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Isotopic composition of 87Sr:86Sr and natural elemental tracers (Sr, Ba, Mg, Mn and Ca) were quanti-
fied from otoliths in juvenile and adult Chinook salmon Oncorhynchus tshawytscha to assess the ability
of otolith microchemistry and microstructure to reconstruct juvenile O. tshawytscha rearing habitat
and growth. Daily increments were measured to assess relative growth between natal rearing habitats.
Otolith microchemistry was able to resolve juvenile habitat use between reservoir and natal tribu-
tary rearing habitats (within headwater basins), but not among catchments. Results suggest that 90%
(n= 18) of sampled non-hatchery adults returning to the Middle Fork Willamette River were reared in
a reservoir and 10% (n= 2) in natal tributary habitat upstream from the reservoir. Juveniles collected in
reservoirs had higher growth rates than juveniles reared in natal streams. The results demonstrate the
utility of otolith microchemistry and microstructure to distinguish among rearing habitats, including
habitats in highly altered systems.
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INTRODUCTION

For migratory species, the occurrence, timing and extent of movements can have a
strong influence on the ecological and evolutionary processes of populations (Webster
et al., 2002). In particular, the dispersive and directed movements of individuals dur-
ing early life cycle stages of complex life histories can have implications for population
demographics as well as consequences for natural selection (Gross et al., 1988; Gross,
1991; Drent et al., 2003). It is generally accepted that variation in the expression of
movement decisions is a combined genotypic and phenotypic response to heterogeneity
in the environment and variation in individual responses to factors such as temperature,
food availability and density (McNamara & Houston, 1996; Rochet, 2000; Hartson
& Kennedy, 2014). For fishes specifically, variation in early life-history behaviours is
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maintained by the fluctuating differences in performance and survival that stochasticity
in natal habitats can produce (Quinn & Unwin, 1993; Kennedy et al., 2008; Hart-
son & Kennedy, 2014). Given low population abundances, the timing and extent of
juvenile movements and migratory decisions can be particularly important for the pop-
ulation dynamics of some species, such as Chinook salmon Oncorhynchus tshawytscha
(Walbaum 1792), where tradeoffs occur between critical size thresholds and timing bot-
tlenecks in significantly modified migratory corridors (Zabel & Achord, 2004; Hegg
et al., 2013a).

Oncorhynchus tshawytscha exhibit a diverse array of movements, both in terms of
dispersal behaviours and migration, which collectively contribute to variability in juve-
nile freshwater habitat use within populations (Quinn, 2005; Hamann & Kennedy,
2012; Hegg et al., 2013a). Anthropogenic alterations (particularly dams and associated
reservoirs) affect habitat use among individuals (Williams et al., 2008), and life-history
plasticity is hypothesized to provide resilience to anthropogenic as well as natural per-
turbations (Waples et al., 2008). For example, the lower Snake River autumn run O.
tshawytscha population (north-west, U.S.A.) was thought to be composed entirely of a
sub-yearling life history (i.e. juveniles that migrate to sea shortly after emergence), but
recent studies have demonstrated the presence of a yearling reservoir life history (i.e.
juveniles that overwinter in lower Snake River reservoir habitats; Connor et al., 2005;
Hegg et al., 2013a). Plasticity allows some juveniles to migrate to the ocean in spring,
at a larger body size, which may be advantageous for survival to ocean entry and for
the adults returning to spawn in fresh water (Zabel & Achord, 2004; Connor et al.,
2005). The older age and larger size of individuals exhibiting the reservoir-type life
history may be influenced by a combination of restricted opportunities for downstream
movement, temperature regimes altered by dams and higher biological productivity, all
of which affect growth opportunities (Jonsson, 1985; Connor et al., 2002; Hegg et al.,
2013a).

In the Willamette Basin (Oregon, U.S.A), O. tshawytscha have been blocked from
substantial portions of spawning and rearing habitats by the construction of the
Willamette Valley Project (WVP), a series of large high-head dams built from 1941 to
1969. The Upper Willamette River O. tshawytscha population was listed as threatened
under the U.S. Endangered Species Act in 1999 because of habitat loss caused by the
WVP (National Marine Fisheries Service, 1999). Few data were collected on juvenile
O. tshawytscha habitat use prior to dam construction in the Willamette River, but at
least three groups of emigrating juvenile O. tshawytscha were present: late-spring
sub-yearlings (uncommon), late-autumn sub-yearlings (uncommon) and late-spring
yearlings (common) (Mattson, 1962). Blocked access to historic rearing sites by the
WVP and extensive channelization and habitat degradation in the main-stem river and
Columbia River estuary have reduced life-history variability in the catchment (Bottom
et al., 2005). In an effort to return marine-derived nutrients to headwater streams and
increase natural production, adult O. tshawytscha have been collected and transported
above high-head dams (outplanted) to historic spawning reaches in some sub-basins
since 1997. Although the majority of O. tshawytscha escapement is of hatchery origin,
the return of unmarked, apparently natural origin adults to collection facilities at dams
indicated successful rearing and downstream migration of offspring from outplanted
O. tshawytscha (Keefer & Caudill, 2011). Subsequent scale analyses from juvenile
and adult collections provided qualitative evidence that a portion of offspring from
outplanted adults had prolonged juvenile residence in reservoirs while other returning
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adults appeared to rear in spawning streams. Prolonged juvenile reservoir residence
is thought to result from favourable growth conditions in reservoirs and prolonged
periods of restricted downstream passage (Keefer et al., 2012; Hegg et al., 2013a).

Understanding how juvenile O. tshawytscha use different rearing locations and how
rearing location relates to adult production is a critical question in the management of
O. tshawytscha populations. Geochemical signatures that are stored in fish bony struc-
tures can be used to reconstruct individual habitat use and offer several advantages
to traditional tagging studies (Kalish, 1990; Thorrold et al., 1997; Campana, 1999).
Otoliths are paired mineral structures located within the semicircular canals of the inner
ear. Calcium carbonate is accreted daily as thin concentric rings that reflect somatic
growth (Neilson & Geen, 1982; Campana & Neilson, 1985). Daily deposition of cal-
cified material reflects the distinct geochemical signature of the aqueous environment,
and because otoliths are inert, the signature remains stable after deposition (Kennedy
et al., 2000, 2002). The geochemical signature of the water is influenced by variation in
the age and composition of the underlying bedrock geology (Kennedy et al., 1997). For
example, felsic rocks (e.g. granite) lead to higher 87Sr:86Sr and Sr:Ca values compared
to mafic rocks (e.g. basalt), and the uneven distribution of rocks derived from felsic and
mafic sources drives spatial variability in geochemical markers (Hegg et al., 2013a).
The scale of resolution for reconstructing fish movements is a product of both the het-
erogeneity of the geochemical signatures (Kennedy et al., 2000; Barnett-Johnson et al.,
2010; Hegg et al., 2013b) and the spatial and temporal resolution of the geochemical
incorporation into the otolith (Hobson et al., 2010). Daily rings can be referenced to
both relative somatic growth and changes in the elemental and isotopic composition
across the growth axis of the otolith. Together, structure and chemistry can be used to
reconstruct movements throughout the life of an individual fish (Kennedy et al., 2002;
Hamann & Kennedy, 2012).

The objectives of this study were to (1) quantify the relevant water chemistry in the
Willamette River basin to determine if underlying geospatial variation in water chem-
istry could be useful in otolith microchemistry analyses of fish, (2) determine whether
the geochemical composition and growth rate of otoliths differed in juveniles collected
from different rearing habitats at two spatial scales and (3) reconstruct the natal rearing
habitat in a sample of natural origin returning adult O. tshawytscha. For objective (2),
it was hypothesized that variation in otolith geochemistry differed among sub-basins
(interbasin scale) and could thus identify interbasin strays (i.e. adults that use non-natal
habitats for spawning; Keefer & Caudill, 2013). Second, within sub-basins, it was
hypothesized that geochemical signatures and otolith growth increments were distinct
between natal stream and reservoir rearing habitats (within catchment basin scale).

MATERIALS AND METHODS

S T U DY A R E A

The Willamette River, north-west Oregon, U.S.A., is c. 300 km long and located between
the Cascade and Coastal mountain ranges. The Willamette River is a tributary of the Columbia
River, with the confluence near Portland, Oregon (USEPA, 2000) (Fig. 1). There are hun-
dreds of fish passage barriers in the Willamette River basin (Sheer & Steel, 2006), including 13
multi-purpose U.S. Army Corps of Engineers (USACE) WVP dams with reservoirs that provide
flood control, irrigation, recreation, water supply and hydroelectric generation. The WVP dams
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Fig. 1. The Willamette valley with locations of water samples ( ), juvenile Oncorhynchus tshawytscha samples
( ) and adult O. tshawytscha samples ( ). , dams.
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were constructed from 1941 (Fern Ridge Dam, Long Tom River) to 1969 (Blue Ridge Dam,
McKenzie River). The WVP dams in basins studied here lack upstream fish passage facilities
and downstream passage for juveniles is lacking or poor (Keefer et al., 2012). Adults were col-
lected at facilities below Detroit (DR), Cougar (CGR) and Dexter (DX) dams and outplanted to
tributaries above the reservoirs of Detroit (North Santiam, NS), Cougar (South Fork McKenzie,
SFM), Lookout Point (North Fork Middle Fork Willamette, NFMF) and Hill’s Creek (Middle
Fork Willamette, MFW) dams; DX is a re-regulation dam for Lookout Point Reservoir (LOP)
and the short reach between DX and LOP lacks spawning habitat. Adult outplant sites were
near juvenile collection sites in tributaries (Fig. 1). Out-migrating juveniles encountered one
(CGR or DR), two (LOP-DX) or three (Hill’s Creek-LOP-DX) high-head dams.

WAT E R C H E M I S T RY

A total of 26 water samples from juvenile O. tshawytscha rearing habitats were collected
and analysed. Samples were collected in 2010 during three separate periods: 9–11 July, 18–19
August and 5–7 October with the intention of spanning the juvenile O. tshawytscha growing sea-
son. Samples were collected in all major sub-basins in natal rearing tributaries, reservoirs, below
WVP dams, Willamette River main-stem and lower Columbia (Fig. 1). Samples were collected
using established methods (Kennedy et al., 2000). Sr isotope ratios (87Sr:86Sr) were analysed
using a Finnigan MAT 262 Multi-Collector Thermal Ionization Mass Spectrometer (TIMS)
(www.sisweb.com/ms/finnigan.htm). Elemental concentrations of Ca, Sr, Ba, Mg and Mn were
analysed with an inductively-coupled plasma mass spectrometer (ICP-MS – Finnigan-Thermo
Element II) using analytical methods and instrument conditions described in Hegg et al. (2013a).

Non-parametric Wilcoxon signed rank and Kruskal–Wallis rank sum analysis were used for
87Sr:86Sr, Sr:Ca, Ba:Ca, Mn:Ca and Mg:Ca to test for variability in water geochemical samples
between sites at each of the two spatial scales. Non-parametric tests were performed due to
non-normal distributions and unequal variance, which violate the assumption of parametric tests
[analysis of variance (ANOVA), t-test].

Analyses were focused on two spatial scales that corresponded to tests for juvenile rearing
habitat and adult straying in otolith chemistry: (1) interbasin: water geochemical variability
between natal spawning reaches where spawning occurs in NS, SFM, NFMF and MFW Rivers
(Fig. 1) and (2) within Headwater Basin: variability in water geochemistry between NS and DR
in the North Santiam sub-basin, SFM and CGR in the McKenzie sub-basin and NFMF and LOP
reservoir in the Middle Fork sub-basin (Fig. 1).

OTOLITH COLLECTION AND PREPARATION

In order to characterize the microchemistry of juvenile fish, left sagittal otoliths were collected
over 3 years (2009–2011) from natural-origin juvenile O. tshawytscha (n= 113) (Fig. 1). Fish
were collected from natal rearing tributaries, project reservoirs and tail-races below project reser-
voirs. Fish were collected in three seasons (spring, summer and autumn) with rotary screw traps,
fyke nets, trap nets and hook and line sampling. All fish were euthanized with a lethal dose of
MS-222 under NMFS permit W1-11-UI201 issued under the Endangered Species Act, appro-
priate Oregon Department of Fish and Wildlife Scientific Collection permits (14601, 15392
and 16525) and University of Idaho Animal Care and Use Committee protocol number 2010-5
09-446.

Adults were examined from a single basin (Middle Fork Willamette). For adult samples,
otoliths were collected from adult post-spawning O. tshawytscha of presumed natural origin
(adipose-fin present) that had been collected at DX and outplanted to the NFMF above LOP
(Fig. 1). Left sagittal otoliths (n= 20) were collected in 2 years (2009 and 2010).

All otolith samples were analysed for elemental concentrations Sr:Ca, Ba:Ca, Mg:Ca, Mn:Ca,
with an ablated transect on the dorsal region from otolith edge to core. The region was chosen
based on its clear growth rings and consistently repeatable preparations. Otoliths were prepared
for microchemical and growth analysis using established methods (Secor et al., 1991). Elemen-
tal ratios were quantified using a Finnigan Element2 high-resolution single collector ICP-MS
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(HR-ICP-MS) coupled with a New Wave UP-213 laser ablation system (www.esi.com). The
otoliths were ablated with the laser operating at a constant speed (30 μm s−1) and spot size (40
μm). Concentrations of all measured elements were calculated relative to a National Institute of
Standards and Technology glass standard (NIST 610) and background intensities were zeroed
with a gas blank.

J U V E N I L E OT O L I T H G ROW T H A NA LY S I S

Fork length (LF) and mass (M) of juvenile O. tshawytscha were measured before removal
of the left sagittal otolith. Image Pro software (MediaCybernetics; www.mediacy.com) and a
digital camera (Moticam 2300; www.motic.com) were used to measure daily increment width
along the dorsal transect perpendicular to the longest longitudinal axis. Total otolith radius was
also measured on the same axis. If daily increments were not clear from the otolith core to
edge, the transect was shifted slightly, but consistency was maintained by matching common
rings. The mean width of five to 10 consecutive daily growth increments at 100, 200, 300, 400,
500, 600 and 700 μm from the primordium was calculated. One caveat in the analysis was that
a faster growing fish would be younger at any distance from the core than a slower growing
fish. A constant number of 10 increments could not always be measured due to variable visual
quality of preparations. Otolith microstructure increment widths were compared with a Welch
two sample t-test (programme R; www.r-project.org) that did not assume equal variance between
reservoir and natal stream sampled otoliths at each measurement from otolith core. A Bonferroni
correction (Dunn, 1961) was used to account for tests of differences at multiple locations on the
same otolith of individuals.

OTOLITH MICROCHEMISTRY

The geochemical analyses focused on two sections of juvenile otoliths that were assumed to
represent: (1) an individual’s early growth period in the natal stream (natal origin) and (2) growth
in the capture location (capture location). The natal origin chemical signature was quantified
by averaging the first chemically stable point in the transect (generally located 110–200 μm
from otolith core). The region was selected to estimate the geochemical signature during early
growth in the natal stream because it is outside the area where maternal compounds associated
with yolk-sac absorption are known to influence natal signatures (Barnett-Johnson et al., 2008),
yet not within the area associated with potential early post-emergence downstream movement
(Zabel et al., 2010). The capture location chemical signature was quantified by averaging a stable
signature located in the 100 μm closest to the otolith edge. The capture location signature was
presumed to reflect the location from which an individual was collected near the end of the
growth season because most juveniles were collected in late summer-early autumn outside the
periods of large downstream movements (Monzyk et al., 2008; Keefer et al., 2012).

The rearing geochemical signature was estimated during the first year of growth in adult sam-
ples with mean concentrations on the transect 500–650 μm from the otolith core. The location
of the rearing signature was selected based on autumn O. tshawytscha in the Snake River where
250–800 μm from otolith core was considered first-year rearing and past 800 μm from otolith
core was considered an overwintering signature (Zabel et al., 2010). Qualitative observations of
elemental and isotopic profiles from the sampled individuals indicated stable signatures in this
region. The rearing geochemical region was also consistent with expected size during first-year
rearing based on otolith–body size relationships for these populations (Bourret, 2013), and
observed size at outmigration (Keefer et al., 2012).

DATA A NA LY S I S : S PAT I A L VA R I A B I L I T Y I N C A P T U R E
L O C AT I O N

The natal origin otolith geochemical elemental values (Sr:Ca, Ba:Ca, Mn:Ca and Mg:Ca)
from juveniles sampled in natal rearing streams were compared between sub-basins to deter-
mine if out-of-basin strays could be identified in returning adults. Significance tests using
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multivariate analysis of variance (MANOVA) were used to compare the NS, SFM, NFMF and
the MFW rivers. Linear discriminate function analysis (LDFA) with equal prior probability and
leave-one-out cross validation was used to test classification accuracy in group membership
(objective 2).

Within Headwater Basin, ANOVA and MANOVA were used to compare capture location
geochemical signatures in otoliths from juveniles collected from natal streams and downstream
reservoirs to determine if rearing habitats within basin could be distinguished in juveniles and
returning adults. Dependent variables were a suite of otolith element ratios: Sr:Ca, Ba:Ca, Mn:Ca
and Mg:Ca. The 87Sr:86Sr were not included in this analysis because results suggested low
discriminatory power among water geochemical samples. Sites included as independent vari-
ables were NFMF and LOP in the Middle Fork sub-basin and MCK and CGR in the McKenzie
sub-basin (objective 2) (Fig. 1).

Rearing habitat during the first year of life in individual adult fish was back-classified with
LDFA using juveniles collected from known rearing locations (Wells et al., 2003; Hegg et al.,
2013a). Juvenile otolith samples from the NFMF and LOP capture location signatures were
compared with MANOVA (𝛼 = 0⋅05) using elemental ratios to calcium (Sr:Ca, Ba:Ca, Mn:Ca
and Mg:Ca). The juveniles from known rearing locations were the training set to generate the
LDFA, which was used as a model to classify first-year juvenile rearing habitat in returned adult
natural origin fish in the NFMF (objective 3) (n= 20).

RESULTS

WAT E R C H E M I S T RY

There were no significant differences in 87Sr:86Sr, Sr:Ca, Ba:Ca, Mn:Ca or Mg:Ca
in water samples collected among natal stream habitats in each sub-basin and among
reservoir and natal stream habitats within each sub-basin. (Table I). Differences
between DR (Detroit reservoir) and NS (North Santiam River) were not tested due
to small sample sizes, but low variability in water chemistry was observed between
habitats.

OT O L I T H G ROW T H

Lack of an annulus indicated that all sampled juveniles were sub-yearlings. Mean
daily growth increment width was significantly wider in fish collected in the reservoirs
v. natal streams at the 200 and 400 μm measurements (Bonferroni-corrected t-tests,
P< 0⋅01, 𝛼 = 0⋅01) (Fig. 2).

OT O L I T H M I C RO C H E M I S T RY

Natal origin elemental ratios (Sr:Ca, Ba:Ca, Mg:Ca and Mn:Ca) exhibited low vari-
ability and a large degree of overlap (Fig. 3), but were significantly different (Table II)
between natal rearing sub-basins. LDFA with four groups (each sub-basin) was used
to build a training set. Although significant differences were found using MANOVA,
jack-knife re-sampling with the training set accurately classified only 59% of juvenile
samples to the sub-basin of collection.

Capture location multivariate elemental ratios (Sr:Ca, Ba:Ca, Mg:Ca and Mn:Ca)
were significantly different (Table II) between reservoir and natal tributary habitats
in the North Fork Middle Fork and the McKenzie sub-basins (Figs 4 and 5). LDFA
and jack-knife cross-validation indicated that 70% of known-origin juveniles were cor-
rectly classified to the location from which they were collected (either NFMF or LOP in
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the Middle Fork Willamette Basin) based on otolith elemental concentrations. Ninety
per cent of the adults were classified as rearing in LOP (n= 18) v. 10% rearing in
NFMF (n= 2) (Fig. 6), when the otolith chemistry of known-origin juveniles was used
as a training set to classify rearing location of adults.

DISCUSSION

Otolith microchemistry is receiving increasing interest as a reliable and efficient
means to recover individual-based and spatially explicit information over multiple spa-
tial scales (Hobson et al., 2010; Hamann & Kennedy, 2012; Hegg et al., 2013a). The
overall goal of this study was to use geochemical signatures and microstructure pat-
terns in O. tshawytscha otoliths to determine early rearing habitat and growth. The
results support the hypothesis that geochemical signatures can be used to distinguish
juvenile O. tshawytscha that were reared in reservoirs v. natal streams in the studied
populations, and that portions of some populations were reared in reservoirs. It was
not feasible with this data set to distinguish natal origin among sub-basins in returning
adults. These findings highlight the utility of otolith microchemistry and microstructure
analysis to the reconstruct life histories of fishes in human-altered habitats.

Reconstructing life history using otolith microchemistry requires adequate variabil-
ity in geochemistry across the landscape in variables unaffected by biological processes
(e.g. 87Sr:86Sr; Kennedy et al., 2000; Barnett-Johnson et al., 2008; Hegg et al., 2013a)
and population or habitat-specific element incorporation mechanisms (e.g. elemental
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Fig. 3. Relationship between Oncirhynchus tshawytscha otolith elemental ratio Sr:Ca and otolith elemental ratios
(a) Ba:Ca, (b) Mg:Ca (c) and Mn:Ca grouped by natal origin. MCK ( ), MFW ( ), NFMF ( ) and NS ( )
natal rearing sub-basin geochemical signatures are represented at the interbasin scale.

ratios; Campana, 1999; Wells et al., 2003). Water chemistry data revealed low variabil-
ity in 87Sr:86Sr between O. tshawytscha sampling locations at both the within head-
water and interbasin scales (Objective 1), (Table I). These results were probably due
to low geological diversity across the study area, with high concentrations of basalt
and andesite formed in the Oligocene to Miocene period (Ludington, 2005). Conse-
quently, 87Sr:86Sr values provided little resolution to reconstruct life-history attributes
from otoliths at these scales. In contrast, significant differences were observed in otolith
elemental geochemistry during early O. tshawytscha growth in reservoirs (Fig. 5).
While significant differences were not detected between locations in water elemen-
tal ratios, the ratios were probably temporally dynamic and may have differed between
locations due to differences in inputs or biogeochemical processes between locations
in ways not detected by the point sampling. Chemical uptake of elements into fish
otoliths is a multi-stage process with a variety of transitions that regulate and influ-
ence the relative uptake rates of elements into the calcium carbonate matrix of the
otolith (Campana, 1999; Sturrock et al., 2012). Abiotic factors including temperature,
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Table II. Oncirhynchus tshawytscha otolith microchemistry statistical analysis, including
scale and location of analysis

Location Scale Analysis Elements Statistic

NS, MCK, NFMF,
MFW

Interbasin Multivariate,
MANOVA

Sr:Ca, Ba:Ca,
Mn:Ca, Mg:Ca

F3,71 = 4⋅16,
P< 0⋅01

MFW, MCK Interbasin Univariate,
Tukey HSD

Sr:Ca F3,71 = 8⋅96,
P< 0⋅05

NS, MCK Interbasin Univariate,
Tukey HSD

Sr:Ca F3,71 = 8⋅96,
P< 0⋅05

NS, MFW Interbasin Univariate,
Tukey HSD

Sr:Ca F3,71 = 8⋅96,
P< 0⋅05

MFW, MCK Interbasin Univariate,
Tukey HSD

Mg:Ca F3,71 = 3⋅42,
P< 0⋅05

NFMF, MCK Interbasin Univariate,
Tukey HSD

Mn:Ca F3,71 = 5⋅78,
P< 0⋅05

NFMF, MCK Interbasin Univariate,
Tukey HSD

Mn:Ca F3,71 = 5⋅78,
P< 0⋅05

McKenzie
sub-basin

Within headwater
basin

Multivariate,
MANOVA

Sr:Ca, Ba:Ca,
Mn:Ca, Mg:Ca

F4,22 = 5⋅01,
P< 0⋅01

CGR, SFM Within headwater
basin

Univariate,
ANOVA

Sr:Ca F1,28 = 9⋅20,
P< 0⋅01

CGR, SFM Within headwater
basin

Univariate,
ANOVA

Ba:Ca F1,28 = 5⋅10,
P< 0⋅05

Middle Fork
Willamette
sub-basin

Within headwater
basin

Multivariate,
MANOVA

Sr:Ca, Ba:Ca,
Mn:Ca, Mg:Ca

F4,22 = 4⋅07,
P< 0⋅05

LOP, NFM Within headwater
basin

Univariate,
ANOVA

Sr:Ca F1,25 = 18⋅2,
P< 0⋅01

pH and dissolved oxygen concentration, as well as biotic factors such as ontogenetic
and physiological constraints drive variability in elemental incorporation in fish otoliths
(Mayer et al., 1994; Campana, 1999). It was hypothesized that the observed differ-
ences in otolith chemistry were produced by differences in chemical incorporation
rates between habitats caused by gradients in temperature, growth and physiological
regimes in cool, relatively low productivity headwater streams compared to warmer,
more productive reservoirs.

Quantifying straying and homing is important in understanding reproductive suc-
cess in threatened populations of anadromous salmonids, and is difficult using tradi-
tional mark–recapture and tagging techniques (Quinn, 2005). Otolith microchemical
analysis presented a potential opportunity to investigate O. tshawytscha straying and
homing behaviour by comparing the natal origin signatures on adult otoliths to the geo-
graphic area where the otoliths were collected (objective 2, interbasin scale) (Hamann
& Kennedy, 2012). The interbasin analysis sought to collect preliminary data that
could be used to investigate straying rates of natural origin adult O. tshawytscha in the
Willamette basin. This was only possible if sub-basins contained distinct geochemical
signatures. The interbasin otolith data using a suite of elemental geochemical signa-
tures showed significant variability between sub-basins, but when using LDFA to build
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Fig. 4. Relationship between Oncirhynchus tshawytscha otolith elemental ratio Sr:Ca and otolith elemental ratios
(a) Ba:Ca, (b) Mg:Ca and (c) Mn:Ca grouped by capture location. Reservoir CGR ( ) and natal stream SFM
( ) geochemical signatures in the McKenzie River sub-basin are represented at the with-in headwater basin
scale.

a training set with juvenile samples, jack-knife reclassification found 59% classification
accuracy in known-origin samples. Given that stray rates in hatchery O. tshawytscha
range can vary from near zero to >20% (Quinn & Fresh, 1984; Quinn et al., 1991;
Keefer & Caudill, 2013), and natural origin O. tshawytscha have demonstrated stray
rates on the order of 13% at local geographic scales (Hamann & Kennedy, 2012), the
otolith data collected in this study could not be used to accurately estimate straying
and homing among the Willamette sub-basins, although this approach has been suc-
cessfully applied in other basins (Hamann & Kennedy, 2012).

Discriminating fine-scale freshwater habitat use by life-history stage with a multi-
variate approach and suite of natural chemical signatures has been demonstrated in a
variety of fish species (Wells et al., 2003; Clarke et al., 2007; Schaffler & Winkelman,
2008; Hegg et al., 2013a). In particular, Clarke et al. (2007) found that Arctic grayling
Thymallus arcticus (Pallas 1776) did not use reservoir habitats in the Peace River
catchment, Canada and, Hegg et al. (2013a) demonstrated reservoir habitat use by
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Fig. 5. Relationship between Oncirhynchus tshawytscha otolith elemental ratio Sr:Ca and otolith elemental ratios
(a) Ba:Ca, (b) Mg:Ca and (c) Mn:Ca grouped by capture location. Reservoir LOP ( ) and natal stream
NFMF ( ) geochemical signatures in the Middle Fork Willamette River sub-basin are represented at the
with-in headwater basin scale.

juvenile O. tshawytscha in Lower Granite Reservoir (Snake River, U.S.A.). In this
study, although sample sizes were not large, a multivariate LDFA of elemental ratios
in fish otoliths distinguished juvenile natal tributary and reservoir habitat use within
basin, and back-classified 90% of returning adults to reservoir rearing (objective 3).
These data present the opportunity to improve management targeted to specific
life-history stages. For example, identifying which and to what degree juveniles use
alternative habitats can inform dam operations to improve conditions during down-
stream passage and during critical periods of survival and growth both upstream and
downstream of dams. Alternative management scenarios under consideration in the
Willamette Basin include structural improvements for juvenile downstream passage,
construction of reservoir bypass facilities for juveniles and reservoir draw-downs to
improve passage through existing structures. The findings suggest that improving
juvenile downstream passage and implementing reservoir draw-downs will increase
survival of migrating reservoir reared individuals, as opposed to juvenile reservoir
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Fig. 6. Results of linear discriminate function analysis (LDFA) back-classification for 20 natural origin adult
spring Oncorhynchus tshawytscha in the Middle Fork Willamette sub-basin (NFMF, ; LOP, ) and
known-origin juvenile O. tshawytscha classified by capture location (LOP, ; NFMF, ). Bivariate plots
with Sr:Ca on x-axis compared to (a) Ba:Ca, (b) Mg:Ca and (c) Mn:Ca on y-axis.

bypass facilities which could constrain life-history variation. The approach has appli-
cations to a number of fish species affected by impoundments, as well as species that
demonstrate estuarine or adfluvial life histories. For instance, this methodology could
be used to study reservoir and lake habitat use of bull trout Salvelinus confluentus
(Suckley 1859), a species of concern in the U.S.A. (Rieman & McIntyre, 1995) or
anadromous species rearing in a combination of headwater, main-stem and estuarine
habitats (Hogan et al., 2007; Volk et al., 2010).

The study results add to a growing literature demonstrating flexibility in early life
history of fishes with complex life cycles (Klemetsen et al., 2003; Hegg et al., 2013a)
and also support the hypothesis that juvenile O. tshawytscha can experience increased
growth rates in reservoirs, compared to natal streams (objective 2, within headwater
basin), (Fig. 2). This pattern has also been indirectly observed in past Willamette basin
reservoir sampling (Monzyk et al., 2008). Otolith increment width measured in this
study was relatively larger in reservoir individuals throughout the entire growth axis
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(Fig. 2), which suggests that juveniles dispersed to project reservoirs soon after hatch-
ing; also a result consistent with recent data from screw traps (Monzyk et al., 2008).
Juvenile O. tshawytscha have shown behavioural thermoregulation in Columbia River
reservoirs, and Tiffan et al. (2009) suggested that this behaviour could enhance growth
opportunity and life-history diversity in O. tshawytscha populations. An unknown
question in this system and other impounded systems is whether reservoir rearing pri-
marily results from the adaptive exploitation of increased growth opportunity (Limm
& Marchetti, 2009) or is a by-product of seasonally constrained downstream passage
(Keefer et al., 2012). Further, it is not clear whether increased growth opportunities
confer survival benefits over the entire life cycle of the fish.

Downstream movement of sub-yearlings after emergence is fairly common among O.
tshawytscha populations where growth opportunities are heterogeneous between habi-
tats (Bradford & Taylor, 1997; Connor et al., 2001). Quantifying the relative timing of
these movements and habitat use between early rearing habitats in individuals is crit-
ical for understanding factors that limit abundance and survival during the freshwater
phase (Quinn & Unwin, 1993; Zabel & Achord, 2004; Keefer et al., 2012). Regardless
of underlying mechanisms, the differences in early growth between habitats probably
influence survival to adulthood and lifetime fitness (Zabel & Achord, 2004; Chittaro
et al., 2014). Although neither habitat-specific smolt production nor smolt-to-adult sur-
vival were quantified, it is interesting that 90% of the sampled adults reared in LOP, par-
ticularly because of reservoir rearing and large size, appear to be associated with a high
mortality cost during juvenile downstream passage in this system (Keefer et al., 2012).
Understanding juvenile O. tshawytscha life history is critical when considering restora-
tion efforts to restore historical disturbance regimes or in-river conditions (Waples
et al., 2009) and plasticity in life-history traits such as that observed here may confer
resilience and adaption to an altered environment (Schindler et al., 2010). Importantly,
reservoir rearing does not present a panacea for declining O. tshawytscha populations,
but does provide a potential example of the species adaptive plasticity influenced by
anthropogenic changes. Ultimately, the degree to which alternative life-history path-
ways contribute to population size, stability and resilience will depend on the absolute
and relative fitness of each pathway.

This study demonstrates the application of natural geochemical signatures to inves-
tigate novel life-history attributes at the individual scale, as shown in various studies
(Kennedy et al., 1997; Miller et al., 2010; Hegg et al., 2013a). Future applications
for this research could investigate main-stem Willamette River and Columbia River
estuary juvenile habitat use. These data could add spatial resolution to life-history
patterns, and could be feasible with samples of juvenile O. tshawytscha and water
chemistry in main-stem and estuary habitats. Limited research suggests residence
and growth of juvenile O. tshawytscha in the main-stem Willamette River (Friesen
et al., 2007; Schroeder et al., 2007), but qualitative examination of adult Middle Fork
Willamette life-history chemical profiles and size at out-migration provided no evi-
dence of main-stem Willamette River or estuary rearing (Bourret, 2013). Thus, growth
in main-stem and estuary habitats is unlikely for the sampled populations, suggesting
that the degree of estuary use may differ among Willamette Valley sub-basins.

Understanding habitat use of individuals at various spatial scales is challenging
in many fishes that frequently use multiple habitats in the expression of complex
life cycles. Combining otolith microchemistry and microstructure analysis has been
demonstrated in estuary (Volk et al., 2010; Hoem Neher et al., 2013) and pelagic
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(Lin et al., 2012) habitats. Further, researchers have compared otolith microchemical
analysis with annual marks (Benjamin et al., 2014), and with otolith-size fish-length
backcalculation models to estimate fish length at habitat transitions (Miller et al.,
2011). As more research reveals complex movement patterns and alternative life
histories in anadramous (Connor et al., 2005; Volk et al., 2010; Hegg et al., 2013a)
and resident (Kennedy et al., 2002; Hogan et al., 2007; Benjamin et al., 2014) fishes,
applications using combined otolith techniques can provide detailed life-history
information in a variety of habitats to reveal cryptic life-history variation, evidence of
unrecognized habitat use and causes of movement behaviours at multiple spatial and
temporal scales.
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