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Abstract—Coastal cutthroat trout Oncorhynchus clarkii clarkii exhibit resident and migratory life history
strategies that often occur sympatrically, but the relationship between these forms within a population is
poorly characterized. Through use of passive integrated transponder technology, migratory and resident
coastal cutthroat trout were identified in two lower Columbia River tributaries (Abernathy Creek and the
Chinook River) separated by more than 80 km. Genetic data from 17 highly variable microsatellite loci were
used to ascertain the genetic population structure of these life history forms within and between streams. No
distinct genetic separation was observed between the life history forms within a stream, as assessed by four
different statistical approaches: permutation tests based on the genetic differentiation index Fg,, principal
components analysis of individuals, analysis of molecular variance, and contingency tests of allele frequency
heterogeneity. Genetic differences were an order of magnitude higher between stream samples (Fg. > 0.03)
than between life history forms within a stream (F,. < 0.003). The contingency test detected allele frequency
differences between migratory and resident life history forms in Abernathy Creek (P = 0.001), but this result
was influenced more by age-class structure than by reproductive isolation between life history forms. Results
are consistent with a single, randomly mating population in each stream producing both migratory and
resident life history forms. These data suggest that individual life history strategy in coastal cutthroat trout is

predominantly determined by phenotypic plasticity rather than genotype.

There is clear evidence that populations of migratory
or “sea-run” coastal cutthroat trout Oncorhynchus
clarkii clarkii in the lower Columbia River have
declined over recent decades (Hooton 1997; Williams
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and Nehlsen 1997; Johnson et al. 1999). This decline
led to the proposed listing in 1999 of the southwest
Washington/Columbia River distinct population seg-
ment of coastal cutthroat trout as “threatened” under
the U.S. Endangered Species Act (NOAA and USFWS
1999). This proposed listing was subsequently with-
drawn by the U.S. Fish and Wildlife Service (USFWS
2002) because of the relatively healthy total population
size (all forms combined) and information suggesting
the ability of above-barrier adults to produce anadro-
mous progeny.

The life history of coastal cutthroat trout is complex.
Sympatric individuals within a given watershed may
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exhibit migratory or resident life history behavior (Hall
et al. 1997). Individuals exhibiting the resident life
history form remain in natal streams through adult-
hood. Alternatively, migratory forms leave natal
streams and may remain in freshwater (fluvial or
adfluvial) or enter seawater (anadromous). Anadro-
mous individuals migrate at age 2 or 3 in a protracted
spring migration (Johnston 1982; Trotter 1989; Zyd-
lewski et al. 2009). Lack of clear morphological
distinctions between migratory and resident forms
(Tomasson 1978; Fuss 1982) precludes field identifi-
cation and raises questions about their evolutionary
relationship within and among streams. This uncer-
tainty complicates conservation and management
efforts.

Genetic and behavior studies have documented fine-
scale spatial structuring of coastal cutthroat trout
populations among streams (Campton and Utter
1987; Wenberg and Bentzen 2001). However, the
degree of reproductive isolation between migratory and
resident life history forms that occur sympatrically is
poorly understood. For example, differences in spawn-
ing behavior and timing of gonad maturation are two
possible mechanisms that could limit gene flow
between the life history forms (McMillan et al.
2007). Data from selectively neutral genetic markers,
particularly microsatellite loci, provide valuable infor-
mation for testing questions regarding population
groupings (Waples and Gaggiotti 2006).

Studies of many species of salmonids have shown
that expression of life history is influenced by genetic
and environmental factors (Palm and Ryman 1999;
Avise et al. 2002). However, the degree of reproductive
isolation between the forms varies among species and
among populations within a species (Hendry et al.
2004). For example, clear genetic differences between
migratory and resident forms of sockeye salmon O.
nerka, kokanee (lacustrine sockeye salmon; Wood
1995), and Arctic char Salvelinus alpinus (Jonsson and
Jonsson 2001) have been found. Other studies have
documented panmixia between sympatric anadromous
and resident forms of brown trout Salmo trutta (Charles
et al. 2006) and brook trout Salvelinus fontinalis
(Theriault et al. 2007).

The goal of this study was to determine whether
sympatric life history forms of coastal cutthroat trout
show evidence of reproductive isolation. The study
design tested for panmixia between resident and
migratory forms within and between two Columbia
River tributaries. Life history form was defined by
using passive integrated transponder (PIT) technology
to characterize individual behavioral patterns. A series
of molecular markers was then used to determine
whether these two life history forms could be
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differentiated genetically. This approach has been
effectively carried out with brook trout (Boula et al.
2004), bull trout Salvelinus confluentus (Homel et al.
2008), and rainbow trout O. mykiss (Narum et al.
2004). The results were used to evaluate evolutionary
mechanisms that could have resulted in the co-
occurrence of coastal cutthroat trout life history forms
in Columbia River tributaries. A better understanding
of the evolutionary processes that have produced these
two life history forms should provide valuable insights
into the behavior and conservation of this diverse
species.

Study Site

Coastal cutthroat trout in this study were from two
tributaries of the lower Columbia River: Abernathy
Creek and the Chinook River, Washington (Figure 1).
Abernathy Creek is a third-order tributary with a length
of approximately 17 km. The stream has a moderately
high gradient, is dominated by pools and riffles, and
enters the Columbia River at river kilometer (rkm) 87
(rkm 0 = mouth of the Columbia River). Although the
lowermost portion (~150 m) of Abernathy Creek is
tidally influenced, salinity influx is negligible. The
Chinook River is a second-order tributary that is
approximately 10 km in length. It is a low-gradient
stream that experiences tidal influence several kilome-
ters from its confluence with the Columbia River (rkm
6). Above tidal influence, the Chinook River is
dominated by long pools with slow-moving water.
The upper reaches are heavily impacted by the activity
of North American beavers Castor canadensis. Tidal
effects are moderated from historic fluctuations by the
presence of tide gates at the stream mouth. Coastal
cutthroat trout populations from both streams have
been found to produce migratory and resident individ-
uals, although in different proportions (Zydlewski et al.
2009).

Methods

Passive integrated transponder tagging.—From
2002 to 2003, coastal cutthroat trout were collected
and tagged from Abernathy Creek (n = 1,027) and the
Chinook River (n =754) as described by Zydlewski et
al. (2009). Briefly, coastal cutthroat trout were
collected by backpack electrofishing between Septem-
ber 9 and October 9, 2002, and between August 26 and
October 1, 2003. Samples were collected throughout
the upper 10.5 km of Abernathy Creek (tkm 6.2-16.7)
and the upper 3.5 km of the Chinook River (tkm 6.0—
9.5). All holding habitat types (i.e., plunge pools,
boulder pockets, eddies, undercut banks, and large
woody debris) were sampled throughout the reaches.
Captured coastal cutthroat trout were anesthetized with
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FiGure 1.—Map of the study area in the lower Columbia River, showing the locations of Abernathy Creek (rkm 87; tkm 0 =
mouth of the Columbia River) and the Chinook River (rkm 6; insets), Washington. Solid circles represent screw trap locations;
open circles represent passive integrated transponder antenna array locations.

clove oil (25 mg/L) and measured for mass and fork
length. Fish larger than 10 cm were tagged with a PIT
tag (23 mm long, 3.84 mm in diameter, 0.6 g, 134.2
kHz, full duplex; Destron Fearing). A scale sample was
taken from the left side of the fish just posterior to the
distal insertion of the dorsal fin and dorsal to the lateral
line. At the time of sampling, scales were placed onto
adhesive scale cards for future age determination. A
genetic sample was taken from each fish by clipping a
piece of the ventral fin and placing it into a vial with
100% ethanol for storage. Sampled fish were allowed
to recover for a minimum of 10 min and were released
within 100 m of the capture location.

Stream width PIT tag interrogation.—Stream width
PIT tag interrogation arrays were used to monitor
downstream movement of PIT-tagged coastal cutthroat
trout in both streams (Zydlewski et al. 2006, 2009)
during September 2002 through June 2005. The
stationary detection system monitors the entire width
and depth of a stream for PIT-tagged fish, even under
high water conditions, providing year-round monitor-
ing past a single point in a stream without obstructing

the path of the fish. Two antenna arrays were operated
in Abernathy Creek (at tkm 3 and 4). Read efficiencies
were 83-97% during the period of study (Zydlewski et
al. 2006, 2009). Two interrogation arrays were also
used in the Chinook River (at tkm O and 6). The lower
array (rtkm 0), which was installed at the tide gates near
the mouth of the Chinook River, had a read efficiency
ranging from 10% to 99%. The lower read efficiency at
this array was primarily due to changing salinity (from
0 to 17%o). The upper array (tkm 6) had a read
efficiency of 100% for two antennas in series.

Screw trap.—Screw traps were used to collect
downstream-moving, PIT-tagged coastal cutthroat
trout. Screw traps were operated at or near the mouths
of both Abernathy Creek (rkm 0.5) and the Chinook
River (rkm 0). Traps on Abernathy Creek were
operated by the Washington Department of Fish and
Wildlife from approximately April 1 to June 30, 2003—
2005; traps on the Chinook River were operated by Sea
Resources, Inc. (Chinook, Washington), almost con-
tinuously during 2003-2005. Fish were removed from
the traps daily. All recaptured individuals were
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interrogated for PIT tags and handled as described
above. Screw trap data were used only to help define
migratory and resident fish.

Recapture of resident individuals.—Resident indi-
viduals were recaptured by backpack electrofishing
between August 26 and October 1, 2003, and between
September 21 and October 7, 2004, in the same areas
described above for tagging. Captured coastal cutthroat
trout were anesthetized with 25-mg/L clove oil,
measured for mass and length, and examined for
presence of a PIT tag. The PIT tag identification code
was documented from those individuals that had been
previously tagged. Scales were collected from recap-
tured fish (as described above but from the right side)
to provide a second opportunity to determine age. Fish
were allowed to recover for a minimum of 10 min and
were released within 100 m of the capture location.

Age determination—Scales were pressed onto
acetate and read by using a microfiche projector. Age
was judged by two independent readers for verifica-
tion; if the two estimates differed, a third person read
the scale. If the two readers reached consensus about
fish age, that age value was used. If agreement among
readers was not achieved, no age was recorded for that
fish. Age could not be determined for all of the samples
because many scales were unreadable or regenerative,
particularly scales from larger fish (as described by
Cooper 1970). To reduce the potential effect of
temporal changes in allele frequencies, only the fish
assigned to brood years 2001 and 2002 were used in
the genetic analysis.

Definition of “migratory” and “‘resident” —Migra-
tory and resident fish were defined according to the
criteria of Zydlewski et al. (2009). Individuals were
defined as migratory if, subsequent to tagging, they
were detected at the lowermost antenna array or screw
trap. If there was no evidence of migration, then
individuals were classified as resident if they were
recaptured by electrofishing at age 2 or 3.

Molecular analysis.—Genomic DNA was extracted
from fin tissue in a Chelex 100 (Sigma Chemical Co.,
St. Louis, Missouri) resin solution as described by
Miller and Kapuscinski (1996). All individuals were
then genotyped at 19 microsatellite loci: Ochli3,
OchlS5, Ochl6, and Ochl7 (Peacock et al. 2004);
Ochl8 (GenBank accession number DQ979814),
Och20 (DQ979815), Och24 (DQ979818), Och27
(DQ979819), Och30 (DQY979822), and Och35
(DQ979826); Onel3 (Scribner et al. 1996); OtsG253,
OtsG401, and OtsG85 (Williamson et al. 2002);
Ommli220 and Ommi231 (Rexroad and Palti 2003);
Omyl001UW and Omyl011UW (Spies et al. 2005);
and Ssa407 (Cairney et al. 2000).

Polymerase chain reaction (PCR) was conducted in
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15-uLL volumes containing 1X polymerase buffer (10-
mM Tris HCl, 50-mM KCI, 1% Triton X-100), 1.5—
2.5-mM MgCl,, 0.2 mM of each deoxynucleotide
triphosphate, 0.5 pM of each primer, and 0.5 units of
Tag DNA polymerase (enzyme code 2.7.7.7; [IUBMB
1992). All PCRs were run at a MgCl, concentration of
2.0 mM, except for the Och loci (amplified at 2.5 mM)
and Omyl011, Omyl001, and Ssa407 (amplified at 1.5
mM). Temperature profiles consisted of an initial
denaturing at 94°C for 30 s and then 38 cycles through
the following steps: denaturing at 94°C for 30 s,
annealing at 58°C for 30 s, and elongation at 72°C for
30 s; the final elongation step was extended to 8 min.
The only exception to this profile was that an annealing
temperature of 52°C was used for Omyl001. After
PCR, samples were pooled for electrophoresis on an
ABI 3100 Genetic Analyzer (Applied Biosystems, Inc.,
Foster City, California). Automated electrophoresis
was carried out using the G5 filter set according to the
manufacturer’s protocols. GeneScan and Genotyper
software (Applied Biosystems, Inc.) were used to
determine the multilocus genotype of each fish.

Steelhead (anadromous rainbow trout) are found in
both streams, creating the possibility of hybridization
with coastal cutthroat trout. However, juvenile steel-
head, coastal cutthroat trout, and steelhead X coastal
cutthroat trout hybrids cannot be accurately identified
on the basis of phenotypic information alone (Baum-
steiger et al. 2005). We used the program NEW-
HYBRIDS to implement the Bayesian methods of
Anderson and Thompson (2002) to search for steelhead
or hybrids in our collection of PIT-tagged coastal
cutthroat trout from Abernathy Creek and the Chinook
River. The Anderson and Thompson (2002) method
uses information from multilocus genotypes observed
within and among fish to construct groups that
maximize Hardy—Weinberg equilibrium (HWE) expec-
tations and linkage equilibrium within groups. These
genetic groups represent “purebred” steelhead and
coastal cutthroat trout; individuals that are intermediate
to these groups are identified as hybrids. Samples from
each stream were analyzed separately. A posterior
probability of more than 95% was set as the threshold
for assigning a fish to the purebred coastal cutthroat
trout genetic group. All fish that did not meet the
coastal cutthroat trout NEWHYBRIDS threshold were
eliminated from further analysis.

Statistical analysis.—Average population gene di-
versities (expected heterozygosity H,, Nei 1987) and
allelic richness for each locus were estimated using the
program HP-Rare 1.0 (Kalinowski 2005). Allelic
richness was estimated by using a rarefaction proce-
dure to account for unequal sample sizes (Kalinowski
2004). Conformance of genotypic frequencies to HWE
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was evaluated by using the methods of Guo and
Thompson (1992) via the program GENEPOP (Ray-
mond and Rousset 1995). Pairwise estimates of the
genetic differentiation index Fg; (Weir and Cockerham
1984) and associated 95% confidence intervals gener-
ated by bootstrap sampling over all loci (Goudet et al.
1996) were calculated with the program FSTAT
(Goudet 1995). Statistical significance levels for
conformity to HWE and pairwise comparisons of F.
were adjusted for the number of simultaneous tests by
using the sequential Bonferroni correction (Rice 1989).
To determine whether partitioning of individuals
into a priori migratory and resident groups was a
confounding factor, we conducted a principal compo-
nents analysis (PCA) of all fish based on their
multilocus genotypes over all loci. The PCA plots
individuals solely on the basis of the alleles each fish
possesses; it does not use PIT-tag-based life history
form classification or population information. A PCA
plot therefore provides a multivariate representation of
the genetic relationships among individuals, life history
forms, and the two geographic locations examined in
this study, and this representation is not influenced by
life history form or population assignment. Raw data
for PCA consisted of a table in which columns
represented all alleles observed in the study and each
row contained the observed allele states for a single
fish. Allelic states for each fish were 0 if an allele was
not observed, 1 if it was present on a single
chromosome, and 2 if two copies were present in the
homozygous state. The PRINCOMP procedure in the
Statistical Analysis System version 8.1.2 (SAS Insti-
tute, Inc., Cary, North Carolina) was used to obtain the
values for the first, second, and third principal
components (PC1, PC2, and PC3) of the variance—
correlation matrix of allele observations for all fish.
A hierarchical analysis of molecular variance
(AMOVA) was used to quantify the proportion of
genetic variation explained by life history form
classification and by temporal changes in allele
frequencies caused by sampling two brood years
(2001 and 2002). An AMOVA was also used to
statistically test for genetic differentiation between all
coastal cutthroat trout in Abernathy Creek and the
Chinook River, between migratory and resident
samples within each stream, and among individuals.
Hierarchical genetic structuring was analyzed with the
program Arlequin 3.1 (Excoffier and Schneider 2005)
by assessing the relative proportion of genetic variation
explained by differences observed (1) between fish
sampled from Abernathy Creek and the Chinook River;
(2) between migratory and resident forms within a
stream; (3) between brood years within each life
history form; (4) among individuals within each life

history form; and (5) among individuals within the
2001 and 2002 brood years. Negative variance
components, which can sometimes occur, indicate a
lack of genetic structure. Each AMOVA was carried
out based on differences in allelic identity (i.e., Fgy),
and significance values for different hierarchical levels
were tested with 20,000 permutations.

To test for panmixia between any pair of samples,
contingency tests of allele frequency heterogeneity
were applied. Contingency tests were conducted by
using the methods of Raymond and Rousset (1995) as
implemented in the program GENEPOP. For each
locus, the probability that the observed allele frequen-
cies were drawn from the same population was
estimated by using Markov-chain Monte Carlo meth-
ods. To provide an unbiased estimate of the probability
for each randomization test, 10 batches of 10,000
replicates each were run, with 1,000 dememorization
steps. For each comparison, Fisher’s combined prob-
ability test (sz) was applied as a composite test over
all loci. For all analyses, significance was judged at an
o value of 0.05.

Results
Migrants and Residents

Between 2003 and 2005, 106 PIT-tagged coastal
cutthroat trout were detected as migrating from
Abernathy Creek and 330 were detected as migrating
from the Chinook River. None of these fish were
detected as returning within the same season. During
2003 and 2004, 93 resident fish were recaptured via
electrofishing in Abernathy Creek and 39 were
recaptured in the Chinook River. From this pool of
fish with known histories, individuals from brood years
2001 and 2002 (as determined through scale analysis)
were selected for the initial genetic analysis of each life
history form in each stream. Forty-seven individuals
representing the resident form and 47 individuals
representing the migratory form were analyzed from
Abernathy Creek, and 25 resident fish and 60
migratory fish were analyzed from the Chinook River.

Preliminary Molecular Analysis

Ninety-one percent of fish visually identified as
coastal cutthroat trout when captured for PIT tagging
were also identified as coastal cutthroat trout on the
basis of NEWHYBRID results; 83 of 94 fish from
Abernathy Creek and 80 of 85 fish from the Chinook
River had a greater than 95% posterior probability of
being purebred coastal cutthroat trout. The remaining
16 fish, for which posterior probabilities of being
purebred coastal cutthroat trout were less than 95%,
were excluded from further analysis.

Four preliminary sample groups were designated on
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TaBLE 1.—Genetic diversity observed at 17 microsatellite loci in resident and migratory coastal cutthroat trout of two brood
years sampled from two lower Columbia River tributaries. Summary statistics are also provided for each life history form over
both brood years. Sample size (N), observed heterozygosity (H ), expected heterozygosity (H ), average number of alleles
observed at a locus (A), and a rarefaction measure of allelic richness using a sample of 44 genes (A**) are reported. Number of
unique alleles among the 257 alleles observed in this study are reported for each life history form within each stream. Average

frequency of unique alleles observed at a locus is also reported.

Unique alleles

Site Life history form Brood year N H, A AM Number Average frequency

Abernathy Creek Migratory 2001 26 0.78 0.81 11.06 — — —
2002 10 0.80 0.80 6.71 — —

2001-2002 36 0.79 0.81 11.53 10.09 15 0.03
Resident 2001 27 0.77 0.80 10.12 — —
2002 20 0.76 0.79 8.47 — —

2001-2002 47 0.77 0.79 11.35 9.53 19 0.02
Chinook River Migratory 2001 27 0.79 0.79 9.35 —
2002 30 0.76 0.77 9.35 — —

2001-2002 57 0.78 0.78 10.71 8.91 11 0.02
Resident 2001 9 0.68 0.76 6.53 — —
2002 14 0.74 0.76 7.88 — — —

2001-2002 23 0.72 0.76 8.53 8.45 2 0.02

the basis of source and life history designation (Table
1): Abernathy Creek migratory (AM), Abernathy Creek
resident (AR), Chinook River migratory (CM), and
Chinook River resident (CR). Seventeen of the 19 loci
conformed to HWE expectations across all four
groupings. Loci Ochl3 and Ochl8 both deviated from
HWE in all groups (i.e., had lower-than-expected
heterozygosity levels) and were excluded from further
analysis.

High levels of allelic richness at the remaining 17
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FiGure 2.—Principal components analysis plot of individ-
ual coastal cutthroat trout from two lower Columbia River
tributaries based on data from 17 microsatellite loci (squares =
fish with a migratory life history; triangles = fish with a
resident life history; shaded symbols = Chinook River fish;
open symbols = Abernathy Creek fish). The proportion of
variation attributable to each principal component (PC) is
shown in parentheses.

microsatellite loci were observed, averaging 15.11
alleles/locus (range = 8-38 alleles/locus). For each of
the groups, the following levels of genetic variation
were observed: AM had an H . value of 0.81 and an AM
value (rarefaction measure of allelic richness using a
sample of 44 genes) of 10.09; AR had an H,, value of
0.79 and an A** value of 9.53; CM had an H,, of 0.78
and an A** of 8.91; and CR had an H, of 0.76 and an
A** of 8.45 (Table 1). Coastal cutthroat trout sampled
from Abernathy Creek had the largest number of
unique alleles (AM = 15; AR = 19), although the
average frequency of these alleles was low (<<0.03;
Table 1).

Comparisons between Streams, Brood Years, and Life
History Forms

In the PCA plot, Abernathy Creek and the Chinook
River formed distinct clusters, whereas no distinction
was observed between the migratory and resident life
history forms within or between drainages (Figure 2).
Principal component 1 clearly distinguished fish from
Abernathy Creek and the Chinook River, but PC2 and
PC3 did not reveal any clusters. Principal components
1 and 2 accounted for 5.6% of the total variance.
Results of the AMOVA also demonstrated genetic
distinction between Abernathy Creek and Chinook
River coastal cutthroat trout (3.9% variation; P <
0.001); however, no genetic distinction was observed
between the brood years or life history forms within
each stream (Table 2). In fact, grouping by life history
form explained the smallest amount of genetic
variation in each stream. In all cases, more than 90%
of the variation occurred among individuals within
samples.
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TaBLE 2.—Hierarchical analysis of molecular variance (AMOVA) for microsatellite loci diversity observed in migratory and
resident forms of coastal cutthroat trout from two lower Columbia River tributary streams (p = probability of having a more
extreme variance component and ®-statistic than the observed values by chance alone).

Observed partition

Variance component Variance" % total P D-statistic”
Abernathy Creek

Among forms o2 = 0.003 0.043 0.255 O = 0.001

Among brood years by forms (S% = 0.037 0.541 0.056 dy. = 0.005

Within brood years o2 = 6.793 99.417 0.017 @, = 0.006
Chinook River

Among forms 62 = —0.013 —0.201 0.822 O = —0.002

Among brood years by forms o7 = 0.027 0.405 0.126 &y = 0.004

Within brood years o2 = 6.593 99.796 0.177 @, = 0.002
Both streams

Among streams o2 = 0275 3.930 <0.001 @ = 0.039

Among forms® by stream o7 = 0.013 0.184 0.147 &y = 0.002

Within forms® o2 = 6.710 95.890 <0.001 By = 0.041

* @ and 7 were tested by AMOVA under random permutations of individuals using (1) brood years across forms (grouped by stream) or across
streams for @ and 03, (2) brood years (grouped by form and stream) or forms (grouped by stream) for @ and o2; or (3) across brood years
without regard to original brood year and form (grouped by stream) or across forms (without regard to their original form or stream) for @ and

GZ

z.
® Samples from the 2001 and 2002 brood years were grouped by life history form for each stream.

We observed Fgy. values greater than zero only
when life history forms were compared between
streams (range = 0.035-0.045; Table 3). All compar-
isons between life history forms within each stream
were not different from zero (point estimates were
0.001-0.003), indicating no evidence of genetic
distinction at this level (Table 3). Allele frequencies
between resident and migratory life history forms
were not different at 13 of the 17 loci for Abernathy
Creek and 15 of the 17 loci for the Chinook River
(Figure 3). In comparison, allele frequencies were
different at a minimum 15 of 17 loci for all pairwise
comparisons of life history form groupings among
streams (Table 3).

TaBLE 3.—Test results for the genetic differentiation index
(F4y) calculated between paired samples of migratory (M) and
resident (R) coastal cutthroat trout from Abernathy Creek (A)
and the Chinook River (C), Washington. Above the diagonal
are pairwise F;. values; below the diagonal are the P-values
from contingency tests of allele frequency heterogeneity
(Fisher’s combined probability test). All tests were based on
data from 17 microsatellite loci. Asterisks indicate Fg, values
that were significantly different from zero (at P < 0.001).

Group AM AR CM CR
AM — 0.003 0.035% 0.036*
AR 0.001 — 0.045% 0.045%
CM <0.001 <0.001 — <0.001
CR <0.001 <0.001 0.412 —

Discussion

We observed genetic distinction between coastal
cutthroat trout sampled from two different streams but
not between life history forms within each stream. Our
results are consistent with each stream containing a
single randomly mating coastal cutthroat trout popula-
tion that produces both migratory and resident life
history forms. Differences between coastal cutthroat
trout from Abernathy Creek and the Chinook River
(more than 80 km apart) are not surprising. Previous

5
® Abernathy Creek
B Chinook River

4

3 -

Number of loci

= 2 b4

. 4.) o

(] (3] (5]
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FiGure 3.—Distribution of P-values from multiple tests of
the null hypothesis of panmixia between migratory and
resident forms of coastal cutthroat trout sampled from two
Columbia River tributaries. Observed P-values were obtained
via independent tests of allele frequencies at 17 microsatellite
loci within each population.
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studies have established a positive correlation between
genetic distance and geographic distance on several
scales (Campton and Utter 1987; Wenburg et al. 1998;
Johnson et al. 1999; Blakley et al. 2000). For example,
the level of genetic differentiation observed between
coastal cutthroat trout from these two Columbia River
tributaries (Fg = 0.04) was comparable with levels
observed among nine sea-run migratory populations in
Hood Canal (average F . =0.03; range =0.013-0.115)
examined by Wenburg and Bentzen (2001).

Of the tests used in this study, contingency tests of
allele frequency heterogeneity were the most powerful
for detecting genetic differences among units as based
on microsatellite data (Waples and Gaggiotti 2006).
High levels of allelic diversity observed at the large
number of loci examined in this study provided us with
greater than 95% power (P < 0.05) for rejecting the
hypothesis of panmixia using the contingency table test
(Ryman et al. 2006). The results of this test support
panmixia of life history forms within the Chinook
River but not between the streams (Table 3). In
addition, the overall contingency table test indicated
allele frequency differences between the AM and AR
groups (P = 0.001; Table 3). Small artifacts such as
family or age-class structure could be driving the
observed differences (Waples 1998). In our case, the
AMOVA results indicated that 10 times more of the
genetic variation was accounted for by brood year than
by life history form (Table 2). Thus, genetic differences
observed within Abernathy Creek were more likely
driven by temporal variation in allele frequencies
between the 2001 and 2002 brood years than by
differences between the life history forms.

Further evidence for panmixia between resident and
migratory forms within each drainage was observed in
estimates of genetic diversity. Similar estimates of
allelic diversity and heterozygosity observed between
life history forms within a stream are consistent with
the sampling of fish from the same population (Table
1). In addition, the absence of moderate- or high-
frequency unique alleles between resident and migra-
tory life history forms within each stream is also
consistent with a lack of genetic distinction between
the two forms (Table 1).

Evidence from this study allows the comparison of
three different evolutionary mechanisms that could
produce sympatric resident and migratory forms of
coastal cutthroat trout in the Columbia River. Our
results are consistent with the hypothesis that each
stream contains a randomly mating coastal cutthroat
trout population that produces migratory and resident
life history forms via the process of phenotypic
plasticity (Scheiner 1993). Clustering of fish by stream
rather than by life history form in the PCA plot (Figure
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2) does not support the idea that these sympatric forms
represent sibling species that evolved allopatrically and
later invaded Abernathy Creek and the Chinook River.
Alternately, if parallel evolution of life history forms
had occurred within Abernathy Creek and the Chinook
River during the past 10,000 years, we would expect to
observe smaller genetic distances between the life
history forms within a location rather than between
locations. Although this pattern of genetic structure
was observed, the scenario is very unlikely. The final
process of adaptive radiation requires reproductive
isolation between the forms (Hendry et al. 2002). Our
finding of a single randomly mating population
producing both life history forms runs counter to the
assumption that these life history forms should be
considered separate evolutionary (or taxonomic) units.

Migratory plasticity is probably favored in coastal
cutthroat trout because the freshwater, estuarine, and
ocean environments they occupy are highly variable.
The alternating selection patterns associated with these
diverse and variable environments create a fitness
advantage for plastic genotypes over nonplastic
genotypes. The metapopulation structure of coastal
cutthroat trout populations (Wenberg and Bentzen
2001) also favors plasticity over adaptive genetic
differences among populations because migration
among populations increases environmental heteroge-
neity and favors an increase in the reaction norm of
traits (Sultan and Spencer 2002). Such plasticity has
been observed in Arctic char (Nordeng 1983) and
steelhead (Tipping and Byrne 1996), for which a
reduction in food resources influences the proportion of
migrants. Bioenergetic differences demonstrated be-
tween anadromous and resident juvenile brook trout
(Morinville and Rasmussen 2003) may provide insight
into the proximate mechanisms influencing life history
variation. In the streams studied here, faster growth rate
was associated with the life history expression and the
timing of migration in coastal cutthroat trout (Zydlew-
ski et al. 2009).

Sympatric migratory and resident forms of coastal
cutthroat trout in the lower Columbia River may be
best described as a continuum of life history types
expressed from a single population. In a study of
rainbow trout, McPhee et al. (2007) suggested that
considering sympatric residents and migrants as
separate “evolutionary units” may not be appropriate.
This may apply equally well to coastal cutthroat trout.
Although alternative life history forms of coastal
cutthroat trout may arise from a single population, this
should not exclude the need to conserve the conditions
that allow all forms to be expressed. Work with bull
trout has demonstrated that loss of life history types
from a population results in higher probabilities of
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extirpation (Dunham and Rieman 1999). Variation in
life history forms probably affords resilience in the face
of environmental fluctuations.

Although environmental parameters may influence
migratory behavior in coastal cutthroat trout, genetic
contributions cannot be completely ruled out. Recent
studies with brook trout and rainbow trout have found
that migratory behavior and morphology have substan-
tial levels of phenotypic plasticity but also display
substantial heritability that has the potential to respond
to selection (Keeley et al. 2006; Theriault et al. 2007).
Estimates of heritability would allow the quantification
of genetic and environmental contributions to the
determination of life history form. Approaches such as
the use of PIT telemetry in this study offer opportu-
nities to collect information and samples from
individual fish and to assign behavioral attributes once
they have been determined. Used in conjunction with
genetic methods, these approaches will be useful in
continued efforts to better understand life history
determination in coastal cutthroat trout.

Acknowledgments

This project was funded by the U.S. Fish and
Wildlife Service (USFWS) Columbia River Fisheries
Program Office and the USFWS Region 1 Office.
Portions of the field work were also funded by the U.S.
Army Corps of Engineers (Project Number 123083)
and the Bonneville Power Administration (Project
Number2001-012-00). Additional support was provid-
ed by the Maine Cooperative Fisheries and Wildlife
Research Unit. We acknowledge Jeff Hogle, John
Brunzell, Gayle Zydlewski, and Bill Gale, along with a
number of volunteers over the years, for the countless
hours spent in the field assisting in the capture and
tagging of fish. D. Campton, A. Jones, and C. Smith
provided useful suggestions regarding the genetic
analysis. We thank Benjamin Letcher and Judith
Rhymer for reviewing the manuscript. The findings
and conclusions in this manuscript are those of the
authors and do not necessarily represent those of the
USFWS. Mention of trade names or commercial
products does not imply endorsement by the U.S.
Government.

References

Anderson, E. C., and E. A. Thompson. 2002. A model-based
method for identifying species hybrids using multilocus
genetic data. Genetics 160:1217-1229.

Avise, J. C., A. G. Jones, D. Walker, J. A. DeWoody, B.
Dakin, A. Fiumera, D. Fletcher, M. Mackiewicz, D.
Pearse, B. Porter, and S. D. Wilkins. 2002. Genetic
mating systems and reproductive natural histories of
fishes: lessons for ecology and evolution. Annual Review
of Genetics 36:19-45.

699

Baumsteiger, J. D., D. Hankin, and E. J. Loudenslager. 2005.
Genetic analyses of juvenile steelhead, coastal cutthroat
trout, and their hybrids differ substantially from field
identifications. Transactions of the American Fisheries
Society 134:829-840.

Blakley, A., B. Leland, and J. Ames. 2000. 2000 Washington
state salmonid stock inventory: coastal cutthroat trout.
Washington Department of Fish and Wildlife, Olympia.

Boula, D., V. Castric, L. Bernatchez, and C. Audet. 2004.
Physiological, endocrine, and genetic bases of anadromy
in the brook charr, Salvelinus fontinalis, of the Laval
River (Quebec, Canada). Environmental Biology of
Fishes 64:229-242.

Cairney, M., J. B. Taggart, and B. Hoyheim. 2000. Atlantic
salmon (Salmo salar) and cross—species amplification in
other salmonids. Molecular Ecology 9:2175-2178.

Campton, D. E., and F. M. Utter. 1987. Genetic structure of
anadromous cutthroat trout (Salmo clarki clarki) popu-
lations in the Puget Sound area: evidence for restricted
gene flow. Canadian Journal of Fisheries and Aquatic
Sciences 44:573-582.

Charles, K., J.-M. Roussel, J.-M. Lebel, and J.-L. Bagliniere.
2006. Genetic differentiation between anadromous and
freshwater resident brown trout (Salmo trutta L.):
insights obtained from stable isotope analysis. Ecology
of Freshwater Fish 15:255-263.

Cooper, E. L. 1970. Growth of cutthroat trout (Salmo clarki)
in Chef Creek, Vancouver Island, British Columbia.
Journal of the Fisheries Research Board of Canada
27:2063-2070.

Dunham, J. B., and B. E. Rieman. 1999. Metapopulation
structure of bull trout: Influences of physical, biotic, and
geometrical landscape characteristics. Ecological Appli-
cations 9:642—655.

Excoffier, L. G., and S. Schneider. 2005. Arlequin version 3.0:
an integrated software package for population genetics
data analysis. Evolutionary Bioinformatics Online 1:47—
50.

Excoffier, L., P. E. Smouse, and J. M. Quattro. 1992. Analysis
of molecular variance inferred from metric distances
among DNA haplotypes: application to human mito-
chondrial DNA restriction data. Genetics 131:479-491.

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

Goudet, J. 1995. Fstat version 1.2: a computer program to
calculate F-statistics. Journal of Heredity 86:485-486.

Goudet, J., J. M. Raymond, T. De Meeiis, and F. Rousset.
1996. Testing differentiation in diploid populations.
Genetics 144:1933-1940.

Guo, S. W., and E. A. Thompson. 1992. Performing the exact
test of Hardy—Weinberg proportions for multiple alleles.
Biometrics 48:361-372.

Hall, J. D., P. A. Bisson, and R. E. Gresswell, editors. 1997.
Sea-run cutthroat trout: biology, management, and future
conservation. American Fisheries Society, Oregon Chap-
ter, Corvallis.

Hendry, A.P., T. Bohlin, B. Jonsson, and O. K. Berg. 2004.
To sea or not to sea? Anadromy versus non-anadromy in
salmonids. Pages 92-125 in A. P. Hendry and S. C.



700

Stearns, editors. Evolution illuminated. Oxford Univer-
sity Press, New York.

Hendry, A. P., E. B. Taylor, and D. J. McPhail. 2002.
Adaptive divergence and the balance between selection
and gene flow: lake and stream stickleback in the misty
system. Evolution 56:1199-1216.

Homel, K., P. Budy, M. E. Pfrender, T. A. Whitesel, and K.
Mock. 2008. Evaluating genetic structure among resident
and migratory forms of bull trout (Salvelinus confluentus)
in Northeast Oregon. Ecology of Freshwater Fish
17:465-474.

Hooton, R. 1997. Status of coastal cutthroat trout in Oregon.
Pages 57-67 in J. D. Hall, P. A. Bisson, and R. E.
Gresswell, editors. Sea-run cutthroat trout: biology,
management, and future conservation. American Fisher-
ies Society, Oregon Chapter, Corvallis.

IUBMB (International Union of Biochemistry and Molecular
Biology). 1992. Enzyme nomenclature 1992. Academic
Press, San Diego, California.

Johnson, O. W., M. H. Ruckelshaus, W. S. Grant, F. W.
Waknitz, A. M. Garrett, G. J. Bryant, K. Neely, and J. J.
Hard. 1999. Status review of coastal cutthroat trout from
Washington, Oregon and California. NOAA Technical
Memorandum NMFS-NWFSC-37.

Johnston, J. M. 1982. Life histories of anadromous cutthroat
with emphasis on migratory behavior. Pages 123-127 in
E. L. Brannon and E. O. Salo, editors. Proceedings of the
salmon and trout migratory behavior symposium.
University of Washington, Seattle.

Jonsson, B., and N. Jonsson. 2001. Polymorphism and
speciation in Artic charr. Journal of Fish Biology
58:605-638.

Kalinowski, S. T. 2004. Counting alleles with rarefaction:
private alleles and hierarchical sampling designs. Con-
servation Genetics 5:539-543.

Kalinowski, S. T. 2005. HP-Rare 1.0: a computer program for
performing rarefaction on measures of allelic richness.
Molecular Ecology Notes 5:187—189.

Keeley, E. R., E. A. Parkinson, and E. B. Taylor. 2006. The
origins of ecotypic variation of rainbow trout: a test of
environmental vs. genetic based differences in morphol-
ogy. Journal of Evolutionary Biology 20:725-736.

McMillan, J. R., S. L. Katz, and G. R. Pess. 2007.
Observational evidence of spatial and temporal structure
in a sympatric anadromous (winter steelhead) and
resident rainbow trout mating system on the Olympic
Peninsula, Washington. Transactions of the American
Fisheries Society 136:736-748.

McPhee, M. V., F. Utter, J. A. Stanford, K. V. Kuzishchin,
K. A. Savvaitova, D. S. Pavlov, and F. W. Allendorf.
2007. Population structure and partial anadromy in
Oncorhynchus mykiss from Kamchatka: relevance for
conservation strategies around the Pacific Rim. Ecology
of Freshwater Fish 16:539-547.

Miller, L. M., and A. R. Kapuscinski. 1996. Microsatellite
DNA markers reveal new levels of variation in northern
pike. Transaction of the American Fisheries Society
125:971-997.

Morinville, G. M., and J. B. Rasmussen. 2003. Early juvenile
bioenergetic differences between anadromous and resi-
dent brook trout (Salvelinus fontinalis). Canadian Journal
of Fisheries and Aquatic Sciences 60:401-410.

JOHNSON ET AL.

Narum, S. R., C. Contor, A. Talbot, and M. S. Powell. 2004.
Genetic divergence of sympatric resident and anadro-
mous forms of Oncorhynchus mykiss in the Walla Walla
River, U.S.A. Journal of Fish Biology 65:471-488.

Nei, M. 1987. Molecular evolutionary genetics. Columbia
University Press, New York.

NOAA (National Oceanic and Atmospheric Administration)
and USFWS (U.S. Fish and Wildlife Service). 1999.
Threatened status for southwestern Washington/Colum-
bia River coastal cutthroat trout in Washington and
Oregon, and delisting of Umpqua River cutthroat trout in
Oregon, Proposed Rule. Federal Register 64:64(April 5,
1999):16397-16414.

Nordeng, H. 1983. Solution to the “char problem” based on
Arctic char (Salvelinus alpinus) in Norway. Canadian
Journal of Fisheries and Aquatic Sciences 40:1372—-1387.

Palm, S., and N. Ryman. 1999. Genetic basis of phenotypic
differences between transplanted stocks of brown trout.
Ecology of Freshwater Fish 8:169-180.

Peacock, M. M., H. Neville, and V. S. Kirchoff. 2004. Ten
species specific microsatellite loci for Lahontan cutthroat
trout, Oncorhynchus clarki henshawi. Molecular Ecology
Notes 4:557-559.

Raymond, M., and F. Rousset. 1995. GENEPOP: population
genetics software for exact tests and ecumenicism.
Journal of Heredity 83:248-249.

Rexroad, C. E., and Y. Palti. 2003. Development of ninety—
seven polymorphic microsatellite markers for rainbow
trout. Transactions of the American Fisheries Society
132:1214-1221.

Rice, W. R. 1989. Analyzing tables of statistical tests.
Evolution 43:223-225.

Ryman, N., S. Palm, C. Andre, G. R. Carvalho, T. G.
Dahlgren, P. E. Jorde, L. Laikre, L. C. Larsson, A.
Palme, and D. E. Ruzzante. 2006. Power for detecting
genetic divergence: differences between statistical meth-
ods and marker loci. Molecular Ecology 15:2031-2045.

Scheiner, S. M. 1993. Genetics and evolution of phenotypic
plasticity. Annual Review of Ecology and Systematics
24:35-68.

Scribner, K. T., J. R. Gust, and R. L. Fields. 1996. Isolation
and characterization of novel salmon microsatellite loci:
cross-species amplification and population genetic appli-
cations. Canadian Journal of Fisheries and Aquatic
Sciences 53:833-841.

Spies, I. B., D. J. Brasier, P. T. L. O’Reilly, T. R. Seamons,
and P. Bentzen. 2005. Development and characterization
of novel tetra—, tri-, and dinucleotide microsatellite
markers in rainbow trout (Oncorhynchus mykiss).
Molecular Ecology Notes 5:908-910.

Sultan, S. E., and H. G. Spencer. 2002. Metapopulation
structure favors plasticity over local adaptation. The
American Naturalist 160:271-283.

Theriault, V., D. Garant, L. Bernatchez, and J. J. Dodson.
2007. Heritability of life-history tactics and genetic
correlation with body size in a natural population of
brook char (Salvelinus fontinalis). Journal of Evolution-
ary Biology 20:2266-2277.

Tipping, J. M., and J. B. Byme. 1996. Reducing feed levels
during the last month of rearing enhances emigration
rates of hatchery reared steelhead smolts. The Progres-
sive Fish—Culturist 58:128-130.



PANMIXIA OF COASTAL CUTTHROAT TROUT 701

Tomasson, T. 1978. Age and growth of cutthroat trout, Salmo
clarki clarki, Richardson, in the Rogue River, Oregon.
Master’s thesis. Oregon State University, Corvallis.

Trotter, P. C. 1989. Coastal cutthroat trout: a life history
compendium. Transactions of the American Fisheries
Society 118:463-473.

USFWS (U.S. Fish and Wildlife Service). 2002. Withdrawal
of proposed rule to list the southwestern Washington/
Columbia River distinct population segment of the
coastal cutthroat trout as threatened. Federal Register
67:129(5 July 2002):44933-44961.

Waples, R. S. 1998. Separating the wheat from the chaff:
patterns of genetic differentiation in high gene flow
species. Journal of Heredity 89:438-450.

Waples, R. S., and O. Gaggiotti. 2006. What is a population?
An empirical evaluation of some genetic methods for
identifying the number of gene pools and their degree of
connectivity. Molecular Ecology 15:1419-1439.

Weir, B. S., and C. C. Cockerham. 1984. Estimating F-
statistics for the analysis of population structure.
Evolution 38:1358-1370.

Wenburg, J. K., and P. Bentzen. 2001. Genetic and behavioral
evidence for restricted gene flow among costal cutthroat
trout populations. Transactions of the American Fisheries
Society 130:1049-1069.

Wenburg, J. K., P. Bentzen, and C. J. Foote. 1998.
Microsatellite analysis of genetic population structure in
an endangered salmonid: the coastal cutthroat trout

(Oncorhynchus clarki clarki). Molecular Ecology
7:733-749.

Williams, J. E., and W. Nehlsen. 1997. Status and trends of
anadromous salmonids in the coastal zone with special
reference to sea-run coastal cutthroat trout in Oregon.
Pages 37-42 in J. D. Hall, P. A. Bisson, and R. E.
Gresswell, editors. Sea-run cutthroat trout: biology,
management, and future conservation. American Fisher-
ies Society, Oregon Chapter, Corvallis.

Williamson, K. S., J. F. Cordes, and B. May. 2002.
Characterization of microsatellite loci in Chinook salmon
(Oncorhynchus tshawytscha) and cross—species amplifi-
cation in other salmonids. Molecular Ecology Notes
2:17-19.

Wood, C. C. 1995. Life history variation and population
structure in sockeye salmon. Pages 195-216 in J. L.
Nielsen and D. A. Powers, editors. Evolution and the
aquatic ecosystem: defining unique units in population
conservation. American Fisheries Society, Symposium
17, Bethesda, Maryland.

Zydlewski, G. B., G. Horton, T. Dubreuil, B. Letcher, S.
Casey, and J. Zydlewski. 2006. Remote monitoring of
fish in small streams: a unified approach using PIT tags.
Fisheries 31:492-502.

Zydlewski, G. B., J. Zydlewski, and J. Johnson. 2009. Patterns
of migration and residency in coastal cutthroat trout
Oncorhynchus clarkii clarkii from two tributaries of the
lower Columbia River. Journal of Fish Biology 75:203—
222.



