.000 0.019 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
110 0.000 0.023 0.000 0.000 0.0 19 0.000 0.000 0.000 0.000 0.000 0.000
92 0.000 0.000 0.000 0.000 0.000 0.019 0.000 0.000 0.000 0.000 0.000

sMDH-A I 2
N 66 86 106 96 52 54 24 56 72 72 48
100 0.962 0.930 0.816 0.896 1.000 1.000 1.000 1.000 1.000 1.000 1.000
62 0.038 0.070 0.184 0.104 0.000 0.000 0.000 0.000 0.000 0.000 0.000



Table 2. continued

Locus AK1 AK2
Alaska

AK3 AK4 0R2

--

OR3 0R4
Oregon

0R5 0R6 OR7 0R8

sMDH-B 1,2
N 64 86 106 96 52 54 24 56 70 72 48
100 0.984 1.000 1.000 1.000 1.000 1.000 0.979 1.000 0.972 0.868 1.000
78 0.016 0.000 0.000 0.000 0.000 0.000 0.021 0.000 0.028 0.083 0.000
113 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.049 0.000

mMDH-2
N 20 43 53 48 26 27 23 28 36 39 24
100 1.000 1.000 0.98 1 1.000 1.000 1.000 1.000 0.982 1.000 1.000 1.000
75 0.000 0.000 0.019 0.000 0.000 0.000 0.000 0.018 0.000 0.000 0.000

sMEP- 1

N 20 43 53 48 26 27 23 28 36 39 24
100 1.000 1.000 0.991 1.000 0.923 0.870 1.000 1.000 0.986 1.000 1.000
110 0.000 0.000 0.000 0.000 0.0 19 0.0 19 0.000 0.000 0.000 0.000 0.000
95 0.000 0.000 0.009 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
84 0.000 0.000 0.000 0.000 0.058 0.111 0.000 0.000 0.014 0.000 0.000

sMEP-2
N 33 43 53 48 26 27 23 28 36 38 24
100 0.000 0.000 0.009 0.000 0.000 0.037 0.022 0.000 0.000 0.013 0.021
115 1.000 1.000 0.991 1.000 1.000 0.944 0.978 1.000 1.000 0.987 0.979
124 0.000 0.000 0.000 0.000 0.000 0.019 0.000 0.000 0.000 0.000 0.000



Table 2. continued

Alaska Oregon
Locus AK! AK2 AK3 AK4 0R2 0R3 0R4 0R5 0R6 0R7 0R8

mMEP-1
N 20 43 53 48 26 27 23 28 36 39 24
100 1.000 1.000 0.991 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
72 0.000 0.000 0.009 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

PEP-B

N 31 40 50 44 26 27 21 28 31 37 24
100 0.500 0.562 0.370 0.443 0.096 0.167 0.690 0.750 0.355 0.459 0.854
125 0.500 0.438 0.630 0.557 0.885 0.833 0.310 0.250 0.645 0.541 0.146
135 0.000 0.000 0.000 0.000 0.019 0.000 0.000 0.000 0.000 0.000 0.000

PEP-D

N 31 43 50 44 26 27 23 28 31 39 24
100 1.000 1.000 1.000 1.000 0.962 1.000 1.000 1.000 1.000 1.000 1.000
112 0.000 0.000 0.000 0.000 0.038 0.000 0.000 0.000 0.000 0.000 0.000

PGDH
N 33 43 53 48 26 27 23 28 36 39 24
100 0.924 0.837 0.953 0.969 0.827 0.889 1.000 1.000 0,903 0.846 1.000
92 0.000 0.000 0.000 0.000 0.173 0.111 0.000 0.000 0.000 0.103 0.000
106 0.076 0.163 0.047 0.031 0.000 0.000 0.000 0.000 0.000 0.038 0.000
87 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.097 0.0 13 0.000

t'J



2. continued

Alaska Oregon
AK! AK2 AK3 AK4 0R2 0R3 0R4 0R5 0R6 0R7 0R8

PGM- 1

N 30 42 52 45 23 23 21 27 36 38 21
100 0.450 0.405 0.510 0.444 0.522 0.500 0.405 0.370 0.569 0.355 0.738
78 0.550 0.595 0.490 0.556 0.391 0.500 0.476 0.48! 0.333 0.447 0.262
125 0.000 0.000 0.000 0.000 0.087 0.000 0.119 0.148 0.097 0.197 0.000

PGM-2
N 20 43 53 48 26 27 23 28 36 39 24
-100 1.000 1.000 0.991 1.000 1.000 1.000 1.000 1.000 0.986 0.987 1.000
-200 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.0 14 0.013 0.000
-10 0.000 0.000 0.009 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

sSOD-1
N 33 43 53 48 26 27 22 28 36 39 24
100 0.864 0.953 0.962 0.906 1.000 0.889 0.955 1.000 0.875 0.821 1.000
146-152 0.136 0.047 0.038 0.094 0.000 0.111 0.045 0.000 0.125 0.179 0.000

meannumberof 1.2 1.23 1.4 1.25 1.3 1.38 1.22 1.14 1.27 1.32 1.16
alleles per locus 0.06 0.07 0.11 0.08 0.11 0.12 0.08 0.07 0.09 0.11 0.06
and (SE).



Table 2. continued

Alaska
AK1 AK2 AK3

Po'ymorphic loci 12.5 12.5 12.5
0.95 level

Rare alleles 3 4 11

<0.05

Wright's Fst (1978) Alaska=0.015

Oregon
AK4 0R2 0R3 0R4 0R5

12.5 13.5 24.3 8.1 8.1

0R6 0R7 0R8

10.8 13.5 10.8

5 5 6 4 1 5 6 2

Oregon=0.095
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Figure 2. Mean ( SD) heterozygosity of 41 loci from coastal cutthroat trout in four sites in
Vixen Inlet, Alaska, and seven sites in Elk River, Oregon. See Figure 1 for collection site
abbreviations.



Two alleles that are more commonly seen in rainbow trout, sMEP-2 (115) and CK-

A2 (100)(Campton and Utter 1985. Berg 1987), were detected in the trout residing in

below barrier Rock Creek. The detection of these alleles suggests that there were either

rainbow trout in the sample or introgression between rainbow and coastal cutthroat trout at

this site. After removing the individuals that possessed these alleles, the Rock Creek

sample size dropped below ten. Consequently, I removed the below barrier Rock Creek

sample from further analysis and did not explore methods to identify introgression between

these two species.

Cluster analysis (UPGMA) based on Nei's (1972) genetic identity produced the

dendrogram in Figure 3a. The dendrograrn showing Elk River populations has three main

groups or clusters. First, the Elk River mainstem, Bagley Creek, and Rock Creek

populations cluster together in the first node of the diagram. Anvil Creek above and below

barrier, and Bald Mountain Creek cluster together just below this, making the second node.

Third, China Creek is separate from all of these groups. Within the first node, the Elk

River mainstem and Bagley Creek are similar, and they group separately from Rock Creek

above barrier. These three sites are located in the lower portion of the Elk River basin (Fig.

1). Within the second node, Anvil Creek above and below barrier are similar, and they

separate from Bald Mountain Creek. These sites are located in the central portion of the Elk

River basin. The third group consisted of only China Creek, which is located between

Anvil Creek and Bald Mountain Creek, and is isolated from both by the mainstem (Fig. 1).

The partitioning of variation within and among groups in the Elk River Basin was

estimated with Wright's Fst (1978). The amount of variation described by differences

among groups, averaged over all toci, is 0.095. This suggests that 9.5% of the genetic

variation that is present in the Elk River is associated with differences detected among

groups. The remaining 90.5% of genetic variation is partitioned within groups. A

comparable statistical measure, the Ost, estimated that 5.8% of the genetic variation was

partitioned among groups within in Puget Sound, although a portion of this (1.17%) was
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Figure 3. Dendrogram of Nei's genetic identity (1972) for unpaired group analysis among
coastal cutthroat trout from a) Elk River, Oregon, and b) Vixen Inlet, Alaska, based on 41
loci.
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accounted for by variation between year classes (Campton and Utter 1987). The variation

between year classes was not estimated.

Allele frequencies, mean number of alleles per locus, percentage of polymorphic

loci, number of rare alleles, and Wright's Fst for polymorphic loci included in the analysis

for the Alaska populations are presented in Table 2. Nine of 41 loci were estimated to be

polymorphic at the 0.95 level within the Vixen Inlet samples. Average heterozygosity

(direct-count estimate) in Alaska ranged from 0.042 to 0.054 (Fig. 3b), and are higher than

the levels of heterozygosity detected in the Elk River. Out of 39 comparisons, one locus

did not conform to Hardy-Weinberg expectations. There was a deficiency of heterozygotes

at the ALAT locus in the first tributary sample (X2=27.6, p<O.Ol). The number of rare

alleles ranged from three in the above falls sample to 11 in the first tributary sample. Of

these 11 rare alleles in the first tributary sample, five (mMDH-2, mMEP-1, sMEP-1,

sMEP-2, PGM-2) occurred at loci that were monomorphic, or showed no variation, in the

other Vixen Inlet samples. The variation in three of these loci (sMEP-1, mMEP-1 and

mlvlDH-2) was detected only in two individual fish (fork length 236 mm and 197 mm).

Fork lengths in this sample ranged from 98 to 236 mm.

Results of chi-square contingency tests among pairs of sites are presented in Table

3b. Differences were detected among all pairs of samples (p< 0.01) with the exception of

the below bather site and second tributary site (p= 0.11). Variation between year (1992

and 1993) for the below bather sample was not calculated.

The dendrogram based on a matrix of Nei's (1972) genetic identity for the Vixen

Inlet collection sites suggests that there is some substructunng among the groups (Fig. 3b).

However, this dendrogram shows that there is less divergence among populations of

coastal cutthroat trout in Vixen Inlet than among populations in Elk River. Differences

among the Elk River collection sites are more pronounced than the differences detected

between the Elk River mainstem and the Alaska sites.
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Table 3. Results of pairwise contingency table chi square analysis of allele frequency
homogeneity of coastal cutthroat trout from Elk River, Oregon (a), and Vixen Inlet, Alaska
(b) sites. *** denotes significant differences among samples at p<O.001, ** denotes
significant differences at p<zO.Ol, and * denotes significance level at p<O.05. See Figure 1
for collection site abbreviations.

a) 0R2 0R3 0R4 0R5 0R6 0R7

0R3 X2=37
df= 19
**

0R4 X2=63 X2=58
df=17 df=18

0R5 X2=78 X2=90 X2=12
df=14 df=17 df=l1

p=O.35

0R6 X2=69 X2=44 X2=58 X2=89
df=18 df=19 df=16 df=15
*** *** *** ***

0R7 X2=71 X2=72 X2=30 X2=59 X2=75df2l df=21 df=16 df=16 df18
* ***

0R8 X2=107 X2=96 X2=36 X2=49 X2=87 X2=106
df=d4 df=1 6 df 11 df=9 df=16 df4 6

b) AK1 AK2 AK3

AK2 x2=34
df=16

**

AK3 X2=78 X2=52
df=21 df=21
***

x2=61 X2=27 X2=46
AK4 df=19 df=19 df=24

*** p=O.11 **



The amount of variation described by differences among groups, averaged over all

loci, is 0.016 in Vixen Inlet. This suggests that 1.6% of the genetic variation present in

coastal cutthroat trout in Vixen Inlet, including the Elk River mainstem as an outgroup, is

associated with differences detected among groups. The remaining 98.4% of genetic

variation is within groups of fish. It may also suggest that there are no differences among

these groups as this test may not be sensitive enough to differentiate between zero and

1.6%. It is important to note, however, that the amount of genetic variation among the

cutthroat trout in Vixen Inletwas lower than the genetic variation among the cutthroat trout

in Elk River.

Multiple dimensional scaling is based on a geometric matrix of Nei's genetic

identity values and allows for a graphic display of the populations on a three dimensional

scale (Fig. 4). The Alaska populations are centered in the graph in close proximity to one

another while the Oregon populations are distributed throughout the three-dimensional

space. There were four loci that were variable only in the Oregon populations (mAAT- 1,

ADH, PEP-D, mIDHP-1) There were four loci that were variable only in Vixen Inlet

populations (AK-i, CKA2, LDH-A2, sMDHA-1,2, and mMEP-1). These differences

account for the generalized separation of the Alaska populations from the Oregon

populations. The closer grouping of the Alaska populations further suggests that the

differences among the Alaska populations are not as pronounced as differences among the

Oregon fish.



Figure 4. Genetic patterns among 11 populations of coastal cutthroat trout from Elk River,
Oregon, and Vixen Inlet, Alaska, based on multidimensional scaling of coastal cutthroat
trout from Oregon and Alaska.
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Meristic Analysis

Sample sizes, means and standard errors (SE), and significance levels from

AND VA tests of the meristic variables are presented in Table 4. Counts of upper and lower

gill raker are presented as the sum of two because these characters were correlated in

samples from the Oregon and Alaska populations. Scale counts for the lateral line series

were excluded from further analysis because they were correlated with scales above the

lateral line in Elk River (r=0.49, p< 0.001). Values from lateral line series (r=0.46,

p<0.00l) and branchiostegals (r=0.28, p<O.00l) in Vixen Inlet were also excluded from

further analysis based on significant levels of correlation.

More meristic counts differed among populations in the Elk River than among

populations in Vixen Inlet. In Elk River, there were differences among all nine meristic

characters (p <0.05). When scales above the lateral line were not considered, only number

of vertebrae and number of dorsal rays were different among Vixen Inlet populations (p <

0.01, p <0.02, Fig. 5). There is overlap in the 95% confidence interval in the graphic

display of these two features, however, it appears that the difference among sites is largely

attributed to First tributary.

The pattern of variation in meristic characters among populations in Elk River and

Vixen Inlet was similar to the genetic pattern. In Elk River, two discriminant functions

accounted for 70% of the variation. Mean scores of the first discriminant function, which

accounted for 39% of the variation, separated fish from China Creek and Bagley Creek, to

a lesser extent, from other Elk River populations (Fst=13.3, p<0.00l, Fig. 6a). China

Creek was at one extreme and Bagley Creek at another. China Creek fish are characterized

by fewer gill rakers and more pelvic and pectoral rays. A second discriminant function,

which accounted for 31% of the variation, separated the Bagley Creek population from all

of the other sites (F=l0.5, p<O.Ol) (Fig. 6b). The percentage of correct classification

ranged from 15.8% for Bald Mountain Creek to 70% for China Creek (Table 5).



Table 4. Sample size, mean and standard error (SE), F-statistic significance level from nine meristic counts for coastal
cutthroat trout in Vixen Inlet, Alaska, and Elk River, Oregon. ** denotes significant level ofp<O.Ol, * denotes significance
level of p<O.O5, and not significant (ns).

Sites Scales in Scales above Upper and BranchistegalN lateral line N lateral line N Pectoral rays N Pelvic rays N Lower Gill N Rays N Vertebrae N Dorsal ray N Anal rayseries series rakers pterygiophores pterygiophores31 150.6 32 34.22 23 13.6 23 9.03 31 16.5 30 11.47 43 61.16 42 11.1 41 10.9AKI (1.30) (0.41) (0.11) (0.03) (0.19) (0.12) (0.02) (0.1) (0.10)
154.6 T 36.3 13,65 1 9.17 T 17.35 11.26 iT 61.16 Th 11.2 10.9AK2 11.96) (0.56) (0.14) (0.08) (0.29) (0.16) (0.16) (0.1) (0.12)

T 149.1 35.6 13.7 9.07 iT 16.8 11.44 T 60.6 10.9 10.9AK3 (1.67) (0.41) (0.09) (0.05) (0.21) (0.12) (0.13) (0.09) (0.09)
T 148.1 iT 34.31 2 I3.8 9.22 iT 17.08 7 11.45 iT 61.23 11.2 4 11.1AK4 (2.16) (.054) (0.11) (0.08) (0.21) (0.13) (0.11) (0.07) (0.09)

ANOVA F=2.4 F=4.5 F=1.08 F=1.87 F=265 E=.5.0 F=4.5 F=4.48 F=.8ns **
ns r.s fl * * *

ns
0R2 146.4 iT 36.4 14.04 26 9.46 26 18.31 25 10.68 iT 60.43 11.3 24 10.7(2.06) (0.46) (0.08) (0.11) (0.21) (0.14) (0.12) (0.11) (0.11)
0R3 142.4 iT 33.8 13.96 9.38 iT 18.03 iT 11.72 iT 60.6 7 10.9 10.9(2.05) (0.6) (0.10) (0.97) (0.27) (0.18) (0.20) (0.11) (0.12)
0R4 ö 153.1 iT 37.57 14.09 9.39 T 19.09 T 11.29 iT 61.3 t 11.5 11.1(2.75) (0.52) (0.13) (0.10) (0.23) (0.18) (0.18) (0.I3) (.18)
0R5 148.0 iT 37.0 14.5 9.36 iT 18.96 11.0 iT 60.85 10.8 10.7(1.40) (0.44) (0.12) (0.09) (0.25) (0.14) (0.16) (0.11) (0.1)
0R6 158.5 35.9 13.88 9.19 7 18.62 11.21 5 6113 11.4 TI 10.8(1.63) (0.64) (0.12) (0.07) (0.21) (0.11) (0.16) (0.15) (0.11)
0R7 iT 146.4 36.1 13.85 iT 9.15 iT 18.19 11.42 61.07 5 11.3 10.8(2.11) (0.60) (0.13) (0.07) (0.21) (0.11) (0.17) (0.15) (0.1)

0R8 iT 143.6 35.5 13.63 iT 8.83 iT I6.67 10.75 61.63 11.43 ö 10.4(1.38) (0.56) (0.12) (0.09) (0.34) (0.12) (0.18) (0.15) (0.13)
ANOVA F11.85 F=l0.4 F=5.5 P=5.13 F=1O.4 F=6.6 F=5.16 F=3.67 F=2.93** ** ** ** ** ** ** ** **(square root

transformed)



Above Falls -1 0

Below Falls -o

First
Tributary

Second p
Tributary

60.0 60.5 61.0 61.5

Vertebrae

Above Falls

Below Falls

First
Tributary

Second
Tributary

1

Dorsal Rays

33

Figure 5. Mean plots (± 95% confidence interval) for two meristic traits a) vertebrae and b)
dorsal rays of coastal cutthroat trout from four sites in Vixen Inlet, Alaska.
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Figure 6. Group means and 95% confidence intervals of discriminant scores of menstic
traits from populations of coastal cutthroat trout in Elk River, Oregon. Traits are listed in
the order of their relative contribution to differentiating the groups.



Table 5. Count and percentage of correct classification based on discriminant analysis of eight meristic traits from coastalcutthroat trout in Elk River, Oregon.

Site 0R2

count %

0R3

count %

0R4

count %

0R5

count %

0R6

count %

0R7

count %

0R8

count %
0R2 10 455 4 18.2 1 4.5 4 18.2 2 9.1 1 4.5 0 0.0

0R3 4 17.4 12 521 0 0.0 1 4.4 2 8.7 3 13.0 1 4.4

0R4 3 16.7 0 0.0 8 444 3 16.6 1 5.6 1 5.6 2 11.1

0R5 4 143 0 00 3 107 14 500 3 107 2 71 2 71

0R6 1 3.5 5 17.2 3 10.3 5 17.2 8 27,6 5 17.2 2 6.9

0R7 3 158 3 158 3 158 2 105 4 211 3 158 1 53

0R8 1 5.0 0 0.0 1 5.0 0 0.0 2 10.0 2 10.0 14 700
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In Vixen Inlet, one discriminant function accounted for 72% of the variation among

groups (Fig. 7). Mean plots of discriminant scores are different based on ANOVA (F

7.02, p<O.001). The below barrier site and Second tributary appear to be more similar to

each other than to the other two sites. These data are similar to the results based on

genotype. The percent of correct classification for Vixen Inlet ranged from 22.2% to 50%

(Table 6).

Above Falls

Below Falls

First
Tributary

Second
Tributary

-1.0

First Discriminant Function

Fewer Vertebrae > More
Fewer *- Dorsal rays > More
Fewer < Pelvic rays > More
Fewer Gifl rakers > More
Fewer *- Anal rays > More
More Pectoral rays > Fewer

Figure 7. Group means and 95% confidence intervals of discriminant scores of meristic
traits from populations of coastal cutthroat trout in Vixen Inlet, Alaska.
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Table 6. Count and percentage correct classification based on discriminant analysis of six
meristic traits of coastal cutthroat trout from Vixen Inlet, Alaska. See Figure 1 for
collection site abbreviations.

Site

AKI

AK2

AK3

AK4

AKJ

count

11

1

6

7

AK2

% count

36.7 3

11.1 2

23.1 3

30.4 6

AK3

% count

10.0 10

22.2 2

11.5 13

26.1 4

AK4

% count

33.3 6

22.2 4

:500

17.4 6

%

20.0

44.4

15.4

26 1



4. Discussion

Variation within and among groups was detected in coastal cutthroat trout residing

above and below barriers in Elk River, Oregon and in Vixen Inlet, Alaska. The level of

genetic variation was higher among groups in the Elk River. This may reflect the extended

period of isolation among local populations in this watershed, as geologic formations in Elk

River are dated to the upper Jurassic or lower Cretaceous (136 mya) (Baldwin 1976).

However, Elk River is geologically complex, and there are intrusions of earlier rock types

throughout the basin (C. Ricks, USFS, Gold Beach, OR, personal communication) which

may lead to differences in temporal isolation. Therewere smaller differences in variation

among populations in Vixen Inlet which may reflect the relatively recent invasion of coastal

cutthroat trout since glacial retreat in the late Pleistocene, approximately 15,000 years ago

(Hicks and Shofnos 1965). Meristic variation was detected at both sites, although again,

more differences were detected in the Elk River than in the Vixen Inlet site. Finally, at both

sites there was concordance between the detected genetic and meristic variation.

In general, conformance to Hardy-Weinberg expectations suggests that populations

are randomly mating and are free from evolutionary factors that affect genotype

frequencies, such as immigration or natural selection (Hartl 1991). Populations which

deviate from Hardy-Weinberg expectations probably do not conform to one or more of the

assumptions of the model. In Elk River, an excess of heterozygotes in the Anvil Creek

above barrier site suggests that non-random mating or inbreeding may be occurring,

possibly as a result of small population size. Further, a deficiency of heterozygotes in the

Anvil Creek below barrier site suggest that the sample included a mixed population

(Wahlund 1928).

The remaining loci that do not conform to Hardy-Weinberg proportions in the Elk

River coliection sites may be an artifact of statistical testing. At the ADH locus a deficiency

of heterozygotes was detected in the mainstem Elk River and in Bagley Creek. In both
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cases the expected values fell below five, which is considered a more conservative cut-off

for Chi-square tests (Sokal and Rhoif 1981). The deficiency of heterozygotes at Bagley

Creek is puzzling because this site has no access to the mainstem under any flow

conditions. The deficiency of heterozygotes in the Elk River mainstem and in the Anvil

Creek below barrier site suggest that mixed sampling occurred. For the purposes of this

study, none of these sites were combined for further statistical analysis for two reasons.

First, it was possible that, in some cases, deficiency in the number of heterozygotes was an

artifact of statistical testing, and second, there was no ecological information that suggested

better combinations of sampling Sites.

The genetic structure of a species is shaped by evolutionary processes, such as

mutation, natural selection, gene flow, and genetic drift (Wright 1978). Gene flow in

coastal cutthroat trout may occur through several venues including migration of individuals

within a basin, movement of individuals among basins, and downstream migration of fish

that are otherwise isolated above barriers. Lack of significant differences between above

and below bather coastal cutthroat trout in Anvil Creek, Oregon, suggests that there may be

gene flow between the pair of samples or that they have only been relatively recently

isolated.

All populations may be subject to genetic drift, but small populations are

particularly susceptible (Harti 1991). Outcomes of the process of genetic drift cannot be

predicted, and there may be unique outcomes for isolated populations. However, genetic

drift reduces the overall amount of genetic diversity in populations (Allendorf 1983). In the

above bather Anvil Creek site low values of l)numbers of rare alleles, 2) mean number of

alleles per locus, 3) percent of polymorphic loci, and 4) average heterozygosity suggest that

this population may have undergone genetic drift. Similar patterns resulting from a small

effective population size in brood stock have been observed in hatchery populations of

westslope cutthroat (0. clarki lewisi , Allendorf and Phelps 1980) and in a reproductively

isolated resident population of coastal cutthroat trout in Puget Sound (Campton and Utter



1987). The detection of so few rare alleles in the above barrier Anvil Creek population may

suggest that if there is gene flow between the two sites it may be a one-way contribution

from the above bather to the below barrier site. If there were contributions from the below

bather population to the above bather population fewer differences between the two sites

would be expected in the number of rare alleles and in the estimate of average

heterozygosity, as gene flow tends to balance the effects of drift (Allendorf 1983).

Coastal cutthroat trout that reside above bathers represent a unique spatial

organization, an important feature of the long-term persistence of populations (Gilpin

1987). Above bather populations may be small and isolated, and particularly susceptible to

genetic drift (Harti 1991). The outcome of genetic drift is not predictable, hence, these

populations may represent unique information. In basins where waterfall bathers are a

common geographic feature, multiple populations containing unique genetic information

may be present. In addition, above bather fish may be influenced by different selection

regimes (Northcote 1992). This information may be transferred to below bather

populations through one-way exchange of gene flow. Perhaps this mechanism partially

accounts for the population structure among below barrier anadromous populations of

coastal cutthroat trout, which are characterized by high levels of genetic divergence among

groups (Utter et al. 1973).

Coastal cutthroat trout residing in China Creek are characterized by low average

heterozygosity and low numbers of rare alleles when compared with other Elk River

populations. This population may have undergone genetic drift. Based on the amount of

divergence of China Creek from other Elk River sites it is possible that these coastal

cutthroat trout have been isolated for an extensive period of time. The China Creek

population is maintaining the unique mAAT-94 allele at relatively high levels. Researchers

observed similar patterns in westslope cutthroat trout where geographically rare alleles

occurred at high frequencies in local populations (Allendorf and Leary 1988). This allele in

China Creek may have occurred in high frequencies in the founding population and has
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been maintained in the population throughout successive generations. Alternatively, the

allele could have reached these levels through the process of genetic drift. The mAAT-94

allele was detected in one individual in Bald Mountain Creek. This individual may have

originated in China Creek or may be the progeny of an individual from China Creek who

survived downstream migration to reproduce with a below barrier individual.

Rock Creek, another above barrier population on the Elk River, has higher

heterozygosity and number of rare alleles than China Creek or Anvil Creek above barrier.

This suggests that this Rock Creek population has not undergone genetic drift. Because the

barrier is relatively low on Rock Creek it is possible that there is upstream contribution

from the below barrier population.

Bagley Creek was diverted from the mainstem approximately 50 years ago. The

coastal cutthroat trout in this site may have undergone genetic drift, however, these fish had

high polymorphism and the largest number of rare alleles (six) of all Elk River populations.

Discriminate analysis successfully differentiated this site from all other Elk River sites

based on meristic data. These results suggest that Bagley Creek may have represented a

unique population before it was diverted and that the unique features (high polymorphism,

relatively high numbers of rare alleles) were maintained in the population after it was

diverted. Alternatively, and perhaps more likely, it is possible that after the stream was

diverted there was an introduction, or introductions, of coastal cutthroat trout from

locations other than Bagley Creek or other than the Elk River. There is no written record of

such an introduction, but introductions of fishes are not always documented.

In Vixen Inlet, there was less genetic divergence among groups than observed in

Elk River. This possibly reflects the recent isolation of these populations. It appears

possible, however, that in addition to the timing of isolation there may be other

evolutionary forces, such as gene flow, resulting in the lack of differences between the

second tributary site and the below barrier site. If there is differential migration of

individuals in the second tributary site than in first tributary there could be higher
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contribution of these fish to the below barrier populations. For instance, if fish in the

second tributary were undergoing differential growth rates it is possible that they leave the

system at different rates. However, it is difficult to determine any differences in the

physical habitat that could account for this behavior.

Allelic diversity in Vixen Inlet was in the form of rare alleles. Few unique alleles

were present in high frequencies. A high number of rare alleles occurred in First tributary

which suggests that this population has not recently undergone genetic drift. Allendorf and

Leary (1988) have suggested that conservation biologists need not manage for rare alleles,

as the loss of rare alleles is not likely to be harmful to a population. Instead, efforts should

be focused on populations which contain unique alleles that occur at high frequencies.

Following these guidelines, they have recommended two different approaches for

managing Westslope and Yellowstone cutthroat (0. clarki bouvieri) (Allendorf and Leary

1988). Allelic diversity in westslope cutthroat is composed of alleles that occur at high

frequencies, but are restricted to local populations. To avoid losing the allelic diversity of

westslope cutthroat these local populations are recommended to be maintained. In contrast

to this, there is little allelic diversity among Yellowstone cutthroat populations. The alleles

occurring at high and low frequencies are present throughout this subspecies range. To

preserve the allele frequencies present in these populations only a few populations need to

be maintained.

It appears that the pattern of allelic diversity in coastal cutthroat trout, particularly in

above bather populations, is not predictable. In Elk River populations unique alleles were

detected in high frequencies, but in Vixen Inlet, this pattern was not observed. Therefore,

it is difficult to generalize about the appropriate scale for managing these populations. The

most conservative approach is to understand the allelic diversity in local populations and the

variation in other characters, such as life history or meristics.

Despite the presence of population structuring for Elk River and Vixen Inlet, the

overall genetic similarity (0.0987, 0.997 Nei's genetic identity, respectively) is comparable
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to that observed within other species (Avise 1975). Rainbow trout above a barrier in the

White River, Oregon, were genetically andmorphologically distinct from Deschutes River,

Oregon, native and non-native populations (Nei's genetic distance approximately 0.002,

Currens et al. 1990). Rainbow trout from Jenny Creek, Oregon, isolated above a barrier

for approximately five million years from Smith River, Oregon, were distinctive from

adjacent tributaries and had a similar level of genetic divergence (Nei's genetic distance

approximately 0.002) as the Deschutes River populations (Currens 1990). Divergence

among coastal cutthroat trout within Puget Sound, Washington, suggests restricted gene

flow between the northern and southern region (Nei's genetic identity > 0.097) (Campton

and Utter 1987). Divergence among coastal cutthroat trout was detected at a smaller spatial

scale in Muck Creek Basin Ft. Lewis, Washington (Nei's genetic distance 0.010)

(Zimmerman 1995). The level of divergence among populations in the Elk River, in

absolute terms, is low and suggests that Elk River coastal cutthroat derive from a common

ancestor (Campton and Utter 1987). It is important to note that this level of divergence

occurs in a small spatial scale, yet is comparable to the level of divergence between two

subspecies of cutthroat trout, Colorado cutthroat (0. clarki pleuriticus) and Yellowstone

cutthroat (Nei's genetic distance 0.0 12), which has a distribution extending across a large

geographic area (Allendorf and Leary 1988). This suggests that above barrier populations

of coastal cutthroat trout provide unique opportunities to explore the processes of

evolution, particularly genetic drift (Campton and Utter 1987) in wild populations.

Patterns of meristic variation were similar to the patterns of genetic variation in Elk

River and Vixen Inlet, suggesting that these traits may have diverged at similar rates.

Meristic counts fell within the range of those observed by Zimmerman (1995) and Behnke

(1979), although gill raker numbers in China Creek and in the above bather and First

tributary sites in Vixen Inlet fell below the typical numbers (17-18). However, Behnke

(1979) observed low gill raker numbers (16.5) in Penn Creek, an isolated stream in

northern California.



Allozyme and morphological comparisons among seven cutthroat trout subspecies

with rainbow trout suggest that morphological andprotein evolution have proceeded at

different rates (Leary et al. 1987). It has been noted that morphological characters are

expected to diverge more rapidly than gene frequencies detected by electrophoresis in

isolated populations (Lewontin 1984). In the present study meristics were as useful as

allozymes for identifying differences between China Creek and other Elk River

populations. However, similar scales of differences were not observed in other isolated

populations in the Elk River. From this data, it is difficult to make generalizations about

the differences observed among local populations of coastal cutthroat trout with meristics.

The extent of temporal isolation may be one factor, as well as local conditions.

Management Considerations

Isolation and limited dispersal are some of the factors that increase the risk of

extinction to local populations (Soulë 1983). These conditions describe the state of above

bather coastal cutthroat trout in much of their range. If these populations contribute unique

information to below barrier populations, as may be case in China Creek, Oregon, they

may have long-term effects on the persistence of below barrier population. These

populations may require special consideration because of the potential for their unique role.

Loss of alleles in a population represents a permanent loss of genetic diversity and may

have consequences for the response of individuals in dynamic environments (Allendorf

1986).

Anadromous coastal cutthroat trout are reportedly declining throughout their range

(Nehison et al. 1991). No single factor can be attributed to this decline, instead there are

probably multiple factors. Overharvest by anglers as well as habitat disturbance (Bisson et

al. 1987) are possible causes for these trends. If above barrier populations contribute to

below barrier populations at significant rates, as may be occurring in Alaska and Anvil
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Creek, Oregon, loss of above barrier populations could result in below barrier population

declines (Johnston 1981). In the Pacific Northwest and southeast Alaska, habitat

disturbances in headwater areas include mining, road building, and timber harvest. In

addition, fish passage construction in previously barriered watersheds result in the

introduction of upstream migrants of coastal cutthroat trout as well as other salmonids

(Meehan and Bjornn 1991). The extent and distribution of above barrier populations are

not well documented and until recently there has been little information about this fish

(Johnson 1994).

If managers wish to protect the diversity of coastal cutthroat trout throughout their

range they should focus efforts at the watershed scale on both above and below barrier

populations within watersheds. Managing for the anadromous form without regard to the

role played by upstream populations may not be in the best interest of the long-term

persistence of these fish. However, caution should be taken in assuming that resident

populations contribute to below bather populations at a rate that can offset population

declines. Finally, if above bather populations contribute unique information to below

barrier populations, unique above bather populations should be protected as well as the

mechanism of isolation, such as waterfalls, that may create the conditions for the

maintenance of unique genetic information.

Summary

Results of this study suggest that a wide range of genetic variation exists within and

among populations of coastal cutthroat trout at the basin scale. These differentpatterns

may result from a combination of evolutionary history and local environmental conditions.

In Elk River, there is evidence of genetic and meristic differences among groups which

correspond to geographic features of location and isolation. In addition, in China Creek,

there appears to be correspondence between meristic and allozyme data. The geologic



history of the Elk River suggests that cutthroat trout populations could have been isolated

for extensive periods of time. In Alaska, smaller genetic and meristic differences were

detected, but the pattern of differences didnot appear to correspond with geographic

features. However, like Oregon, I noted congruence between the meristic and allozyme

data in one tributary in the Alaska group using ANOVA and between two groups using

discriminant analysis. This suggests that there may be some gene flow among the groups

in Vixen Inlet, or alternatively, the colonization of Vixen Inlet by coastal cutthroat trout has

occurred relatively recently and there has been no opportunity for the groups to diverge. In

Alaska, it appears that the genetic diversity is distributed largely among individuals

throughout the basin. Finally, if we are concerned with maintaining the diversity of coastal

cutthroat trout throughout their range, we should focus efforts on the above and below

barrier populations of this fish. Focusing on one group and excluding the other may effect

the ability of these fish to persist through time.
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Appendix 1

Otolith Microchemistry Analysis of Coastal Cutthroat Trout (Oncorhynchus clarki clarki)
from two Coastal Basins

Introduction

Salmonids have variable life histories. One example is the development of resident

and anadromous life history forms within the same watershed. Anadromous forms may

arise when migration to the marine environment results in increased fitness (Gross 1987).

Alternatively, resident forms may arise when conditions in the freshwater environment

favor rapid maturity over smoltification (Thorpe 1987). Syinpatric resident and

anadromous forms have been observed in sockeye salmon (Oncorhynchus nerka), (Ricker

1940), coastal cutthroat trout (Oncorhynchus clarki clarki) (DeWitt 1954, Johnston 1981),

Atlantic salmon (Salnw salar) (MacCrimmon and Gots 1979), and brown trout (S. trutta)

(Ryman et al. 1979, Skaala NIEvdaI 1989).

The relationship among different life history forms of salmonids is generally

unknown and is an issue of concern for managers and biologists working with these fish

(Nordeng 1983, Foote et al. 1989, Johnson et al. 1994). There have been attempts to

identify genetic differences between life history forms. Some authors have detected genetic

differences among life history forms in sockeye (Foote et al. 1989), Atlantic salmon

(Vuorinen and Berg 1989), and coastal cutthroat trout (Campton and Utter 1987).

However, others have detected no differences between different life history forms of

brown trout (Hindar et al. 1991) and Arctic char (Salvelinus alpinus) (Nordeng 1983).

Fish otoliths provide a record of an individual fish1s life history. Otoliths are

composed of calcium carbonate and other trace elements and are formed by the successive

growth of concentric rings around a dense primordia. Trace elements, which are usually in

low concentrations in otoliths, provide an environmental history of an individual associated

with age and growth (Radtke 1989, Gunn et al. 1992). Detection of trace elements in

otoliths may be useful for identifying various life history features in fish, such as potential
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interactions between resident and anadromous fish.

Detection of trace elements in otoliths may provide information of the migration

history and movements of an individual fish. Strontium (Sr) is freely substituted for

calcium (Ca) during calcium carbonate deposition in fish bones in proportion to its

concentration in the environment. Marine environments typically have higher Sr/Ca ratios

than freshwater (Kalish 1990). Higher environmental levels of Sr/Ca leave a detectable

signature on the otolith that reflects movement ofan individual from freshwater to saltwater

and vice a versa (Kalish 1990).

Examination of Sr/Ca ratios in parts of the otolith may provide clues about the

parental life history of individuals. Otolith prirnordia are deposited from maternally derived

nutrients in the yolk sac and are the first calcified feature to develop in a fish (Kalish 1990).

The chemical composition of primordia reflects the environment in which the female parent

resided during egg development. Examination of the Sr/Ca ratio in primordia can be used

to determine life history features of the maternal parent, such as resident or anadromous

forms. Using fish from known anadromous origin, elevated levels of Sr/Ca ratios were

detected in the otolith primordia in brown trout (Salmo trutta) (Kalish 1990) and sockeye

salmon (Oncorhynchus nerka) (Reiman et al. 1994).

Coastal cutthroat trout are a unique component of the salmonid assemblage in the

Pacific Northwest and southeast Alaska. Little is known about coastal cutthroat trout, and

there are recent reports of widespread population declines (Nehlsen 1991). Tn particular,

managers want to know if coastal. cutthroat trout within a basin should be managed as a

single group or if resident and anadromous populations should be managed separately

(Johnson et al. 1994).

As part of study designed to describe genetic contributions of resident populations

to anadromous populations of coastal cutthroat trout (Griswold 1996), wavelength

dispersive electron microprobe techniques were used to identify the Sr/Ca levels in different

features of otoliths reflecting different life stages. Primordia and nucleus regions,
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reflecting early developmental stages, and circulli, concentric bands reflecting growth, were

examined in otoliths from coastal cutthroat trout from the Elk River, Oregon, and Vixen

Inlet, Alaska.

Specifically, I set out to answer two questions. First, are there differences in the

Sr/Ca ratios in the nucleus and primordia region of coastal cutthroat trout? if differences in

otolith primordia of coastal cutthroat trout were identified it would confirm previous studies

suggesting that the primordia may be used to identify the maternal origin of anadromous

fish. Second, can differences in the Sr/Ca ratio be detected throughout the life history of

coastal cutthroat trout? Identification of differential levels of Sr throughout the life history

of cutthroat trout would suggest that otolith microchemistry is a useful tool to recreate the

migration history of individual fish between freshwater and marine environments. The

goals of this study were to examine possible differences in the microchemistry in the

nucleus, primordia and circulli of coastal cutthroat trout otoliths.
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Methods

Otoliths from coastal cutthroat trout specimens from Elk River, Oregon, and Vixen

Inlet, Alaska (Griswold 1996), were removed and stored in 70% ethyl alcohol. Cover

slips were glued on glass slides, and otoliths were then mounted on the cover slip with an

epoxy resin. Otoliths were ground with 600-grit paper along the saggittal plane until the

central primordia were visible under a light microscope. The otoliths were washed and

rinsed with double-distilled water, the resin reheated and the otoliths were remounted on

their opposite side. The otolith was then successively ground with 600, 1200, and 2000-

grit paper to the primordia. Each was then polished with .05 micron alumina powder until

the surface was free from scratches and imperfections that could be detected with a

reflective microscope. They were washed and rinsed with double-distilled water at each

successive stage of grinding and polishing. As many as 20 otoliths were then remounted

on a single petrographic slide for analysis with the electron microprobe. Photographs were

used to map the placement of the otoliths. Coordinate location of otoliths relative to one

another were taken from the microscope stage and converted to microprobe coordinates.

Elemental analysis of trace levels of Sr and Ca was done with a Cameca SX-50

wavelength dispersive microprobe. Strontianite and calcite standards were used. Beam

diameter was set at 7-mm and 15 kv. Peak counting times were set at 40 seconds for each

element to reduce error associated with this measure (Toole and Nielson 1992). Sample

points were determined with the aid of video imagery. Subsequent to microprobe analysis

sample points, in the form of beam damage, can be detected on the surface of the otolith

with a light microscope.

Nucleus priinordia analysis

A grid sampling design was used to detect trace amounts of Sr and Ca in the

nucleus and primordia regions. Otoliths from five Elk River fish were used in the analysis.
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Two individuals were from China Creek, a tributary to the main stem of the Elk River with

a waterfall fall bather at the mouth. These fish are considered non-anadromous. The

remaining three fish were collected in the mainstem Elk River, one of which was tentatively

identified as an anadromous fish based on its size (403 mm) and one collected near the Elk

River estuary. For preliminary analysis, microchemistry sampling along a transect was

conducted for each individual. The results of these transects are presented with the nucleus

primordia analysis but are not included with other transect samples.

Ten repeated measures were made along one circulli to test reproducibility of

analysis. Lower limits of determination were calculated at these points for both Sr and Ca

with the following equation:

where:

6sp=6'hb

sp = the coefficient of variation
Nb = background count.

Three dimensional response surfaces of Sr/Ca ratios in the otoliths were constructed with

Sigma Plot software.

Transect analysis

Each otolith was sampled with a transect taken from the primordia to the otolith

edge in specimens from Elk River, Oregon, and Vixen Inlet, Alaska. Otoliths from 17

mainstem Elk River specimens ranging from 140-369 mm and three above and three below

bather specimens from Anvil Creek ranging from 125-209 mm were examined. Otoliths

from nine coastal cutthroat collected above bather (165-214 mm) and seven below bather

(191-300 mm) in Vixen Inlet, were examined. XY graphs of Sr/Ca ratios in relation to the

transect sample were plotted for individual fish and then overlaid for each collection site.



Results

Nucleus primordia analysis

Two points were removed from the data set because the total elemental analysis was

below 94%, indicating that the sample point was biased, probably as a result of surface

imperfections. Detection limits for microprobe analysis are presented (Table 1.1). Levels

of detection for Sr and Ca are within the range of detection for these elements, suggesting

that the technique is precise enough to detect differences in Sr/Ca at low levels in the

nucleus and primordia.

Table 1.1. Detection limits and the actual range of detection for Sr and Ca in electron
microprobe analysis.

Element 6s Actual range
Detection limit of detection

Sr 0.010 0.018-0.064
Ca 0.007 17.8-20.5

Mean Sr/Ca ratios in the otoliths from Elk River freshwater specimens range from

0.0014-0.0017 and are presented in Figure 1.1. The specimen from the estuary had a

mean Sr/Ca level of 0.0022. In general, the freshwater non-anadromous coastal cutthroat

trout from China Creek have mean levels of Sr/Ca that are slightly higher than freshwater

mainstem fish but lower than the estuary specimen.

Response surfaces for the two specimens from China Creek are presented in

Figures 1.2 and 1.3. The response surface in Figure 1.2 shows little variation and

represents low levels of Sr/Ca. Figure 1 .3a shows a peak in the center of the grid area

which, from visually inspecting the beam damage on the otolith appears to be associated
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Figure 1.1. Mean (± SD) Sr/Ca ratios in five coastal cutthroat trout from Elk River,
Oregon.

with two clusters of primordia (Fig. l.3b). However, this fish has lived its entire life

history in freshwater.

Response surfaces for the otoliths from fish from the Elk River mainstem (Fig. 1.4-

1.6) suggest that there are detectable differences in the Sr/Ca ratios in the nucleus and

primordia. Figure l.4a shows a pattern of slightly elevated Sr/Cain the center of the grid

which is associated with the primordia. This individual reached a length of 403 mm, a size

which is usually associated with anadromous fish. However, in preliminary transect

analysis of this individual, peak Sr/Ca ratios reached approximately 0.004 (Figure 1 .4b).

These levels are intermediate to the levels expected in a marine or freshwater environment

and may represent estuary residence. Figure 1.5 represents an individual collected in the

Elk River estuary. The levels of Sr/Ca are generally elevated and the shape of the response
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Figure 1.2. Three dimensional response surface of coastal cutthroat trout otolith from
China Creek, a tributary to the Elk River, Oregon. Y axis represents Sr/Ca ratio as detected
by electron microbe analysis in the nuclear and primordial region.
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Figure 1.3 a) Three dimensional response surface of coastal cutthroat trout otolith from
China Creek, a tributary to the Elk River, Oregon. Y axis represents Sr/Ca ratio as detected
by electron microbe analysis in the nuclear and primordial region. Peaks in Sr/Ca ratios are
associated with primordia.

b) Sr/Ca ratio in nuclear and primordial region of otolith from coastal
cutthroat trout represented in (a). Represents one transect of sampling points from grid
analysis.
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surface resembles a bowl with no peaks associated with the primordia. Inspection of the

beam damage on the surface of this otolith suggests that the primordia was not sampled in

this individual. Preliminary transect analysis of this individual detected initially high levels

of Sr/Ca and peak levels at 0.0078. This suggests that this individual entered a marine

environment (Figure 1.5). Elevated levels of Sr/Ca were detected in the otolith of the

individual depicted in Figure 1.6. However, elevated levels of Sr/Ca were not detected in

the primordia.

Transect analysis

Graphical display of the Sr/Ca ratios for Anvil Creek above and below barrier

specimens are presented in Figure 1.7. Consistently low levels of Sr/Ca were observed

with little variation among individuals. Sr/Ca ratios for the mainstem Elk River are

presented in Figure 1.8. There was more variation in Sr/Ca ratios in these specimens than

was observed in Anvil Creek. However, the variation appears to represent a random

pattern.

Sr/Ca ratios in samples collected above barrier in Vixen Inlet, Alaska show a great

deal of variation (Figure 1.9). In two individuals the initial Sr level is quite high. These

samples appears to have more variation than the mainstem Elk River, Oregon sample.

The below barrier sample in Vixen Inlet appears to represent two generalized

patterns (Figure 1.10). The first pattern appears to represent relatively high level of Sr/Ca

which is maintained throughout the transect. The second pattern appears to represent an

initially low level of Sr/Ca which peaks as it nears the edge of the otolith. The two groups

represent collections from two subsequent years, 1992 and 1993, respectively.
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Figure 1.4. a) Three dimensional response surface depicting Sr/Ca ratio as detected by
grid sampling with an electron microbe in the nuclear and primordial region of a coastal
cutthroat trout otolith collected in the mainstem of Elk River, Oregon.

b) Transect analysis from the primordia to the edge of otolith from
individual depicted in (a).
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Figure 1.5. a) Three dimensional response surface depicting Sr/Ca ratio as detected by
grid sampling with an electron microbe in the nuclear and primordial region of a coastal
cutthroat trout otolith collected in the estuary of Elk River, Oregon.

b) Transect analysis from the primordia to the edge of otolith from
individual depicted in (a).
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Figure 1.6. a) Three dimensional response surface depicting Sr/Ca ratio as detected by
grid sampling with an electron microbe in the nuclear and primordial region of a coastalcutthroat trout otolith collected in the mainstem of Elk River, Oregon.

b) Transect analysis from the primordia to the edge of otolith from
individual depicted in (a).



Figure 1.7 Sr/Ca ratios of six coastal cutthroat trout from above and below a barrier in
Anvil Creek, Oregon

Figure 1.8. Sr/Ca ratios of 17 coastal cutthroat trout from the mainstem Elk River,
Oregon.



Figure 1.9. Sr/Ca ratios of nine coastal cutthroat trout collected above a bather in Vixen
Inlet, Alaska.

Figure 1.10. Sr/Ca ratios of seven below barrier coastal cutthroat trout in Vixen Inlet,
Alaska. Closed circles represent 1992 samples, closed triangles represent 1993 samples.
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Discussion

Otolith microchemistry is useful for detecting differences in Sr/Ca ratios in the

primordia, nucleus and circulli of coastal cutthroat trout. However, because there is a high

level of variation among individuals more work needs to be done before the techniquecan

be used to determine resident or anadromous origins of individuals from wild populations.

Individual variation in the Sr/Ca ratios in the primordial region of resident and anadromous

sockeye salmon from unknown origin made it difficult to identify maternal origin (Rieman

etal. 1994).

Environmental features and physical factors may confound the interpretation of

otolith microchemistry. Temperature influences the microchemistry in otoliths (Kalish

1989). Further, bedrock geology may effect the level of strontium present in a watershed.

High levels of strontium in a freshwater system may influence the Sr/Ca ratio present in

otoliths and make interpretation of data difficult (Rieman 1994).

Based on transect analysis, it appears that coastal cutthroat trout may reach lengths

associated with sea-run fish in estuary environments. Similar conclusions were reached by

Tomasson (1978) with elemental analysis of scales of coastal cutthroat trout in the Rogue

River. These findings underscore the potential importance of estuary systems to the

growth and reproduction of coastal cutthroat trout.

Above and below bather samples from Anvil Creek, Oregon were found to be

genetically indistinguishable based on 41 enzyme loci (Griswold 1996). Based on transect

sampling with otolith microchemistry it appears that there was not an anadromous

component in the individuals in this sample. This could reflect a bias in the sample as the

individuals used for this analysis were 209 mm or smaller and probably had not reached the

size and age for smoltification (Sumner 1954). Although the age at smoltification varies in

coastal cutthroat trout, fish which enter a surf-influenced coastline, such as the Elk River,

are age IV on average (Johnston 1981, Fuss 1982). These findings support suggestions

that above bather cutthroat trout in Anvil Creek are contributing to below bather



populations, but they do not suggest that these fish contribute to an anadromous component

of the population.

Finally, it appears that in some systems, transect techniques may be useful for

detecting different life history patterns among groups. In the Elk River, it appears that the

individual collected in the estuary may have originated in a high Sr environment and

subsequently migrated to the Elk River. In southeast Alaska, itmay be possible to use the

technique to generate hypotheses about migration movements. The two generalized

patterns detected with transect analysis in the below barrier Vixen site may reflect two

different life history patterns, wherein migration in one group is delayed. Alternatively, the

groups may represent fish from different basins with different baseline levels of Sr.

Summary

The presicion of otolith microchemisty can determine Sr/Ca levels in the nucleus,

primordia and circulli of coastal cutthroat trout. However, individual variation and

freshwater levels of strontium may confound the interpretation of this technique. Coastal

cutthroat trout are renowned for their variable life histories (Armstrong 1971, Johnston

198 1) and transect analysis with otolith microchemistry may accurately reflect this

variation. This technique may be useful for testing hypotheses related to life history and

migration.
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Appendix 2

Fluctuating Asymmetry and Genetic Variation in Wild Populations of Cutthroat Trout
(Oncorhynchus clarki clarki) in Two Coastal Basins

Introduction

Loss of genetic variation in natural populations is accelerated by human

influences and is an issue ofconcern among biologists working with native populations

undergoing fragmentation or managing isolated populations (Waples 1991). A variety of

human activities have resulted in a reduction of genetic variation both within (Waples

1991) and among (Leary 1985a) populations of native salmonids in the Pacific

Northwest. The primary activities responsible for these changes include poor hatchery

practices and over-exploitation from commercial or sport harvest (Nelson and Soulé

1987).

Reduced heterozygosity, one measure of genetic diversity, may effect the overall

performance of an organism during development. Lerner (1954) concluded from the

study of phenotypic deformities in inbred lines that heterozygotes have a greater capacity

to stay within the boundaries of normal development than homozygotes. He argued that

heterozygotes have a higher resilience to environmental variation and individuals with

high heterozygosity will develop more precisely. Waddington (1957) suggested that

stable pathways ensuring phenotypic stability, known as canalization, are immune to

small changes in the genome and the environment during the development of organisms

and are under the control of natural selection.

Associations between heterozygosity and bilateral symmetry in fish suggest that

heterozygosity may serve as an organism-wide regulatory system and may have

important implications for performance (Leary et at 1984). Asymmetry in bilateral traits

is considered a deviation from normal development (Mather 1953, Soulé 1979, Felley

1980, Leary et al. 1983, Leary et al. 1984). High levels of fluctuating asymmetry, the
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difference in bilateral traits which have a nonnal distribution around a mean of zero (Van

Valen 1962), have been associated with reduced levels of heterozygosity in hatchery and

wild populations of rainbow trout (Oncorhynchus mykiss) (Leary et al. 1983, Leary et al.

1985b), cutthroat trout (0. clarki) and brook trout (Salvelinusfontinalis) (Leary et al.

1984).

As part of a study designed to describe the genetic variation within and among the

coastal cutthroat trout (0. clarki clarki) within two coastal basins (Griswold 1996), the

occurrence of fluctuating asymmetry was examined in bilateral meristic traits. I asked, is

there an association between fluctuating asymmetry and genetic variation in wild

populations of coastal cutthroat trout? If increased levels of fluctuating asymmetry in

populations with lower levels of genetic variation are detected it would suggest that

coastal cutthroat trout fit patterns observed in other salmonids and that genetic variation

is associated with developmental precision. The objectives of this project were to

determine if bilateral meristic traits exhibited fluctuating asymmetry, and determine if

there was a relationship between fluctuating asymmetry and estimates of genetic variation

as measured by heterozygosity and allelic diversity derived from allozyme data.
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Coastal cutthroat trout were collected above and below bathers in two basins, one

in Oregon and one in southeast Alaska (Griswold 1996). The Elk River is located in the

Siskiyou National Forest in southern Oregon and drains an area of approximately 240

icm2. Location of waterfall barriers and collection sites are shown in Figure 1 (Griswold

1996). Coastal cutthroat trout were collected with seine nets from several sites in the

mainstem of the Elk River and with backpack electroshockers in seven tributaries in

September and October, 1992. Collections were made from multiple sites in each

tributary by sampling from the mouth or, when appropriate, from the barrier, upstream.

Samples sizes ranged from 24 to 36 individuals. In Elk River, coastal cutthroat trout

were collected above bathers at three sites: China Creek, Anvil Creek, and Rock Creek

(Fig. 1, Chapter 2).

The second site, Vixen Inlet, is located in the Tongass National Forest on the

Cleveland Peninsula, Alaska (Fig. 1, Chapter 2). A waterfall of approximately 6-7 m is

located in the lower section of this drainage and is considered a bather to migration of

adult anadromous fish. In July of 1992 and 1993, coastal cutthroat trout were collected in

four locations in Vixen Inlet with minnow traps baited with borax-treated salmon roe and

by hook and line. Sample sizes ranged from 33-54 specimens. In the two tributaries,

collections were made over .5-.8 km of stream.

After tissue samples were removed for genetic analysis, specimens were

preserved in 10% formalin for three days to two weeks depending on their size and then

stored in 70% ethyl alcohol. Systematic subsamples from each group were taken in the

following manner to ensure that representatives of all age classes were included in the

sample. All fish were included in the sample for meristic counts from sites with 20-29
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specimens. A subsample was taken from collections with 30 or more fish. Specimens

were removed from storage and ordered by size. I calculated the proportion ofthe total

number of individuals from each collection that would be needed to ensure that each

meristic subsample had a minimum of 20 fish. This proportion determined the number of

fish selected from each collection. I then systematically selected the necessary number

of individuals from the sample This was repeated for each sample. Counts of the

following bilateral meristic characters were made: 1) pelvic rays, 2) pectoral rays, 3) gill

rakers on the upper arch, 4) gill rakers on the lower arch, and 5) branchiostegal rays.

Other researchers included mandibular pores (Leary 1985a), but because identifying tags

damaged mandibular pores on many small fish this trait was not used. Methods for

counts followed Hubbs and Lagler (1964).

Methods for starch gel electrophoresis of Abersold et al. (1987) were used in this

study to obtain genotype data. Estimates of average heterozygosity (direct count) were

estimated from allele frequencies derived from 41 enzyme loci (Table 2, Chapter 2). Two

measures of allelic diversity were estimated: number of rare alleles (those occurring at a

frequency less than 0.05) and mean numbers of alleles per locus.

Statistical Analysis

Frequency histograms of the left side minus right side for each individual for each

trait for the fish from all sites were plotted. Samples from Oregon and Alaska were

combined for this part of the analysis. The proportion of individuals that exhibited

fluctuating asymmetry for each respective trait was calculated for each site. Average

number of traits exhibiting fluctuating asymmetry was calculated. Regression analysis

was used to depict the relationships between fluctuating asymmetry, heterozygosity, rare

alleles, and mean number of alleles per locus among populations at each site.
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Results

Pectoral rays, pelvic rays, and gill rakers on the upper and lower arch fluctuate

around a mean of zero, suggesting that they exhibit fluctuating asymmetry (Figure 2.1).

Branchiostegal rays in sailmonids in general, and in this study, are skewed (Figure 2.1)

and may fluctuate around a mean of one (D. Markie, Oregon State University, personal

communication). Consequently, branchiostegal rays were not used in further analysis.

It appears that there is a slight association between genetic variation as measured

by heterozygosity and allelic diversity and flucuating asymmetry in Elk River coastal

cutthroat trout, but there does not appear to be a similar pattern in Alaska The proportion

of individuals at each site exhibiting fluctuating asymmetry for each trait is presented in

Table 2.1. Average number of traits exhibiting fluctuating asymmetry ranged from 1.17-

1.52 in Vixen Inlet and 1.12-1.64 in Elk River and are ranked from highest to lowest for

each site (Table 2.2). The range of heterozygosity in Vixen Inlet was slightly higher

(0.043-0.058) than in Elk River (0.037-0.055) (Table 2.2), as were mean numbers of rare

alleles and mean number of alleles per locus (Table 2.2). It appears that in Elk River

populations, the two highest levels of fluctuating asymmetry are associated with two

isolated populations of coastal cutthroat trout with the lowest numbers of rare alleles and

the lowest and third lowest levels of heterozygosity. However, the regression model

between heterozygosity and fluctuating asymmetry is not significant in Elk River or

Vixen Inlet (p > 0.05). The regression model between rare alleles and fluctuating

asymmetry in Elk River is significant (p < 0.02) (Fig. 2.2a), as is the relationship between

mean numbers of alleles per locus (p <0.035) (Fig. 2.2b). However, there was no

significance detected between these variables in Vixen Inlet (p > 0.05) (Fig. 2.3).
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Figure 2.1 Frequency histograms of the distribution of bilateral meristic traits of coastal cutthroat trout from Elk River, Oregon
and Vixen Inlet, Alaska. a) pectoral rays, b) pelvic rays, c) upper gill rakers, d) lower gill rakers, and e) branchiostegal rays.



Table 2.1. Proportion of individuals exhibiting fluctuating asymmetry for bilateral
meristic traits in coastal cutthroat trout from Vixen Inlet, Alaska, Elk River, Oregon.

Site Pelvic rays Pectoral rays L. gill rakers U. gill rakers
Alaska
Vixen Inlet, above barrier 0.14 0.35 0.35 0.41
Vixen Inlet, below barrier 0.13 0.39 0.35 0.26
First Tributary 0.04 0.27 0.50 0.35
Second Tributary 0.22 0.26 0.44 0.61

Oregon
Rock Creek, above barrier
Bagley Creek
Anvil Creek, below barrier
Anvil Creek, above bather
Elk River, mainstem
Bald Mountain Creek
China Creek

0.27 0.23 0.23 0.42
0.23 0.23 0.24 0.46
0.22 0.39 0.37 0.32
0.29 0.50 0.32 0.54
0.18 0.42 0.39 0.36
0.15 0.35 0.27 0.50
0.21 0.25 0.58 0.46

Table 2.2. Average number of asymmetric meristic traits of coastal cutthroat trout per
individual at each site. Characters are ranked in order of highest to lowest for Vixen
Inlet, Alaska and Elk River, Oregon. Mean heterozygosity are presented for each site.

Site Average Mean H mean number Rare alleles
asymmetry alleles per loci

Alaska
Second Tributary
Vixen Inlet, below barrier
First Tributary
Vixen Inlet, above bather

Oregon
Anvil Creek, above bather
China Creek
Elk River, mainstem
Bald Mountain Creek
Bagley Creek
Anvil Creek, below barrier
Rock Creek, above bather

1.52 0.043
1.37 0.052
1.19 0.058
1.17 0.046

1.25 5
1.20 3
1.40 11
1.23 4

mean=5.8

1.64 0.041 1.14 1

1.50 0.037 1.16 2
1.36 0.043 1.27 5
1.23 0.058 1.32 6
1.22 0.055 1.38 6
1.22 0.040 1.22 4
1.12 0.052 1.30 5

mean=4. 1
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Figure 2.2. Regression models of average fluctuating asymmetry and two measures of
allelic diversity, (a) rare alleles and (b) mean number of alleles per locus, in coastal
cutthroat trout from Elk River, Oregon.
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Discussion

Levels of fluctuating asymmetry detected in coastal cutthroat trout in Oregon and

Alaska are lower than detected in previous studies. Leary (1985a) detected fluctuating

asymmetry in wild populations of westslope cutthroattrout (0. clarki lewisi) ranging

from 1.82-1.93. Average number of asymmetric traits in 20 populations of Salmo,

Salvelinus, andOncorhynchus from wild and hatchery populations ranged from 1.35-1.93

(Leary et al. 1984). However, results from both of these studies included counts of

mandibular pores, which were not used in this study.

It appears that there is a negative association between fluctuating asymmetry and

genetic variation, as estimated by allelic diversity, in coastal cutthroat trout in Elk River.

There was no association detected between fluctuating asymmetry and genetic variation

in Vixen Inlet. In general, there were higher levels of genetic variation within Vixen

Inlet, suggesting that the coastal cutthroat trout populations in this site have not

undergone genetic drift. The highest levels of fluctuating asymmetry were associated

with isolated populations in the Elk River, which were characterized by low allelic

diversity. Low allelic diversity and heterozygosity in coastal cutthroat trout residing

above barriers in China Creek and Anvil Creek suggest that these Elk River populations

have undergone genetic drift. Allendorf (1986) has suggested that allelic diversity may

be more sensitive to the effects of genetic drift than heterozygosity. Fluctuating

asymmetry has been shown to be associated with small differences in heterozygosity by

other researchers (Leary et al. 1983, Leary et al 1984) and may be a useful technique to

detect loss of genetic diversity. From the present study, there is evidence that fluctuating

asymmetry may be associated with low allelic diversity. In Elk River populations,

fluctuating asymmetry might be a more sensitive indicator of reduced allelic diversity in

isolated populations that may have undergone genetic drift than heterozygosity.
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