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Abstract Processes occurring in freshwater, estuarine,
and marine habitats strongly influence the growth,
survival and reproductive success of salmonids. None-
theless, implementing an ecosystem model explicitly
linking these important habitats has been hindered by
the inability to track the source identity of individuals
where they co-occur. Here we explore the development
and integration of natural markers- molecular and
isotopic to characterize the natal sources of Chinook
salmon (Oncorhynchus tshawytscha) in the Mid and
Upper Columbia River summer/fall-run (UCR Su/F)
population. Microsatellite DNA markers identified the
majority of juveniles collected in rivers and hatcheries

in the Mid and Upper Columbia River watershed to the
Summer/Fall-run population in this watershed with
90% posterior probabilities of group membership.
Strontium isotopes (87Sr/86Sr) measured in the natal
rearing portion of the otolith showed significant
geographic variation among natal rivers and hatcheries.
Natal sites exhibited a wide dynamic range in 87Sr/86Sr
source signatures (0.7043–0.7142), such that on
average 61% of individuals were correctly classified
to the location from which they were collected. We
found that multilocus genotypes and otolith 87Sr/86Sr
ratios collected on the same individuals were comple-
mentary markers when applied in a hierarchy. Micro-
satellites successfully assigned individuals to the
broader UCR Su/F genetic group and 87Sr/86Sr
provided finer-scale geographic assignments to five
natal river and hatchery groups nested within the UCR
Su/F population. The temporal stability of both genetic
and 87Sr/86Sr markers, together with the coast-wide
microsatellite baseline currently being used for mixed-
stock fisheries management supports the further devel-
opment and integration of 87Sr/86Sr markers to
potentially achieve finer levels of stock resolution.
Stock identification at the scales of individual rivers
and hatcheries would help elucidate the abundance,
distribution, and the relative contributions of natal
sources important for the recovery and spatial man-
agement of Chinook salmon.
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Introduction

A successful life history depends on an organism’s
ability to find suitable habitat in all phases of their life
cycle. This can be particularly challenging for the
many fish species that rely on different habitats
between juvenile and adult stages that are spatially
distant from one another. Thus, one of the outstanding
issues in fisheries ecology is identifying habitats
critical to the growth, survival and reproductive
success of species that are endangered and targeted
by fisheries. Yet, there are relatively few methods to
estimate movement patterns of migratory fish and
their habitat linkages among freshwater, estuarine and
marine environments.

Many fisheries applications would benefit from
identifying connectivity of populations over short and
long temporal scales as well as across broad geo-
graphic (e.g., species’ distribution) and local spatial
scales (Cadrin et al. 2005; Botsford et al. 2009;
Cowen and Sponaugle 2009). Several biogeography
studies in marine fishes have found no genetic
differentiation across species’ distributions, although
only a few migrants per generation could account for
this lack of genetic structure (Palumbi 2004; reviewed
in Selkoe et al. 2008). Similarly, recent studies using
otolith microchemistry have found significant varia-
tion of elements at surprisingly small spatial (10 s of
km) and temporal scales, limiting its utility for many
marine applications (Gillanders 2002; Ruttenberg and
Warner 2006; Miller 2007; Standish et al. 2008).
There is a growing appreciation that genetic and
otolith elemental signatures generally test for connec-
tivity among populations at different scales (Thresher
1999; Barnett-Johnson 2007; Selkoe et al. 2008).

Accurate homing behavior in space and time for
salmonids results in reproductively isolated popula-
tions and allows adaptive divergence to occur among
populations in the freshwater (e.g., reviewed in Taylor
1991). Indeed, salmon populations have diverged in a
number of traits due to spatially varying selection
pressures (e.g., Carlson and Quinn 2007; Carlson et
al. 2009) combined with the fact that many traits are
heritable (reviewed in Carlson and Seamons 2008).
Information for several traits that differ among
Chinook salmon (Oncorhynchus tshawytscha) popu-
lations has been synthesized with genetic and envi-
ronmental data to identify broad conservation units in
the United States that generally correspond geograph-

ically to regional watersheds (Evolutionarily Signifi-
cant Units (ESUs); Myers et al. 1998). The genetic
divergence among freshwater salmon populations
results in genetic markers that can be used to track
the abundance and distribution of salmon populations
during their non-reproductive life history stage in
estuarine and marine systems (Utter et al. 1987; Seeb
et al. 2007).

Microsatellites have been the genetic marker of
choice in ecological and conservation genetics studies
in the last decade due to their high variability and
power to resolve population structure and to assign
individual fish to populations or parents (O’Connell
and Wright 1997; Hansen et al. 2001; Planes et al.
2009). For Pacific salmon, efforts to standardize
genetic data among labs have permitted the develop-
ment of geographically broad datasets (Moran et al.
2006) including a coast wide microsatellite baseline
for Chinook salmon stock identification (Seeb et al.
2007). More recently, differentiation among Chinook
salmon populations has also been examined using
single nucleotide polymorphisms (SNPs; Narum et al.
2008). However, these genetic approaches are only
effective for differentiating among genetically distinct
groups of fish and many spawning populations of
Chinook salmon are connected by recent or ongoing
interbreeding. While populations in proximate rivers
are often linked by natural exchanges of spawners,
many populations are currently connected due to
alterations in migration and spawning habitats and by
transfers of hatchery broodstocks across watersheds.
Therefore, the need remains to identify the specific
natal river or hatchery of origin of fish in population
mixtures to meet conservation and management goals.

The Columbia River was historically among the
most productive rivers for anadromous salmonids in
the world (Chapman 1986). Summer and fall run
(time of adult return to freshwater) Chinook salmon
populations in the upper river are major contributors
to the commercial and recreational fishery off the
coasts of Washington, British Columbia, and south-
east Alaska (Utter et al. 1987; Weitkamp 2010). These
populations comprise the Upper Columbia Summer
and Fall Run ESU (UCR Su/F; Myers et al. 1998) and
are genetically distinct from Mid and Upper Colum-
bia River spring-run populations and from other
summer and fall-run groups in Columbia River
watersheds (Utter et al. 1995; Waples et al. 2004).
However, overall genetic differentiation among natal
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rivers within the UCR Su/F ESU is small, likely a
result of blockage of spawning habitat upstream of
Grand Coulee Dam and subsequent fishery and
hatchery management actions (Utter et al. 1995). In
addition, several current hatcheries in different rivers
rear and release fish derived from common UCR Su/F
stocks, making fine-scale genetic identification of
individuals very difficult. Otolith-based techniques
have provided finer scale identification of sources in
high gene flow systems where environmental hetero-
geneity exists (Secor 1999; Campana and Thorrold
2001; Gillanders 2002).

Strontium isotope (87Sr/86Sr) ratios in otoliths
and rivers largely reflect the age and mineralogy of
the surrounding surficial geology (Kennedy et al.
1997; Barnett-Johnson et al. 2008). Since Sr iso-
topes, like other trace elements, are permanently
incorporated in the otolith’s carbonate matrix,
87Sr/86Sr can be measured from discrete daily
growth increments deposited throughout the life of
a fish (Kennedy et al. 1997, Ingram and Weber 1999,
Barnett-Johnson et al. 2005). Barnett-Johnson et al.
(2008) found significant variation in natal otolith

87Sr/86Sr values among the major salmon rivers and
hatcheries in the California Central Valley, which
permitted Chinook salmon to be linked to their natal
sources within the fall-run ESU with high classifi-
cation accuracy (98%). Rivers providing salmon
rearing habitat in the Columbia River watershed
system drain areas of contrasting lithologies, thus
showing similar promise for the development of Sr
isotopic markers within the watershed (Fig. 1).

Integrating intrinsic markers is a powerful
approach to tracking fish movement at different
scales, as no single marker has yet achieved this
goal (Wood et al. 1989; Hobson et al. 2009; Planes
et al. 2009). Molecular techniques can detect
restricted gene flow and the resultant genetic
divergence among groups over evolutionary time
scales, whereas some chemical signatures in otoliths
reflect only those environmental differences experi-
enced by individuals in their lifetime (i.e., ecological
time scales). To date, only work by Milton and
Chenery (2001) on a Tropical Shad (Tenualosa
ilisha), Miller et al. (2005) on Black Rockfish
(Sebastes melanops), Barnett-Johnson (2007) on

Fig. 1 Map of geology, and major salmon rivers (open
triangles) and hatcheries (open circles) for the Mid and Upper
Columbia River summer/fall Chinook salmon (Oncorhynchus
tshawytscha) population (modified from Weissenborn 1969;
river abbreviations referenced in Table 1). Okanagon (OKA)
and Similkameen (SIM) rivers have summer-run Chinook
salmon populations not sampled in this study. Surficial geology

in the upper Columbia River watershed varies in age and
lithology ranging from young (Cenozoic) volcanic rocks (light
pink, orange and brown) in the Columbia Basin and Southern
Cascades, older granitic rocks (red) and metamorphic rocks
(purple) in the Northern Cascades, to varying ages of
sedimentary rocks with the oldest rocks in the state found in
the East Okanogan Highlands (blue and dark green)
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Chinook salmon, Feyrer et al. (2007) on Splittail
(Pogonichthys macrolepidotus), Bradbury et al.
(2008) on Rainbow Smelt (Osmerus mordax), and
Planes et al. (2009) on Clown Fish (Amphiprion
percula) have combined genetic and otolith elemen-
tal analyses on the same individuals. Chinook
salmon in the Mid and Upper Columbia River
watershed are an ideal species and system to develop
an integrated genetic and otolith microchemistry
approach because (1) limited genetic differentiation
occurs among rivers within the UCR Su/F popula-
tion, yet restoration and management actions occur
at finer-scales of natal sources (Waples et al. 2001),
(2) high diversity in watershed geology exists,
establishing a mechanistic foundation for variation
in 87Sr/86Sr markers at small spatial scales, and (3)
populations of Chinook salmon are of economic
value and conservation concern.

An integrated baseline of isotopic and genetic
information may act synergistically to improve
assignment probabilities where stocks co-occur in
estuarine and marine systems. Several Chinook
salmon ESUs show gene flow at the scale of natal
sources while 87Sr/86Sr are likely to be limited as
broad spatial scale markers due to natal sources
having similar 87Sr/86Sr in other watersheds along
the species’ distribution. In this study, we character-
ize for the first time the 87Sr/86Sr values of natal
sources of summer and fall run Chinook salmon
from the Mid and Upper Columbia River population
and examine the utility of using genetic and isotopic
information as natural population markers on the
same individuals to identify broad (e.g., regional
genetic stock groups/ ESUs) and fine-scale (natal
source) populations.

Methods

Our approach to exploring the use of Sr isotopes and
genetic information to identify the natal sources of
Chinook salmon was to first establish a baseline of
87Sr/86Sr ratios in the otoliths collected from each
natal source. Then we characterized the variation in
microsatellite DNA from the same individuals and
natal sources. Finally, to assess the utility of integrat-
ing genetic and isotopic markers at different scales of
population structure, we used a step-wise hierarchy
approach by: (1) testing the accuracy of a pre-existing

coast wide microsatellite DNA baseline to identify
individuals to the UCR Su/F genetic group (Seeb et
al. 2007), (2) testing the accuracy of our 87Sr/86Sr
baseline to identify fish to natal sources within the
UCR Su/F genetic group, and (3) compared the
accuracy of the coast wide genetic baseline to identify
individuals to natal sources present in the genetic
baseline, with the results using 87Sr/86Sr.

Study system

The native populations of summer and fall run
Chinook salmon in the Columbia River above the
confluence with the Snake River comprise the UCR
Su/F ESU (Myers et al. 1998). This is one of eight
ESUs of Chinook salmon that have been identified
within the Columbia River Basin based on a synthesis
of genetic, life-history, biogeographic, geologic, and
environmental information (Myers et al. 1998). The
boundaries of the ESU are the Grand Coulee Dam
upstream and down-river at the crest of the Cascade
Range. Most of the current natural production of fish
in the UCR are summer run populations in the
Wenatchee, Methow, Okanagon, and Similkameen
rivers and fall run populations in the Yakima and
Klickitat rivers and in the mainstem Columbia River
in the Hanford Reach area (Waknitz et al. 1995,
Myers et al. 1998; Fig. 1). Large hatchery programs
associated with these populations also release summer
and fall run fish in the Upper and Mid Columbia
River (Table 1).

The Columbia River watershed is characterized by
complex and heterogeneous geology. There are several
physiographic regions that influence the geochemistry of
the Upper and Mid Columbia River including Okanogan
Highlands, Northern and Southern Cascade Mountains,
and the Columbia Basin. The geochemistry of the water
where fish rear in the wild is derived from weathering of
rocks within the entire upstream watershed. The Okano-
gan Highlands contain the oldest sedimentary and
metamorphic rocks in the state, which influence the
87Sr/86Sr values in the mainstem waters of the Columbia
River (Lasmanis 1991). The northwestern portion of the
upper Columbia River watershed receives freshwater
input from the Northern Cascade Mountains composed
primarily of Mesozoic crystalline and metamorphic
rocks. The Southern Cascades are younger Tertiary
and Holocene volcanic rocks (Lasmanis 1991; Fig. 1).
Most of the salmon-bearing tributaries to the Columbia
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River drain the Southern Cascades or the Columbia
Basin province comprised of basalt from the Miocene.
This Columbia River Basalt group is characterized by
several hundred individual flows that amount to ∼234
000 km3 of tholeiitic basalt, and andesite lava flows
covering large areas including south central and eastern
Washington along the Columbia River (Hooper 1997;
Camp et al. 2004). This diverse surficial geology results
in a wide range of 87Sr/86Sr values among Columbia
River tributaries (Ramos et al. 2006; Singleton et al.
2006; Fig 1)

Natal source signatures

To develop a baseline of 87Sr/86Sr ratios across natal
sources and acquire genotypes from individuals within
the natal sources, otoliths and tissues were collected
from sub-yearling juvenile Chinook salmon between
May-August from seven hatcheries and five naturally
spawning populations in 2007 and 2008 (Table 1).
Wild juveniles (∼55 mm fork length) were collected
from streams with rotary screw traps operated by
Yakama Nation Fisheries and Washington Department
of Fish and Wildlife. Wild juveniles were assumed to
originate from the streams where they were collected
based on their small sizes and general downstream

migration behavior out of tributaries. Hanford Reach,
on the mainstem Columbia River, is known to be an
area of active spawning and juvenile rearing. Yet
juveniles collected from this location could represent
out-migrants from several potential upstream rivers.
Thus, to characterize the Hanford Reach natal site, we
collected adults spawning at Hanford Reach in
November of 2007 and analyzed the natal portion of
adult otoliths. This approach assumes spawning fidelity
to the site of origin and was later supported by the low
variance in 87Sr/86Sr values characteristic of individu-
als at this site.

Genetic

Genomic DNA was extracted from fin tissue samples
using Wizard genomic DNA purification kits (Promega
Corp.) following the manufacturer’s protocols. Isolated
genomic DNAwas amplified via the polymerase chain
reactions (PCR) at 13 microsatellite loci using the
standardized protocols discussed by Seeb et al. (2007).
The resulting PCR products were analyzed with an
Applied Biosystems 3100 capillary electrophoresis
system. GeneScan and Genotyper software (Applied
Biosystems) were used to determine the size and
number of alleles observed at each locus.

Table 1 Sample information, 87Sr/86Sr values, standard deviation (SD), and results of the linear discriminant function analysis using a
jack-knife approach to classify Chinook salmon (Oncorhynchus tshawytscha) to natal population based on 87Sr/86Sr values

Natal collection site; abbreviation River Run1 Collection Rearing
type

87Sr/86Sr SD N Classification
accuracies

(code) year % correct

1. Methow River (MET) Methow SU 2007 Natural 0.70432 0.00011 8 100

2. Klickitat Hatchery (KLI) Klickitat F 2008 Hatchery 0.70568 0.00018 10 50

3. Wenatchee River (WEN) Wenatchee SU 2007 Natural 0.70572 0.00016 10 30

4. Yakima River (YAK) Yakima F 2008 Natural 0.70577 0.00024 10 20

5. Little White Salmon Hatchery (LWS) L. White Salmon F 2007 Hatchery 0.70606 0.00022 10 0

6. Prosser Hatchery (PRO) Yakima F 2008 Hatchery 0.70604 0.00039 8 25

7. Bonneville Hatchery (BON) mainstem F 2007 Hatchery 0.70818 0.00013 10 100

8. Umatilla Hatchery (UMA) mainstem F 2008 Hatchery 0.71058 0.00012 11 82

9. Wells Hatchery (WEL) mainstem SU 2007 Hatchery 0.71080 0.00015 11 55

10. Eastbank Hatchery (EBH) mainstem SU 2007 Hatchery 0.71113 0.00023 10 50

11. Priest Rapids Hatchery (PRH) mainstem F 2007 Hatchery 0.71154 0.00023 10 70

12. Hanford Reach (HAN) mainstem F 2007 Natural 0.71415 0.00012 9 100

Jack-knife classification accuracies and overall mean classification accuracies.1 Progeny of fish returning to spawn in the summer
(SU) and fall (F), except for adults sampled at Hanford Reach
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Isotopic

Sagittal otoliths were extracted, washed, and stored in
dry vials prior to cleaning and mounting. The left
otolith was soaked for 6 h in 30% Suprapur® H2O2 to
remove organic material and double rinsed in ultra-
filtered water. The right otolith was used if the left
otolith was compromised during preparation or
composed of the vaterite form of calcium carbonate.
Otoliths were mounted sulcus side up on microscope
slides and polished using Al2O3 lapping paper until
daily increments were revealed (Barnett-Johnson et al.
2005). Otoliths were transferred and grouped onto
clean petrographic slides, randomized by source
location and sampled using 60×500×80 μm (W×
L×D) laser tracks in the dorsal region along the
longest axis parallel to daily increments (5 μm
increment−1; ∼12 days) where the plane of growth
exhibits the least curvature (Barnett-Johnson et al.
2005). We measured 87Sr/86Sr in the region of the
otolith accreted while in the natal tributary or
hatchery, but after yolk absorption and prior to
outmigration (∼250 μm from primordia). This region
was just distal to the dark band diagnostic of the onset
of exogenous feeding (Barnett-Johnson 2007). Isolat-
ing this region is particularly important when charac-
terizing natal 87Sr/86Sr values, because the prefeeding
value reflects Sr derived from both marine (maternal-
ly inherited) and natal river sources (Bacon et al.
2004; Miller and Kent 2009).

Otolith 87Sr/86Sr data were collected using a
NuPlasma HR multi-collector inductively coupled
plasma mass spectrometer (MC-ICPMS) coupled to
a Nd:YAG 213 nm laser (New Wave UP213; with a
SuperCell™ sample chamber) with specific instru-
ment, laser, and interference corrections described in
Ramos et al. (2004) as applied to otoliths (Barnett-
Johnson et al. 2005). All monitored isotopes were
collected simultaneously and integrated for 2 s.
Approximately thirty 87Sr/86Sr ratios were measured
for each laser track and used to estimate within-run
precision for each otolith (2 × standard error±
0.00004). The laser ablated the otolith using a 20 Hz
pulse-rate and moved at a rate of 10 μm·s−1,
removing material along a 60 μm wide transect
500 μm in length. While there are several potential
interferences on Sr isotopes in carbonates, including
Ca dimers, Ca argides and doubly-charged Er and Yb,
only Rb and Kr affected the accuracy and precisions

of 87Sr/86Sr (Barnett-Johnson et al. 2005). We
accounted for the effects of 84Kr and 86Kr, present
in the Ar gas by subtracting on-peak baselines
(<1 mV 83Kr) measured prior to ablation of otoliths
from beam intensities during otolith ablation. To
correct for 87Rb, we used the measured 86Sr/88Sr
and natural 85Rb/87Rb value to calculate a mass bias
uncorrected 85Rb/87Rb ratio and the measured 85Rb
intensity to calculate and remove any 87Rb contribu-
tions to measured 87Sr intensities. 87Sr/86Sr ratios
were then normalized to 88Sr/86Sr=0.1194 to account
for any natural or machine induced fractionation.
External precisions (reproducibility) were based on
repeated measurements of our in-house gastropod
shell standard. The mean (SD) value of 87Sr/86Sr
measurements for the standard was 0.70922 (0.00004;
n=417), which is close to the global marine 87Sr/86Sr
value of 0.70918.

Sr isotope ratios among natal sources were compared
using analysis of variance (ANOVA) with Bonferroni
post-hoc pairwise comparisons, to determine whether
there were significant differences in the means in
isotopic signatures among sources. Strontium isotope
values met the assumptions of normality for ANOVA,
but did not have equal variances among locations.

Genetic-isotope assignment hierarchy

We conducted our assignments using genetic and
isotopic information in a hierarchical manner, similar
to a method one may use in a realistic unknown
mixture analysis for salmon. First, Chinook salmon
genotyped in this study (Table 1) were assigned to
genetic stock groups using microsatellite data com-
piled from a pre-existing coast wide genetic baseline
representing 141 populations from Southeast Alaska
to California described by Seeb et al. (2007). This
baseline estimates the likely regional genetic stock
group as well as population (e.g., natal origin) within
the regional stock groups for each individual geno-
typed. We used the likelihood model of Rannala and
Mountain (1997) as implemented by the genetic stock
identification computer program ONCOR (Kalinow-
ski et al. 2007). Posterior assignment probabilities for
individual baseline sources were summed to regional
genetic stock groups, the scale for which there is
greater assignment accuracy (see Seeb et al. 2007).
We used equal priors in our genetic assignments even
though fish in this study did not have a random
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chance of being part of the broader baseline. In an
unknown mixture analysis, one would assume equal
priors and only individuals assigned to the UCR Su/F
genetic group with high posterior probabilities would
be evaluated using this 87Sr/86Sr baseline. However,
since all samples collected for this study were known
to originate from the UCR Su/F region, we retained
all individuals in the isotope model.

Second, Chinook salmon were assigned to their natal
origins using a single factor linear discriminant function
analysis (DFA) with jackknife resampling to determine
whether 87Sr/86Sr values alone could be used to
correctly classify individual fish to natal origin (SAS
version 8, SAS Institute Inc., Cary, New York). A linear
function was used to estimate the variance-covariance
matrix response and applied across all sites. Jackknife
resampling used the same data set to generate and
evaluate the discriminant function by removing an
observation and reclassifying it to the source with the
closest mean 87Sr/86Sr value. This procedure was
repeated for all observations to determine correct
assignment percentages for each natal source. Prior
probability of group membership was assumed to be
proportional.

To identify natal sources and groups with similar
87Sr/86Sr values, we conducted a cluster analysis
(PRIMER version 6.1.5 software; Plymouth Routines
in Multivariate Ecological Research; SIMPROF test).
Cluster analysis used normalized 87Sr/86Sr for all fish in
the study to generate a similarity matrix of Euclidean
distances and implemented a hierarchical agglomerative

clustering routine using the group average to determine
the similarity of 87Sr/86Sr values among natal sources.
The SIMPROF test was used to determine actual
structure in the subset of data corresponding to each
branch by calculating the distance between clusters of
the dendrogram using 1000 permutations.

The pre-existing microsatellite baseline contains
genotypes from approximately 150 individuals from
each of four natal sources within the UCR Su/F regional
genetic stock group also represented in this study-
Methow River summer, Hanford Reach fall, Wells
Hatchery summer, and upper Wenatchee summer/fall.
Therefore, we compared the accuracies of fine-scale
(natal source) assignments between the genetic and
87Sr/86Sr baselines for fish from these four sources.

Results

The vast majority of Chinook salmon in our study were
assigned to the UCR Su/F genetic stock group with
strong group membership using the coast wide micro-
satellite baseline. The strength of assignment (posterior
probability) for all individuals in this study averaged 92%
(standard deviation (SD)=13). Of 86 individuals with
assignment probabilities >0.90, 84 were correctly
assigned to the UCR Su/F group. Of 32 fish with
probabilities <0.90, 15 were correctly identified (Fig. 2).
Individuals assigned to non-UCR Su/F groups had an
average posterior probability of assigning to the UCR
Su/F of 0.25 (SD=0.15). Most of the incorrect assign-
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ments were to the genetically related Snake and
Deschutes Fall-run. Five of the low probability fish
were not assigned to the Columbia River (Fig. 2).

87Sr/86Sr values were significantly different across
natal sources and ranged in values from 0.7043–
0.7142 (ANOVA, F11,104= 2345, p<0.001). The
87Sr/86Sr model showed that all 58 pairwise compar-
isons were significantly different (df= 105, p<0.05)
with the exception of eight comparisons (Klickitat
Hatchery (KLI) with Wenatchee River (WEN) and
Yakima River (YAK); Little White Salmon Hatchery
(LWS) with Yakima River (YAK) and Prosser
Hatchery (PRO); Umatilla Hatchery (UMA) and
Wells Hatchery (WEL); PRO with WEN and YAK;
and WEN and YAK; Table 1). Discriminant function
analysis for the 87Sr/86Sr only model resulted in
classifications that ranged from 0 to 100% (Wilks’s
Lambda, F11,105= 2344, p<0.001). All individuals
from three natal sources were correctly assigned-
Methow River (MET); Bonneville Hatchery (BON);
and Hanford Reach (HAN), with only two individuals
from UMA misclassified (82%; Fig. 3). Fish from
KLI, WEN, YAK, LWS, PRO, WEL, EBH, and PRH
had lower assignment success (Table 1). Some natal
sources (e.g., Okanagon (OKA) and Similkameen
(SIM) were not included in the 87Sr/86Sr baseline.
This may influence the strength of assignment for
some natal sources.

The similarity dendrogram from the cluster analy-
sis shows that 87Sr/86Sr resolved fine-scale assign-
ments to three individual natal sources (MET, BON,
and HAN), and two more regional groups with 100%
correct classification success (Fig. 4). The two
regional groups were comprised of mainstem hatchery

sources (WEL, EBH, PRH, UMA) and sources
located on tributaries to the Columbia River (WEN,
YAK, PRO, KLI, LWS).

Of the 34 samples in our study from the four
sources represented in the pre-existing microsatellite
DNA baseline (MET, WEL, HAN, WEN) 31 (91%)
were correctly assigned to the UCR Su/F genetic
stock group. However, only about 1/3 of the fish from
these four sources were assigned to the correct natal
source using the entire coast-wide genetic baseline
(Fig. 5). Individuals appeared randomly misassigned
to non-natal sources. A significantly greater propor-
tion of the 34 samples (approximately 2/3) were
correctly assigned to their natal source using the
87Sr/86Sr baseline. The lower assignment success of
individuals to their correct natal sources using the
genetic baseline highlights its limitation at finer
scales. In contrast, the 87Sr/86Sr baseline significantly
improved classification success of individuals origi-
nating from three of the four natal sources. Assign-
ments improved from (25 to 100%), (40 to 64%), (33
to 100%) for individuals from MET, WEL, HAN
respectively (Fig. 5). Assignment success for individ-
uals from WEN remained the same (30%) with the
inclusion of 87Sr/86Sr information.

Discussion

This study provides support for the integration of
otolith microchemistry and multilocus genotypes to
provide broad (e.g., basin/ESU) and finer scale (e.g.,
natal source) identities for Chinook salmon. There is a
long history and continued effort in the fisheries
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tshawytscha) collected in
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upper Columbia River.
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spond to populations listed
in Table 1
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literature on documenting biological attributes that
differ among stocks as intrinsic markers to minimize
the need for expensive and laborious physical tags
(Marques et al. 2006; Abaunza et al. 2008; MacKenzie
2009). For example, many salmonid stocks can be
distinguished based on unique scale or otolith struc-

ture (Henry 1961; Marshall et al. 1987; Barnett-
Johnson 2007), morphometric and meristic characters
(Fukuhara et al. 1962; Winans 1984; MacCrimmon
and Claytor 1985), parasites (Margolis 1963; Bailey
and Margolis 1987), and genetic differences (Utter et
al. 1987; Winans et al. 2001). Recent studies have
explored integrating multiple biological markers in
salmon with varying levels of success and resolution
(Wood et al. 1989; Barnett-Johnson et al. 2008;
Narum et al. 2008). Specifically, none have achieved
a resolution that easily scales between local natal
sources and regional populations applicable to mixed-
stock groups at fine-scale resolution.

Molecular markers have previously been used to
identify the genetic origins of Chinook salmon in
mixed-stock ocean fisheries at broad scales with great
success (Winans et al 2001; Beacham et al. 2006). The
majority (84%) of Chinook salmon in this study were
correctly identified to the UCR Su/F genetic stock
group using a standardized microsatellite dataset.
However, assignment success of natal sources nested
within the UCR Su/F population was poor. This is
likely due to naturally occurring gene flow among
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Fig. 4 Similarity dendrogram using normalized 87Sr/86Sr
values for all individuals and a similarity matrix of Euclidean
distances with a group average algorithm. Individuals originat-
ed from the summer/fall Chinook salmon from Mid and Upper
Columbia River tributaries- MET ( ), WEN ( ), YAK ( ),
LWS ( ), KLI ( ), PRO ( ), and mainstem Columbia River-
HAN ( ), BON ( ), UMA ( ), WEL ( ), EBH ( ), PRH
( ). Natal river and hatchery codes are referenced in Table 1.
Five distinct groups (numbered) are identified with 100%
correct classification success. Groups 1, 2, and 4 are resolved
to individual natal sources whereas groups 3 and 5 reflect natal
sources on tributaries and the mainstem Columbia River
respectively
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Fig. 5 Proportion of Chinook salmon (Oncorhynchus tshawyt-
scha) correctly identified as originating from their natal capture
site using a coast wide microsatellite DNA baseline (open bars)
and 87Sr/86Sr values (filled bars). Results for four populations
represented in both this study and in the coast wide micro-
satellite DNA baseline are shown. Natal river codes correspond
to populations listed in Table 1
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natal sources over short temporal and spatial scales as
well as alterations in migration and spawning habitat,
and among basin transfers of broodstocks for hatchery
operations (see also Seeb et al. 2007; Narum et al.
2008). There is a growing need to identify specific
natal sources to better understand salmon ocean
ecology and to monitor recovery efforts that occur at
the scale of individual rivers.

Previous studies have highlighted the utility of
using 87Sr/86Sr to differentiate natal habitats at local
scales (Kennedy et al. 1997; Ingram and Weber 1999;
Hobbs et al. 2005). We found a wide range in
87Sr/86Sr values present among natal sites in the Mid
and Upper Columbia River basin, which was 1.5
times greater than that observed among California’s
Central Valley rivers and hatcheries (Barnett-Johnson
et al. 2008). The small errors around our population
mean 87Sr/86Sr value suggests that individuals col-
lected in our study were likely born or spent a significant
amount of time rearing at the specific location of
collection. Three sites (MET, BON, and HAN) had
87Sr/86Sr that were unique allowing for unequivocal
assignment of individuals to correct natal locations.

We found general trends in 87Sr/86Sr values along
the Columbia River and its tributaries that corre-
sponded to surficial geology in the watershed. The
mainstem Columbia River is influenced at its head-
waters in Washington by old Paleozoic sedimentary
rocks in the eastern Okanogan Highlands (Lasmanis
1991; Fig. 1). The Hanford Reach site (HAN)
represents our only natural source of Chinook salmon
on the mainstem and had the most radiogenic
87Sr/86Sr value (0.7142). This 87Sr/86Sr value is
consistent with previous Columbia River water values
and Columbia River Basalt Group values of 0.7034 in
early-erupted basalts to 0.7145 in late-erupted flows
(Ramos et al. 2006; Singleton et al. 2006). Four
hatcheries (WEL, EBH, PRH, UMA) on the main-
stem have similar 87Sr/86Sr ratios that are less
radiogenic than HAN but show greater than ocean
87Sr/86Sr values (Table 1). This pattern is consistent
with the influence of marine-derived feed on the
87Sr/86Sr in the otoliths of hatchery fish reflecting a
mixture of the 87Sr/86Sr in source water on the main-
stem Columbia River and less radiogenic 87Sr/86Sr
value of hatchery feed (0.70918; Ingram and Weber
1999). Hatchery feed could affect otolith 87Sr/86Sr
through dietary source of Sr or altered dissolved
ambient Sr in the water (Barnett-Johnson et al. 2008).

Natal sources located along the tributaries to the
west of the Columbia River and south of the Methow
River (WEN, YAK, PRO, KLI, LWS) have similar
87Sr/86Sr values (∼0.706). The 87Sr/86Sr values
characterizing these tributary sources are influenced
by the younger Miocene volcanic formations in the
Columbia Basalt Group and the Southern Cascade
Mountain range (Lasmanis 1991; Fig. 1). The Bonne-
ville Hatchery isotopic signature (0.70818) is inter-
mediate between the mainstem Columbia River and
upstream tributary values. This result is consistent
with the isotopic mixing of these waters.

For the few studies that have used both molecular
genetic and otolith microchemical information on the
same individuals, significant insight has been gained
about the spatial scales of connectivity (Milton and
Chenery 2001; Miller et al. 2005; Bradbury et al.
2008). The variation in otolith 87Sr/86Sr performs at
its best when integrated with other data and
approaches (Harrington et al. 1998; Barnett-Johnson
et al. 2008). 87Sr/86Sr values are unlikely to be unique
among natal sources across a species’ distribution.
Without a marker identifying individuals to broader
geographic regions, the 87Sr/86Sr marker may be of
limited utility for many fisheries applications where
stocks co-occur. For example, Chinook salmon from
the Yuba River in California’s Central Valley and
from the Bonneville Hatchery in the Columbia River
basin have similar 87Sr/86Sr values (∼0.70818;
Barnett-Johnson et al. 2008). However, the California
Central Valley and Columbia River stocks differ
genetically (Seeb et al. 2007). Harrington et al.
(1998) used variation in δ15N among watersheds due
to agricultural influences with 87Sr/86Sr to further
delineate Atlantic Salmon (Salmo salar) rearing
habitats. (Walther and Thorrold 2008) used oxygen
isotopes that varied broadly along a latitudinal gradient
of precipitation in conjunction with Sr/Ca, Ba/Ca, and
87Sr/86Sr in otoliths to characterize the freshwater natal
rearing sites of American Shad (Alosa sapidissima)
along the entire U.S. Atlantic coast.

Many Pacific salmon populations are demo-
graphically independent and exhibit stock-specific
extinction risks. Identifying individual stocks in
mixed-stock harvest management is fundamental for
preventing overexploitation of vulnerable stocks
while optimizing the harvest of abundant popula-
tions. The need for a coordinated coast-wide effort in
stock identification for Pacific salmon has long been
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recognized, but the search for the ideal biological
markers continues to evolve as new stock identification
techniques and statistical approaches emerge (Wood et
al. 1989; Seeb et al. 2007). Wood et al. (1989)
evaluated the accuracy and precision of stock compo-
sition estimates of sockeye salmon using 51 principal
stocks in British Columbia and Southeast Alaska with
four types of biological markers- freshwater age, six
scale pattern variables, the prevalence of a brain
parasite, and five genetic (electrophoretic) traits. They
concluded that in general, estimates for individual
stocks are unreliable using these markers largely due to
the annual variability in scale patterns, and lack of
genetic or stable parasite markers to achieve desired
levels of stock resolution.

Our integrated approach shows promise in address-
ing outstanding questions in salmon ecology and the
potential for application at the coast-wide scale. The
low annual variation in both the microsatellite and
87Sr/86Sr markers minimizes the frequency of new
baseline data collection. An additional benefit to
developing 87Sr/86Sr baselines is that multiple fish
species occupying the same systems can be tracked
using the same 87Sr/86Sr signatures of origin. For
example, several rivers from Japan to California have
multiple species of salmon-Chinook, Steelhead (O.
mykiss) Coho (O. kisutch), and Sockeye (O. nerka).
Developing a baseline of 87Sr/86Sr natal values within
a river system could improve the management and
conservation of several salmon species. Sophisticated
genetic baselines (microsatellite and SNPs) are cur-
rently being considered by fisheries resource manag-
ers as integral tools to minimize mortality on
protected stocks, and target healthy populations in
the ocean fisheries (see Seeb et al. 2007). The
development of 87Sr/86Sr baselines for individual
rivers and hatcheries within key ESUs would allow
for finer-scale identities in systems where molecular
markers show limited resolution. Genetic tools alone
could provide natal source identities or even finer-
resolution (e.g., parentage) in some systems, but
would require sampling each brood year, examination
of more loci, and expensive and labor intensive efforts
(Hauser et al. 2006; Planes et al. 2009). 87Sr/86Sr and
microsatellite baselines have been developed for
rivers and hatcheries within the UCR Su/F and
California’s Central Valley fall ESUs, two significant
populations to west-coast salmon fisheries (Barnett-
Johnson et al. 2008; Weitkamp 2010). Next steps

would be to apply these tools for mixed collections of
juveniles or adults in estuaries and coastal oceans to
better understand source-specific distributions and
individual growth and condition.

The need for reliable stock identification tools will
continue to grow as recovery efforts for salmon stocks
listed under the Endangered Species Act intensify. Our
results suggest that integrating molecular genetic and
otolith isotopic data in a Bayesian framework may be
the next step in its application to coast-wide salmon
conservation and harvest management for these stocks.
Genetic stock identification programs can produce rapid
turn-around times useful for real-time fisheries manage-
ment decisions. To date, otolith 87Sr/86Sr measurements
have provided retrospective insights, but could achieve
comparable efficiencies with significant resources and
advances in mass spectrometry. The development of
additional baselines of 87Sr/86Sr variation within key
genetic groups may provide fine-scale resolution in
other salmon systems. In addition, other biological
markers (e.g., otolith elemental ratios) may provide still
further resolution for natal sources that have over-
lapping 87Sr/86Sr values, as is the case with two of our
groupings within the UCR Su/F population. With
continued research and the emergence of new technol-
ogies, the promise of understanding salmon ecology at
broad and fine geographic scales will be realized.
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