AN ABSTRACT OF THE THESIS OF
Alexander L. Koeberle for the degree of Master of Science in Fisheries Science presented on
July 24, 2019.
Title: Otolith Morphometrics as a Tool for Conservation and Management of Chinook Salmon
(Oncorhynchus tshawytscha)

Abstract approved: ______________________________________________________________
(Ivan Arismendi)

Chinook salmon are widely distributed across the globe with native stocks in the North Pacific
Ocean and self-sustained populations introduced to regions in the Northern and Southern
Hemispheres. Pacific salmon are economically and ecologically important to the Pacific
Northwest, USA, yet several wild populations are federally listed as endangered or threatened
due to depleted stocks, loss of genetic diversity, and hatchery contribution to wild stocks. As
such, fishery managers are concerned with successful identification of mixed origin Chinook
salmon stocks, as well as the health and condition of hatchery-origin fish and their impacts on
wild populations. Therefore, this thesis examines ways to improve stock discrimination to
provide a more useful tool for fishery managers. In Chapter 2, I found that otolith shape variation
of Chinook salmon is a useful tool for stock classification in three case studies at different spatial
scales. First, Chinook salmon otoliths from native and introduced ranges were contrasted across
the Northern and Southern Hemispheres. Second, I compared otolith shape at basin-level within
wild populations in western Oregon and naturalized populations in southern South America.
Third, I compared otolith shape between hatchery and wild-origin Chinook salmon within the
Elk River, Oregon. I adapted a simple machine learning model for stock discrimination that used

otolith shape variation as well as additional morphometric information to successfully separate
Chinook salmon groups within each case study. In addition to stock discrimination, fish otoliths
are often used to test for differences in symmetry as otoliths aid in hearing, homing, and balance.
In Chapter 3, I found higher asymmetry of morphological characters between left and right
sagittae in hatchery-origin Chinook salmon stocks than in wild stocks. Results from these studies
have conservation and management implications as hatchery-origin Chinook salmon can reduce
pressure from wild stocks while continuing to support commercial and recreational industries.
Otolith shape analysis is a promising tool for stock discrimination if used in conjunction with
other methods to better understand life history plasticity of anadromous species like Chinook
salmon.
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1. Introduction
Otolith shape and morphology is a useful tool for species identification and stock
discrimination in fisheries conservation and management (Chilton and Beamish 1982; Nolf
1985; L’Abée-Lund 1988; Campana and Casselman 1993; Begg and Brown 2000). Otoliths are
paired calcium carbonate (CaCO3) structures, or “ear stones”, found within the inner ear
labyrinths of all teleost fishes (Campana 1999). In fishes, otoliths are part of the vestibular
system as they aid with hearing, orientation, linear acceleration, balance and gravity sensing
(Popper and Coombs 1980; Campana and Casselmann 1993; Campana 1999; Tuset et al. 2015).
Since it was discovered that otoliths accrete growth rings, or increments with a daily periodicity
as a fish ages (Pannella 1971), fishery scientists and managers have used otoliths to reconstruct
life histories with increased precision. This includes characteristics such as daily and annual age
(Secor et al. 1995a; Campana and Thorrold 2000), growth rates (Francis 1990; Gauldie and
Nelson 1990), and migration patterns (Kalish 1990; Secor et al. 1995b; Hart et al. 2015).
Studies demonstrate that otolith shape and morphology is unique among individual
species and overall shape variation within-species is a product of complex genetic and
environmental interactions (Blacker 1974; L’Abée-Lund 1988; Campana and Casselman 1993;
Lombarte and Lleonart 1993). Of the three otolith pairs, sagittae are the largest and the most
variable in morphology and shape (Platt and Popper 1981). Because these CaCO3 structures are
not susceptible to reabsorption, otoliths serve as a permanent life history record in all bony fishes
(Campana and Neilson 1985; Campana 1999; Campana and Thorrold 2001). Several recent stock
discrimination studies using otolith shape have focused on single marine species with high
commercial value and broad distributions (Begg et al. 2001; Bacha et al. 2014; Libungan et al.
2015; Carlson et al. 2017). Few studies, however, have applied otolith shape techniques to
anadromous species across widespread geographical ranges (e.g., L’Abée-Lund 1988; Campana
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and Casselman 1993; Friedland and Redding 1994). Here, I use otolith shape and morphology as
a tool for conservation of different stocks of anadromous Chinook salmon (Oncorhynchus
tshawytscha).
Conservation and management of salmonids is particularly challenging due to complex
marine and freshwater life history stages, mixed origins, and in some cases high success as an
invasive species (Groot and Margolis 1991; Quinn 2018). Chinook salmon are highly migratory,
utilize large adfluvial river systems to spawn, and reach the largest size classes of all Pacific
salmonids (Healey 1991; Geist and Dauble 1998; Quinn 2018). Chinook salmon are naturally
distributed across a wide geographic range in the North Pacific Ocean (Healey 1991). Chinook
salmon historically ranged from southern California to northern Alaska (Davidson and
Hutchinson 1938; Healey 1991; Quinn 2018) showing high phenotypic plasticity, complex life
cycles, and high variation in the size and timing of pan-environmental movement between
freshwater and marine systems (Healey 1991; Quinn 2005; Taranger et al. 2010, Bourret et al.
2016, Flitcroft et al. 2019).
In their native range in the Pacific Northwest, USA, Chinook salmon represent a
culturally and economically significant resource to Native American groups, local communities,
and commercial and recreational fishing industries (Quinn 2018). Yet, many wild Chinook
salmon populations are federally listed in the United States under the Endangered Species Act
(1973), facing ecological challenges due to habitat loss and degradation (Myers et al. 1998),
migration impediment from hydroelectric dams and reservoirs (Kareiva et al. 2000; Sheer and
Steel 2006; Murphy et al. 2019), and loss of genetic diversity (Gustafson et al. 2007). As such,
hatchery programs have supplemented populations of Chinook salmon for over a century
(Yoshiyama et al. 1998) with hatchery-origin fish integral to management and conservation
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(Myers 1998; McElhany et al. 2000; McClure et al. 2018). Several studies have documented
differential ecological success of hatchery Chinook salmon in homing and straying (Quinn and
Fresh 1984), reduced productivity of spawning grounds (Chilcote et al. 2011), and densitydependent effects on growth and survival of wild fish (Kostsow and Zhou 2006).
High phenotypic plasticity also contributes to the success of Chinook salmon in invaded
regions worldwide. This includes regions such as the Laurentian Great Lakes (Parsons 1973;
Johnson and Ringler 1981; Smith et al. 2006), New Zealand (McDowall 1994; Kinneson et al.
1998; Quinn et al. 2001), and southern Argentina and Chile (Soto et al. 2007; Correa and Gross
2008; Arismendi et al. 2014). For example, in southern South America (SSA), multiple Chinook
salmon propagations since the late 1800s have contributed to self-sustaining runs first
documented in Chile the 1990s (Soto et al. 2006, 2007). These naturalized populations are
genetically diverse (Astorga et al. 2008; Riva Rossi et al. 2012; Gomez-Uchida 2018) from
multiple propagations and hybridization resulting in high variation in population structure, size,
and behavioral traits (Soto et al. 2007; Arismendi et al. 2014). Thus, Chinook salmon in SSA can
be considered a unique natural experiment for the evolution of an introduced species to
widespread environmental and geographic conditions.
In the subsequent chapters, I evaluate otolith shape and morphology as a classification
tool for Chinook salmon stocks across native and introduced ranges, and as a tool to contrast
morphological differences in otolith form in wild and hatchery-origin populations. In their native
range, hatchery-origin Chinook salmon receive coded wire tags and adipose fin marks for
identification before release from hatcheries. When collected from spawning ground surveys or
directly at the hatchery, further sampling of otolith shape could be an additional tool to be used
in combination with other techniques, such as genetic identification or otolith thermal marking,
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to assign origin to Chinook salmon. Hatcheries fluctuate water temperatures to produce a unique
pattern, or bar code, of alternating growth rings in juvenile salmonid otoliths that are visible as
thermal marks when they return as adults (Volk et al. 1999). Although otoliths are collected from
lethal sampling methods, many samples are already collected and examined in the laboratory for
thermal bands. Overall shape analysis, in combination with the techniques mentioned above,
could prove a time-efficient metric that does not require significant additional processing to use
for stock identification whether wild or hatchery-origin.
In Chapter 2, I test the hypothesis that complex genetic and environmental interactions
are expressed in distinctive patterns of otolith shape between hemispheres. This study uses
otolith shape reconstructed from Wavelet coefficients and Fourier harmonics in three case
studies otolith shape from wild (Oregon) and naturalized (southern South America) origins, as
well as a hatchery population (Alaska) to test this analysis as a potential tool for stock
discrimination. These three case study examples are included to determine at what geographic
scale (i.e. within-river basin, region, or hemisphere) otolith shape variation is detected among
different stocks of adult Chinook salmon. In the first example, otolith shape variation is
contrasted across hemispheres from Southeast Alaska (hatchery-origin), western Oregon (wildorigin), and southern South America (naturalized-origin). Second, different basins are compared
within Oregon (wild-origin) and South America (naturalized-origin). Third, otolith shape within
one basin is evaluated (Elk River, Oregon) to contrast between wild and hatchery-origin Chinook
salmon. I adopted a simple machine learning, Classification Tree model that used otolith shape
variation as well as additional morphometric information to separate Chinook salmon groups
within each case study. These case studies will provide examples of a quick and relatively

5

inexpensive otolith shape technique with application for salmonid conservation and management
in both native and introduced ranges globally.
In Chapter 3, otoliths from wild and hatchery-origin Chinook salmon collected from
western Oregon and southeastern Alaska, USA are included to test the hypothesis that otolith
pairs have more symmetry in wild-origin Chinook salmon compared to less symmetry in otolith
pairs from hatchery-origin individuals due to differences in rearing conditions. Otolith chemical
microstructure has been found to differ between hatchery and wild-origin Chinook salmon
(Zhang et al. 1994; Oxman et al. 2007). Differences in rearing environments, gene expression,
and physiological stress can produce differences in composition and microchemistry,
morphology, and asymmetry in otolith pairs (Zhang et al. 1994; Campana 2005; Oxman et al.
2007; Morat et al. 2008). Therefore, it is critical for fishery managers to evaluate the health and
performance of hatchery-reared Chinook salmon relative to their rearing conditions as they are
released to supplement wild stocks. Expanding on this baseline of variation supports further
efforts to evaluate hatchery programs and to better understand the biological mechanisms that
may affect the health and performance of hatchery-origin salmonids.
Otolith shape and morphological analysis has practical implications to improve stock
discrimination for conservation and management of anadromous, mixed-origin species such as
Chinook salmon. Chapters 2 and 3 describe a relatively inexpensive and efficient otolith shape
technique to inform stock identification and discrimination of Chinook salmon, and
morphometric analysis to describe variation in wild versus hatchery-origin populations. These
techniques will likely improve in performance in conjunction with traditional age, growth, and
microchemical determination as well as genetic analysis. Nevertheless, otolith laboratories may
often retain images of otoliths, or even archive a single otolith, collected before polishing for
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common techniques such as age and growth determination or microchemical analysis. As such,
standardized methods for imaging and shape analysis can be another practical and relatively
quick metric to collect for further otolith analysis in fisheries conservation and management.
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2. Otolith shape as a classification tool for Chinook salmon (Oncorhynchus
tshawytscha) discrimination in native and introduced systems
2.1 Introduction
Otolith shape is a useful tool for species identification and stock discrimination in
fisheries conservation and management (Chilton and Beamish 1982; Nolf 1985; L’Abée-Lund
1988; Campana and Casselman 1993; Begg and Brown 2000). Since incremental growth rings
were discovered in teleost fishes (Pannella 1971), fishery scientists and managers can reconstruct
more precise life history characteristics such as daily and annual age (Secor et al. 1995a;
Campana and Thorrold 2000), growth rates (Francis 1990; Gauldie and Nelson 1990), and
migration patterns (Kalish 1990; Secor et al. 1995b; Hart et al. 2014). Studies demonstrate that
otolith shape is unique among individual species and overall shape variation within-species is a
product of complex genetic and environmental interactions (Blacker 1974; L’Abée-Lund 1988;
Campana and Casselman 1993; Lombarte and Lleonart 1993). As such, otoliths serve as a
permanent life history record in all bony fishes (Campana 1999).
Many recent stock discrimination studies using otolith shape have focused on single
marine species with high commercial value and broad distributions (Begg et al. 2001; Bacha et
al. 2014; Libungan et al. 2015b; Carlson et al. 2017). Yet, to our knowledge, few studies have
applied otolith shape techniques to anadromous salmonids across native and introduced ranges
(e.g., L’Abée-Lund 1988; Campana and Casselman 1993; Friedland and Redding 1994).
Conservation and management of salmonids are particularly challenging due to complex marine
and freshwater life history stages, mixed origins, and in some cases high success as an invasive
species (Groot and Margolis 1991; Quinn 2018).
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Here, I used three case studies to examine otolith shape variation among native and
introduced populations of adult Chinook salmon (Oncorhynchus tshawytscha) at different
geographic scales (i.e. within-river basin, region, or hemisphere). This species is naturally
distributed across a wide geographic range across the North Pacific Ocean (Healey 1991), but
also has been introduced with high success in the Laurentian Great Lakes (Parsons 1973) and the
Southern Hemisphere (Quinn et al. 2001; Soto et al. 2006; Correa and Gross 2008). Chinook
salmon are highly migratory, use large adfluvial river systems to spawn, and reach the largest
size classes of all Pacific salmonids (Healey 1991; Geist and Dauble 1998; Quinn 2018). In the
first example, I compared otolith shape between native populations in Southeast Alaska
(hatchery-origin) and western Oregon (wild-origin), and introduced populations in southern
South America (naturalized-origin). Second, I contrasted among different basins within Oregon
(wild-origin) and South America (naturalized-origin). Third, I compared wild and hatcheryorigin Chinook salmon within one basin (Elk River, Oregon). I hypothesized that overall otolith
shape will vary the most between native populations in the Northern Hemisphere and naturalized
populations in the Southern Hemisphere due to environmental conditions, genetic differences,
and geographic separation. In addition, given otolith shape variation occurs, I hypothesized that
fine-scale differences within otolith shape will be more useful for discrimination among
populations distributed within local to regional geographic scales. These case studies will
provide examples of a quick and relatively inexpensive otolith shape technique with application
for salmonid conservation and management in both native and introduced ranges globally.

2.2 Methods
Study sites and sampling
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Sagittae otolith samples (hereafter referred to as otoliths in the text) were collected across
regions in North America and South America (Fig. 2.1). I selected sites with available samples
from populations inhabiting southern (Oregon) and northern (Southeast Alaska) latitudinal
portions of Chinook salmon in North America. Similarly, I used sites from the northeast, central
and southern ranges in South America with available otolith samples. Populations between
hemispheres have similar latitudes (range), environmental conditions (climate, water quality,
temperature), and physiography (topography and drainages) (Healey 1991; Soto et al. 2006,
2007; Correa and Gross 2008; Quinn 2018). I collected additional information from sampled fish
including length, sex, and age when available. Given differences in sampling protocols and
missing fish data, I was able to test for interactions and standardize all samples using fork length
only (Appendix A).
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Figure 1. Study site locations. Chinook salmon otoliths were collected from various basins
throughout southeastern Alaska, western Oregon, and southern Argentina and Chile.
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In Oregon (Fig. 2.1), all otolith samples originated from three regions (Table 2.1) that
geographically represent previously established distinct genetic lineages North Oregon Coast,
Mid Oregon Coast, and Willamette Basin (Seeb et al. 2007; Moran et al. 2012). Oregon
Department of Fish and Wildlife (ODFW) provided archival otoliths from the Willamette Basin
and Mid Oregon Coast Region collected via spawning ground surveys and at hatchery/dam fish
passage facilities. I selected samples from two rivers within the Willamette Basin (Middle Fork
Willamette and McKenzie Rivers) from 2007 to 2016 (for consistency in timeframe with
samples from South America; Table 2.1). All ODFW otoliths from the Willamette Basin were
already extracted and archived individually in plastic vials at the ODFW Research Lab,
Corvallis, Oregon. Mid Oregon Coast samples were collected from the Elk and Sixes Rivers
during fall/winter 2018. Alsea and Siletz River (North Oregon Coast) otoliths were collected
from a network of local anglers from fall 2017 to fall 2018. Anglers provided heads from caught
Chinook salmon, which were frozen, and otoliths were extracted within three weeks of collection
using the “open-the-hatch” method (Secor et al. 1992). Once extracted, otolith samples were
lightly rinsed in deionized water, dried, and stored individually in lab vials.

Table 2.1. Location, sample size, origin, and years sampled for Chinook salmon otoliths across
native and introduced ranges in Alaska, Oregon, and southern South America (n = 406). Oregon
basins are geographically based on recognized Chinook salmon genetic lineage regions (Seeb et
al. 2007; Moran et al. 2012). All Oregon samples are wild (Case Studies 1 and 2) and all South
America samples are naturalized-origin (Case Studies 1 and 2). Alaska samples are hatcheryorigin (Case Study 1). Elk River samples are either wild or hatchery-origin (Case Study 3).
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Region

River

Basin

Lat

Long

n

Alaska

Andrews
Creek/
Stikine

SE Alaska

56.37N

132.30W

38

hatchery

2018

Chickamin

SE Alaska

55.47N

130.58W

18

hatchery

2018

Siletz

North Oregon
Coast

44.55N

124.01W

18

wild

2018

Alsea

North Oregon
Coast

44.25N

124.04W

7

wild

2017

McKenzie

Willamette

44.07N

123.06W

43

wild

2007,
2010,
2016

Middle
Fork
Willamette

Willamette

44.01N

123.01W

40

wild

2007,
2010,
2016

Sixes

Mid Oregon
Coast

42.51N

124.32W

9

wild

2017,
2018

Elk

Mid Oregon
Coast

42.47N

124.31W

26*

wild

2018

41**

wild

91**

hatchery

(USA)

Oregon (USA)

South America
(Chile)

(Argentina)

Origin

Years
Sampled

Allipén/
Tolten

Allipén

39.15S

73.13W

15

NIS

2014-2016

Petrohué

Petrohué

41.22S

72.18W

22

NIS

2007

Futaleufú

Futaleufú

43.24S

72.12W

38

NIS

2010-2017

26 wild-origin samples included for Elk River (Case Studies 1 and 2)
Three categories divided Elk River samples (Case Study 3): Hatchery-origin caught at hatchery (n = 45),
hatchery-origin from river (n = 46), and wild-origin from river (n = 41).
*

**
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In South America (Fig. 2.1), local collaborators (scientists and anglers) collected otoliths
from migrating adults or spawned carcasses at three rivers including Allipén (Chile), Petrohué
(Chile), and Futaleufú (Argentina) basins (Table 2.1). Given limited access to spawning
grounds, otolith samples were collected across a broad range of years. Otoliths were stored either
in lab vials or dry in padded plastic sample bags, and shipped to Corvallis, Oregon for imaging.
In Alaska (Fig. 2.1), personnel from Southern Southeast Regional Aquaculture
Association (SSRAA) collected otoliths during summer 2018 (Table 2.1). Otoliths came from
returning adults to three hatchery facilities: Crystal Lake Hatchery (hatchery-origin from
Andrews Creek broodstock), Deer Mountain Hatchery, and Whitman Lake (both Chickamin
River broodstock). Crystal Lake Hatchery is one of the oldest hatchery facilities currently
operating in Southeast Alaska with a source population propagated from the Columbia River.
Since the 1970s, local Andrews Creek broodstock has since replaced the initial Columbia River
stock. Currently, all Chinook salmon originate from hatchery broodstock with facilities designed
to prevent self-sustaining (naturalized) populations from occurring (www.ssraa.org). All otoliths
were rinsed with a diluted bleach solution following by a dechlorinated solution to remove
debris. Samples were then stored in dry plastic lab trays and shipped to Corvallis, Oregon for
imaging.
All otoliths from each location (Alaska, Oregon, and southern South America) were
manually inspected for quality (Table 2.1). Handling and storage procedures followed methods
described by Miller and Simestad (1994) before imaging. I used only sagittal otoliths, and sorted
intact samples to determine which of the sagittae pair (left or right) to use for shape analysis.
Any otolith with debris was lightly rinsed with deionized water and stored in plastic laboratory
vials. All otoliths were stored dried and lightly padded with KimTech lab wipes in vials, in
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ethanol, or in isopropyl alcohol in plastic lab vials. I also recorded otolith mass (dried if stored in
fluid) on a Mettler-Toledo scale (model AE 240) to the nearest thousandth (0.0001) gram.
Finally, I calculated commonly used otolith morphological descriptors (Volpedo and Echeverría
2003) that include areal density, rectangularity, circularity, as well as shoreline development
(Kalff 2002) (see Appendix A).

Otolith imaging preparation
All otolith images were acquired on a Zeiss compound light microscope (model Axio
Zoom.V16) with an Amscope microscope digital camera (model MU1000) and Amscope
software (version 3.7). If an otolith was stored in fluid, I dried it completely before imaging. Dry
otoliths were oriented with the rostrum facing left as described by Libungan and Pálsson (2015)
with 7x magnification using a black filter backlight. Before capturing each image, I manually
adjusted exposure and aperture in small increments for clarity and consistent lighting across each
sample. This ensured clear contrast, minimal pixel noise, and reduced over-exposure between the
sample and black background (Appendix A.1). I linked each otolith image to a one-millimeter
scale bar calibration recorded in pixels for shape analysis (Libungan and Pálsson 2015).
For Case Studies 1 and 2 (between hemisphere and across basins), I imaged the right
otolith sulcus side down (Gauldie 1991) and rostrum facing left (Libungan and Pálsson 2015). If
both otoliths were intact, I used the right otolith. When the right otolith was not available or
cracked, I substituted the left otolith, if available and intact, for imaging with the rostrum
positioned facing left. For Case Study 3 (Elk River hatchery and wild), I totaled the number of
left or right samples available. More left samples were intact so I defaulted to the left (sulcus side
up, rostrum facing left). When the left sample was unavailable or broken, I substituted the right
sample. Overall otolith shape and morphology has been shown to not vary significantly between
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each otolith of the sagittal pair (Campana and Casselman 1993; Aguirre and Lombarte 1999;
Cardinale et al. 2004; Libungan et al. 2015a), and in one example, combined shape of both
sagittae was found to better characterize groups over one otolith outline (Gagliano and
McCormick 2004). Accordingly, several studies substitute either otolith of the sagittae pair,
especially if both otoliths are available or one otolith is damaged (Castonguay et al. 1991;
Friedland and Reddin 1994; Galley et al. 2006; Bose et al.erthou 2018). I tested symmetry
further by fitting a linear regression to a representative sub-sample with both otolith pairs fully
intact using otolith area (area.left = 1.024(area.right), r2 = 0.899) (Appendix A.2).
If an otolith was fractured in half, without missing any pieces, I fit both pieces together
without compromising the overall shape and imaged. Samples that were partially fractured,
contained large amounts of debris (i.e. fibers from transportation/shipping) that were unable to
be manually removed, or low contrast between the sample edge and background were
reconstructed using free image editing software Paint.Net (version 4; Appendix A.3). I discarded
any otoliths with cracks, damage, or missing pieces that compromised the overall shape outline.

Otolith shape analysis
Otolith outlines were extracted using the ShapeR package (Libungan and Pálsson 2015)
in the R statistical software (version 3.4.3). I used the function ‘detect.outline’ to capture all
otolith outlines (threshold = 0.1) and the function ‘smoothout’ (n = 100) to minimize pixel noise
between the otolith outline and image background (Libungan and Pálsson 2015). The direction of
each outline reconstruction was counterclockwise, and polar coordinates were recorded in an x-y
matrix with equally spaced radii drawn from the otolith point center from 0-360°. Reconstructed
otolith outlines were drawn using Wavelet coefficients and Normalized Elliptical Fourier
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transformations using the function ‘GenerateShapeCoefficients’ in the ShapeR package. Wavelet
transformations were able to detect finer-scale contours and irregularities of otoliths with higher
precision than Fourier analysis (Parisi-Baradad et al. 2005; Libungan and Pálsson 2015).
Accordingly, I defaulted to use Wavelet coefficients for shape comparisons, but also included the
corresponding shape Fourier harmonics (Appendix A.4-A.6).
After I reconstructed otolith outlines, I extracted morphological measurements (otolith
area, length, width, and perimeter) and both Wavelet coefficients and Fourier harmonics for each
otolith (Gencay et al. 2001; Parisi-Baradad et al. 2005; Claude 2008; Libungan et al. 2015a,
2015b). Any coefficients that showed interaction with fish length (ANCOVA test, p < 0.05) were
discarded for further analysis (Lleonart et al. 2000; Longmore et al. 2010). In addition, I selected
Wavelet coefficients from five Wavelet levels (for 98.5% shape reconstruction accuracy) to
identify angles along the outline (0°-360°) that resulted in the most variation (Tuset et al. 2015;
Libungan and Pálsson 2015). I then performed a Canonical Analysis of Principal Coordinates
(CAP) using the Wavelet coefficients and Fourier harmonics to visualize clusters and contrast
otolith shape differences among groups (Libungan and Pálsson 2015). I used an ANOVA-like
permutation test in the vegan package (Oksanen et al. 2013) using CAP coordinates to
statistically discriminate shape differences among groups (Table 2.2; Libungan and Pálsson
2015).
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Table 2.2. Results from an ANOVA-like permutation test (n = 1000 permutations) for each case
study: Otolith shape (wavelet) ~ comparison. Table headings are d.f (degrees of freedom), SS
(sum of squares from model), F (F-value), and P (proportion of permutation tests that produce Fvalue equal to or larger than the observed F).
Case
Study

Comparison

d.f.

SS

F

P

1

AK, OR, SA

2

20.467

11.82

0.001

North, South

1

8.674

9.537

0.001

2a

MOC, NOC, WILL

2

0.0278

3.7787

0.001

2b

ALLI, FUTA, PETR

2

6.073

2.9582

0.002

3

HH, RH, RW

2

3.852

2.4249

0.004

Wild, Hatchery

1

2.811

3.5299

0.002

Classification Tree model
Finally, I used the partykit package in program R (Hothorn and Zeileis 2015) to create
Conditional Inference Tree models (hereafter Classification Tree) that evaluated group
discrimination based on individual Wavelet coefficients and morphological indexes. I randomly
divided each dataset (case study) using 80% for training and 20% for model validation. Each
split (minimum split criterion = 0.9), or node, along the Classification Tree represented a
Wavelet coefficient matched to an angle of rotation where mean shape differs across groups, or
the additional otolith morphological index (i.e. areal density, shoreline development,
rectangularity, or circularity). Misclassification error of the trained model was estimated as the
percentage of random samples that were not assigned to correct origin by the selected variables
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in the Classification Tree model. Similarly, I computed the misclassification error of the
predicting model using the model validation data (Hothorn et al. 2006a, 2006b).

2.3 Case study results and discussion
Case Study 1: Native versus naturalized Chinook salmon by hemisphere
Chinook salmon historically ranged from southern California to northern Alaska
(Davidson and Hutchinson 1938; Healey 1991; Quinn 2018) showing high phenotypic plasticity,
complex life cycles, and high variation in the size and timing of pan-environmental movement
between freshwater and marine systems (Healey 1991; Quinn 2005; Taranger et al. 2010, Bourret
et al. 2016, Flitcroft et al. 2019). This plasticity contributes to Chinook salmon success in
invaded regions worldwide including the Laurentian Great Lakes (Parson 1973; Johnson and
Ringler 1981; Smith et al. 2006), New Zealand (McDowall 1994; Kinneson et al. 1998; Quinn et
al. 2001), and southern Argentina and Chile (Soto et al. 2007; Correa and Gross 2008; Arismendi
et al. 2014). For example, in New Zealand, Chinook salmon broodstock from the Sacramento
River, California in the early 1900s have since naturalized with divergent phenotypic and genetic
traits across different watersheds (Kinnison 1998, 2008; Quinn et al. 2001).
In southern South America (SSA), multiple Chinook salmon propagations since the late
1800s have contributed to self-sustaining runs first documented in Chile the 1990s (Soto et al.
2006, 2007). These naturalized populations are genetically diverse from multiple propagations
and hybridization (Astorga et al. 2008; Riva Rossi et al. 2012; Correa and Moran 2017; GomezUchida 2018) resulting in high variation in population structure, abundance, and behavioral traits
(Soto et al. 2007; Arismendi et al. 2014). Thus, Chinook salmon in SSA can be considered a
unique natural experiment for the evolution of an introduced species to widespread
environmental and geographic conditions. Here, I tested the hypothesis that complex genetic and
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environmental interactions are expressed in distinctive patterns of otolith shape between
hemispheres. I used otolith shape from wild (Oregon) and naturalized (southern South America)
origins, as well as a hatchery population (Alaska) to test this hypothesis.

Results and discussion
For the Canonical Analysis of Principal Components (CAP), otolith outlines used
standardized coefficients (Fourier and Wavelet) by fish length by “region” (Alaska, Oregon,
South America). I removed four coefficients at angles 58°, 105°, 163°, and 267° due to
interactions with fish length. Using wavelet coefficients, I found the most shape variation existed
from 170° to 210° (rostrum) and 340° to 360° (post rostrum) (Figs. 2.2a, b). This was also
consistent with the otolith outlines reconstructed using the Fourier harmonics. The CAP plot
using Wavelet coefficients (Fig. 2.2c) revealed distinct clusters (CAP 1 explained 89.6%
variation and CAP 2 explained 10.4% variation) for each region (p < 0.001 from ANOVA-like
permutation test; Table 2). I found similar patterns in CAP using both Wavelet coefficients and
Fourier harmonics (Fig. 2.2d). Samples from Alaska and Oregon were combined to separate
between “native” (NH: Northern Hemisphere) and “introduced” (SH: Southern Hemisphere)
groups (p < 0.001; Table 2). After removing the Wavelet coefficients that interacted with fish
length (see above), I used the remaining 28 Wavelet coefficients as well as all morphological
indices as inputs to build the corresponding Classification Tree model.
For the Classification Tree model (Fig. 2.2e), shoreline development as the strongest
variable that discriminated between native and naturalized populations. Further, areal density,
Wavelet coefficient at angle 174°, and Wavelet coefficient at angle 35° were the main variables
that distinguished between native and introduced groups. The misclassification error of both
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models were 23% for the training model (using trained data) and 18% for the predicting model
(using validation data).

A

B

C

D
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E

Figure 2.2a-e. Otolith shape results from Case Study 1 (Native versus introduced Chinook
salmon by hemisphere). A) Otolith shape outline reconstruction from Wavelet coefficients for
each group (Alaska, Oregon, South America). B) Wavelet coefficient mean and standard
deviation from otolith angles 0°-360°. Higher standard deviation values indicate angles with
more variation among groups. Unfilled squares show the Wavelet coefficients removed due to
interactions with fish length. C) Canonical Analysis of Principal Coordinates (CAP) of Alaska
(AK), Oregon (OR), and southern South America (SA) groups using wavelet coefficients. D)
Comparable CAP among AK, OR, and SA groups using Fourier harmonics. Group clustering is
similar in both CAP plots using Wavelet coefficients and Fourier harmonics. E) Classification
Tree model using Wavelet coefficients and morphological indexes.
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Case Study 1 results show that otolith shape variation is sufficient to discriminate among
Chinook salmon groups in Alaska, Oregon, and southern South America, as well as between the
Northern and Southern Hemispheres. Furthermore, the score rate of both Classification Tree
models was 77% for the trained model and 82% of the predicting model which is comparable to
model performance of other otolith studies (Cardinale 2004; Libungan and Pálsson 2015;
Libungan et al. 2015a). However, by including morphological indexes and Wavelet coefficients
that are meaningful to visualize otolith regions where variation is observed, this Classification
Tree approach might be useful for linking underlying genetic or environmental processes
affecting shape differences.
The most variation in otolith shape occurs here in the rostrum and post rostrum (Gauldie
1991; Stevenson and Campana 1992; Miller and Simestad 1994). Southern South America
otolith shape appears to be more elongated than in their native range. Otolith shape in Alaska and
Oregon seems to be more commensurate to the circumference of a circle of equal area. A review
of otolith shape across different marine species showed more circular otoliths were linked to
fishes living on soft-bottom habitats, whereas more elongated or fusiform otoliths were linked to
hard-bottom habitats and pelagic species (Tuset et al. 2016). Otolith variation has also been
related to differences in feeding and trophic levels (Gagliano and McCormick 2004; Lombarte et
al. 2010; Tuset et al. 2015), swimming capability (Volpedo and Echeverría 2003), substrate and
habitat type (Aguirre and Lombarte 1999), and distribution within the water column (Galley et
al. 2006; Lombarte and Cruz 2007, Volpedo et al. 2008). This suggests that environmental
factors can strongly influence otolith development (Wilson 1985). Shape differences could also
vary as a result of the high phenotypic plasticity described in Chinook salmon, and diversity of
life history strategies. Maintaining life history diversity and high plasticity of Chinook salmon
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may contribute to the resiliency of populations to environmental and anthropogenic variation
over time (Hilborn et al. 2003; Sturrock et al. 2015). As such, I investigated otolith shape
variation at basin-level geographic scales in the following case studies.

Case Study 2: Comparisons among basins with wild and naturalized populations
In western Oregon, wild Chinook salmon populations range from the wet, temperate
stream systems of the Oregon Coast Range to the Mediterranean climate of the Willamette
Valley. The Willamette Basin includes tributaries that originate in the Cascade Mountain Range,
and the main stem Willamette River drains in the Columbia River near Portland, Oregon (Baker
et al. 2004). As a result, Chinook salmon have adapted diverse life history tactics (Schroeder et
al. 2015) including recent adapted adfluvial life history due to dam regulation (Romer and
Monzyk 2014).
Throughout their native range, Chinook salmon have cultural and economic significance
for many Native American groups, commercial and recreational fishing industries, and local
communities, some of which are supported by fishing industries. (Quinn 2018). Yet, many wild
populations face myriad ecological challenges throughout their native range in the Columbia
River Basin including habitat loss and degradation from logging and agriculture (Myers 1998),
migration impediment from hydroelectric dams and reservoirs (Kareiva et al. 2000; Sheer and
Steel 2006; Murphy et al. 2019) and loss of genetic diversity in wild populations (Gustafson et
al. 2007). Several stocks of wild Chinook salmon are federally listed in the United States under
the Endangered Species Act (1973) throughout their native range including threatened spring-run
Chinook salmon stocks in the Middle Fork Willamette and McKenzie River tributaries (Upper
Willamette River Chinook ESU, 1999: USFWS ECOS). Accordingly, discrimination using
otolith shape can be particularly useful for mixed-stock analysis to identify wild Chinook salmon
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of unknown natal origin in places with migration pathways, in by-catch in high sea fisheries, and
distribution and range shifts in the ocean in response to climate change.
Southern South America (SSA) contains pristine systems devoid of significant
anthropogenic land and water use change and urbanization (Arismendi et al. 2014). Salmonids
introduced to southern South America face similar environmental conditions as in North
America including streamflow conditions, fluctuating thermal regimes in fresh and saltwater, and
suitable stream substrate for spawning (Healey 1991; Groot and Margolis 1991; Correa and
Gross 2008; Arismendi et al. 2014; Quinn 2018). Chinook salmon distribution in SSA ranges
from the Toltén River in the middle Central Valley region (northernmost range, 39°S) to Tierra
del Fuego (southernmost range, 55°S), including basins that drain into the Pacific Ocean and
Atlantic Ocean (Soto et al. 2001; Ciancio et al. 2005; Soto et al. 2007; Riva Rossi et al. 2012).
In SSA, Chinook salmon have high genetic mixing from multiple propagations, multiple
generations to evolve, and several stocks share genetic origin to the Pacific Northwest (Riva
Rossi et al. 2012; Di Prinzio et al. 2015; Correa and Moran 2017; Gomez-Uchida 2018). For
example, Chinook salmon in the Futaleufú River, Argentina were first established in the 1970s
from fish in the Lower Columbia River Basin and have high within-population variation (Di
Prinzio and Pascual 2008; Di Prinzio and Arismendi 2018). In the 1990s, this population was
also supplemented with broodstock from California, Central Oregon, and Vancouver Island (Di
Prinzio et al. 2015). Furthermore, genetic sampling shows diverse stocks with both artificial
(stocked) and naturalized populations that range beyond documented initial and continuous
stocking sites throughout Patagonia (Gomez-Uchida et al. 2018). Populations founded via
artificial dispersal showed higher genetic diversity than populations founded via natural dispersal
(Gomez-Uchida et al. 2018), which suggests a differential framework for successful population
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establishment (Arismendi et al. 2014). Yet, there is little baseline biological information on how
naturalized Chinook salmon utilize marine environments (Becker et al. 2007; Arismendi et al.
2014) and current rates of expansion (Correa and Gross 2008; Nardi et al. 2019). Otolith shape
can thus be a useful tool as part of a multi-faceted approach for classifying mixed-origin
naturalized Chinook salmon populations and evaluating range expansion in invaded systems.

Results and discussion
In Oregon, I included otoliths from six different rivers grouped into three distinct geneticorigin basins including Mid Oregon Coast (MOC), North Oregon Coast (NOC), and Willamette
(WILL). All otoliths were standardized by fish length by “basin” (MOC, NOC, WILL) for the
CAP and Classification Tree model, and no coefficients were removed due to interactions with
fish length (Fig. 2.3a). The most variation from angles 170-210° and 330-360° (Fig. 2.3a),
which is similar to Case Study 1 (Fig. 2.2b). Using both Wavelet coefficients (Fig. 2.3b) and
Fourier harmonics (Appendix A.4), the CAP revealed distinct clusters among MOC, NOC, and
WILL groups (p < 0.001, Table 2.2). CAP 1 explained 94.2% variation and CAP 2 explained
5.8% variation among groups using Wavelet coefficients (Fig. 2.3b). Interestingly, otolith shapes
from coastal basins (MOC, NOC) were more clustered than otolith shapes from the Willamette
basin (WILL). Accordingly, I combined NOC and MOC as an Oregon Coast (OC) group and
used all 32 Wavelet coefficients in the Classification Tree model. Rectangularity as the strongest
morphological variable that distinguished between Willamette and Oregon Coast groups (Fig.
2.3c). Further, areal density and the Wavelet coefficient at angle 174° were the secondary
variables that discriminated between groups (Fig. 2.3c). Classification error was 22% for both of
the trained and predictive Classification Tree models.
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Figure 2.3a-c. Otolith shape results from Case Study 2 (Basin-level comparisons in wild
populations) in Oregon. A) Wavelet coefficient mean and standard deviation from otolith angles
0°-360°. B) CAP of North Oregon Coast (NOC), Mid Oregon Coast (MOC), and Willamette
Basin (WILL) groups using Wavelet coefficients. C) Classification Tree model using Wavelet
coefficients and morphological indexes.
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In SSA, I included otoliths from three different basins Allipén (ALLI), Futaleufú
(FUTA), and Petrohué (PETR) where Chinook salmon maintain naturalized populations. All
otoliths were standardized by fish length by “basin” (ALLI, FUTA, PETR) for the CAP and
Classification Tree model. I removed two wavelet coefficients at angles 58° and 116° due to
interactions with fish length. The most otolith shape variation occurred at angles 170-210° and
340-360° similar to Case Study 1 and wild populations in Oregon (Fig. 2.4a). Using Wavelet
coefficients (Fig. 2.4b) and Fourier harmonics (Appendix A.5), the CAP revealed distinct
clusters among ALLI, FUTA, and PETR groups (p = 0.002, Table 2.2). CAP 1 explained 82.8%
of the variation and CAP 2 explained 17.2% variation among groups (Fig. 2.4b). Moreover, the
CAP showed FUT and PETR grouped together and were less similar than ALLI. ALLI, FUT,
and PETR groups were included in the Classification Tree model and the remaining 30 Wavelet
coefficients were used after removal for fish length interactions. Areal density is the main
variable that distinguished among ALLI, FUT, and PETR groups (Fig. 2.4c). Further, I found the
Wavelet coefficient at angles 35° and 337° as additional variables that discriminated among
groups. Classification error for these three groups was higher than the other case studies with
31.5% for the trained model and 38.8% for the predictive model.
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Figure 2.4a-c. Otolith shape results from Case Study 2 (Basin-level comparisons in naturalized
populations) in southern South America. A) Wavelet coefficient mean and standard deviation
from otolith angles 0°-360°. B) CAP of Allipén (ALLI), Futaleufú (FUTA), and Petrohué
(PETR) groups using Wavelet coefficients. C) Classification Tree model using Wavelet
coefficients and morphological indexes.
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Our approach performed better for wild populations in Oregon than naturalized
populations in South America. In Oregon, otolith shape differences in wild populations can be
visualized at a basin-level scale. Although distinct clusters are observed for each region in the
CAP, coastal Chinook salmon samples appear to group closer together rather than with the
Willamette samples. Geographically, NOC and MOC are in close proximity with similar
environmental conditions compared to Chinook salmon in WILL. This supports the genetic
classifications I used to assign a “basin” to each sampled river in Oregon (Seeb et al. 2007;
Moran et al. 2012). Like Case Study 1, the Classification Tree model for wild populations in
Oregon includes a combination of morphological indexes and Wavelet coefficients and model
performance (78% for both trained and predictive models) is within a comparable range to other
studies (Cardinale 2004; Libungan and Pálsson 2015; Libungan et al. 2015a).
Otolith shape could be a useful tool for stock identification for conservation and
management of wild Chinook salmon in combination with traditional techniques used to estimate
age, growth, and micro chemical composition using otoliths (Campana and Neilson 1985; Secor
et al. 1995b; Campana 1999; Campana 2005). Additionally, because Chinook salmon recovered
from spawning ground surveys are likely to indicate known stream origin, Classification Trees
can be constructed incorporating such data, if known. Stream-specific built models can then be
used to inform potential origin of wild-caught, mixed stock Chinook salmon found in high-sea
fisheries and recreational fisheries in coastal systems. The predictive performance of these
models can be improved and validated in conjunction with other tools such as population
genetics, mark-recapture, and additional carcass surveys.
In SSA, Futaleufú and Petrohué Rivers clustered more closely together than Allipén
River. Additionally, classification error for both trained and predictive models was higher than
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other case studies. Naturalized-origin Chinook salmon, hybridization, multiple propagation
events, and wide latitudinal distribution of naturalized populations could influence the variability
of otolith shape. For example, Chinook salmon returns were first documented in the Petrohué
River with subsequent spawning documented radiating outward geographically (Soto et al. 2007;
Correa and Gross 2008; Arismendi et al. 2014). Since Petrohué and Futaleufú Rivers are in
temperate climates and relatively close in geographic proximity (Latitude 41-43°S; Fig. 2.1), the
higher similarity of otolith shapes between these basins could be explained by comparable
environmental conditions and high phenotypic plasticity. In contrast, the Allipén River is further
north in the Central Valley at the northernmost extent of Chinook salmon range (latitude 39°S)
with a distinctive Mediterranean climate. Additionally, Chinook salmon from the Allipén River
had a much more diverse ancestry than Chinook salmon from the Petrohué (Gomez-Uchida et al.
2018) or Futaleufú (Di Prinzio et al. 2015). This explanation is reasonable given a similar
plasticity of Chinook salmon seen in New Zealand (Quinn et al. 2001).
Chinook salmon were intentionally introduced for their economic value to humans and
their impacts are difficult to measure as ecological knowledge is only realized after
establishment (Allan and Flecker 1993; Moyle and Light 1996; García-Berthou 2007; Arismendi
et al. 2014). In SSA, Chinook salmon support commercial and recreational industries that attract
anglers from around the world (Vigliano and Alonso 2007; Arismendi et al. 2014). Stock
discrimination can be particularly useful for systems such as SSA where genetic origin is often
unknown and baseline biological information is lacking. Otolith shape could be a useful tool as
part of a multi-faceted approach in combination with other biological techniques to better
understand life history plasticity and adaptation of naturalized populations in novel ecosystems.
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Case Study 3: Hatchery versus wild-origin Chinook salmon in the Elk River, Oregon
The Elk River in southeastern Oregon drains directly into the Pacific Ocean near Port
Orford, Oregon and includes both hatchery and wild-origin Chinook salmon. The Elk River
Hatchery is 12 km upstream from the river mouth (Miller et al. 2010). The hatchery was
constructed in 1968 using in-basin broodstock from tributaries near the location of the hatchery
with the mission to conserve wild populations of ocean-type, Fall Chinook salmon (Burnett
2001; ERHPMP 2019). In addition, Chinook salmon from the Elk River Hatchery are an
indicator stock for the Pacific Salmon Treaty, a proxy for other coastal Chinook salmon
populations in Mid Oregon Coast basins (Miller et al. 2010). Hatchery-origin Chinook salmon
are released to support terminal commercial and recreational fishing industries and the facility’s
rearing conditions utilize parent river water to reduce straying of salmon to nearby rivers
(ERHPMP 2019). Not all hatchery-origin fish, however, are harvested and while many return to
the Elk River Hatchery, some portion spawn outside of the hatchery or stray to nearby streams,
including the neighboring Sixes River (Miller et al. 2010). Straying of hatchery-origin fish has
conservation and management implications for wild-origin populations in both systems. As such,
in this case study, I compare otolith shape between hatchery-origin and wild-origin Chinook
salmon to detect differences in populations at a local spatial scale. I include wild and hatcheryorigin samples from both the Elk and Sixes Rivers grouped geographically as the Mid Oregon
Coast (see Case Study 2; Seeb et al. 2007), hereafter referred to as the “Elk River”.

Results and discussion
I sampled otoliths from two known origins (hatchery or wild) collected at three different
locations including hatchery-origin at hatchery (HH), hatchery-origin in river (RH), and wild-
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origin in river (RW). All otoliths were standardized by fish length by “group” (HH, RH, and
RW) for the CAP and “origin” (hatchery or wild) for the Classification Tree model. There were
no interactions with fish length for each standardization, and thus I did not remove any wavelet
coefficients. Similar to previous case studies, I found the most shape variation occurred at angles
170-200° and 345-360° (Fig. 2.5a). Using Wavelet coefficients (Fig. 2.5b) and Fourier
harmonics (Appendix 2.Z), the CAP revealed distinct clusters for HH, RH, and RW groups (p =
0.004, Table 2). CAP 1 explained 68.2% variation and CAP 2 explained 31.8% variation among
these groups (Fig. 2.5b and Appendix A.6). I found that RH and HH groups were more similar
and therefore I combined these groups as “hatchery” to compare with “wild” samples (p =
0.002). I used all 32 wavelet coefficients for the Classification Tree model. I found the Wavelet
coefficient at angles 12° and 186° as the main variables that separated wild from hatchery-origin
groups (Fig. 2.5c). The Classification Tree model did not include any morphological indices
within top discriminatory variables. Model classification error was within the range of error in
previous case studies with 22% (trained model) and 33% (predictive model).
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Figure 2.5a-c. Results from Case Study 3 (Wild versus hatchery-origin Chinook salmon in the
Elk River, Oregon). A) Wavelet coefficient mean and standard deviation from otolith angles 0°360°. B) CAP of hatchery-origin at hatchery (HH), hatchery-origin in river (RH), and wild-origin
in river (RW) groups using Wavelet coefficients. C) Classification Tree model using Wavelet
coefficients and morphological indexes.
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The Classification Tree model for Elk River otoliths requires the least number of
variables to discriminate between hatchery and wild-origin groups. This supports our hypotheses
that shape variation only occurs at discrete otolith locations (along a 360° rotation) when smaller
spatial scales (within-basin) are considered. Comparatively, regional and hemisphere geographic
scales utilized more otolith shape variables comprising of both Wavelet coefficients and
morphological indexes in Classification Tree models to distinguish among groups.
Hatchery-origin Chinook salmon receive coded wire tags and adipose fin marks for
identification before release from the Elk River Hatchery (Miller et al. 2010). Potentially
negative interactions between wild and hatchery-origin Chinook salmon and straying into nearby
rivers is of concern to managers (ODFW 2014). Genetic stock identification in the Elk and Sixes
Rivers confirm multiple stocks from wild and hatchery-origin Chinook salmon in both systems
(Miller et al. 2010). When collected from spawning ground surveys or directly at the hatchery,
further sampling of otolith shape could be an additional tool to be used in combination with other
techniques, such as otolith thermal marking, to assign origin to Chinook salmon. Hatcheries
fluctuate water temperatures to produce a unique pattern, or bar code, of alternating growth rings
in juvenile salmonid otoliths that are visible as thermal marks when they return as adults (Volk et
al. 1999). Although otoliths are collected from lethal sampling methods, many samples are
already collected and examined in the laboratory for thermal bands. Overall shape analysis could
prove a time-efficient metric that does not require significant additional processing to use for
salmonid-origin identification.
In the Pacific Northwest, wild Chinook salmon stocks face declining abundance and
genetic diversity (Gustafson et al. 2007). As wild populations decline, hatchery-origin fish have
been important to salmon conservation and management programs. In Chinook salmon, otolith
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microstructure has been found to differ between hatchery and wild-origin otoliths as well (Zhang
et al. 1994; Oxman et al. 2007) and I show that otolith shape variation can be useful to
discriminate between hatchery and wild-origin Chinook salmon within the same river system.
Differences in rearing environments, genetics, stress, and environmental perturbations can
produce differences in composition, morphology, and asymmetry in otolith pairs (Campana
2005; Morat et al. 2008). As otoliths are used for hearing and orientation in fishes (Campana and
Casselman 1993), differences in shape, structure, and chemistry could have ethical and
management implications for hatchery-origin Chinook salmon (Oxman et al. 2007).

2.4 Conclusions
Otolith shape analysis has practical implications for fishery conservation and
management. Here, I described a relatively inexpensive and efficient otolith shape technique to
inform stock identification and discrimination of Chinook salmon. I evaluated the effectiveness
of this method for three case studies of Chinook salmon otoliths collected across a broad
geographical range between their native range (Alaska and Oregon) and introduced range in
South America (southern Argentina and Chile). I found distinct grouping in each case study by
applying a Canonical Analysis of Principal Components and successfully assigned group by
applying a simple Classification Tree model that incorporated both Wavelet shape coefficients
(or Fourier harmonics) and morphological indexes. Classification Tree model performance error
ranged from 62% to 82% accuracy depending on each case study. To increase power of the CAP
and Classification Tree models, additional otolith samples can be included at different
geographical and temporal scales. Stock discrimination of Chinook salmon using otolith shape
would likely have better performance in conjunction with traditional age, growth, and
microchemical determination as well as genetic analysis. Otolith laboratories may often retain
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images of otoliths, or even archive a single otolith, collected before polishing for common
techniques such as age and growth determination or microchemical analysis. Standardized
methods for imaging and shape analysis can be another practical and relatively quick metric to
collect for further otolith analysis in fisheries conservation and management.
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3. Fluctuating asymmetry of adult Chinook salmon (Oncorhynchus tshawytscha)
otoliths from wild and hatchery-origins
3.1 Introduction
Fluctuating asymmetry in organisms refers to a non-directional deviation from perfect
symmetry of bilateral structures (Palmer and Strobeck 1986; Merilä and Björklund 1995).
Asymmetry of left and right paired characters has been associated with genotypic and
environmental variation throughout ontogeny (Van Valen 1962; Merilä and Björklund 1995) and
is seen as a form of developmental noise (Palmer and Strobeck 1986) under both natural and
laboratory (Anken et al. 1998; Lychakov et al. 2006; Somarakis et al. 2006; Eriksen et al. 2008)
settings. In fishes, otoliths are part of the vestibular system as they aid with hearing, orientation,
linear acceleration, balance and gravity sensing (Popper and Combs 1980; Campana and
Casselmann 1993; Campana 1999; Tuset et al. 2015). Therefore, otoliths are frequently used to
test for fluctuating asymmetry and associated biological implications (Lychakov and Rebune
2005; Allenbach et al. 2009; El-Mahdy et al. 2019).
Otoliths are calcium carbonate (CaCO3) ‘ear stones’ found within the inner ear labyrinths
of all teleost fishes (Campana 1999). Sagittae are the largest pair and are the most variable in
morphology and shape (Platt and Popper 1981). Otoliths accrete incremental rings with daily and
annual periodicity as a fish ages (Pannella 1971), and because they are not susceptible to
reabsorption, serve as a permanent record of a fish’s life history (Campana and Neilson 1985;
Campana and Thorrold 2001). Otolith shape is unique to individual species and morphological
variation within-species is a product of complex genetic and environmental interactions (Blacker
1974; L’Abée-Lund 1988; Campana and Casselman 1993; Lombarte and Lleonart 1993).
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Chinook salmon (Oncorhynchus tshawytscha) are naturally distributed across a wide
geographic range in the northern hemisphere from southern California to northern Alaska
(Davidson and Hutchinson 1938; Healey 1991; Quinn 2018), representing a culturally and
economically significant resource to Native American groups, local communities, and
commercial and recreational fishing industries (Quinn 2018). Yet, many wild Chinook salmon
populations are federally listed in the United States under the Endangered Species Act (1973),
facing ecological challenges due to habitat loss and degradation (Myers et al. 1998), migration
impediment from hydroelectric dams and reservoirs (Kareiva et al. 2000; Sheer and Steel 2006;
Murphy et al. 2019), and loss of genetic diversity (Gustafson et al. 2007). As such, hatchery
programs have supplemented populations of Chinook salmon for over a century (Yoshiyama et
al. 1998) with hatchery-origin fish being integral to management and conservation (Myers 1998;
McElhany et al. 2000; McClure et al. 2018). Several studies have documented differential
ecological success of hatchery Chinook salmon in homing and straying (Quinn and Fresh 1984),
reduced productivity of spawning grounds (Chilcote et al. 2011), and density-dependent effects
on growth and survival of wild fish (Kostsow and Zhou 2006).
Here, I use otoliths from wild and hatchery-origin Chinook salmon collected from
western Oregon and southeastern Alaska, USA to test the hypothesis that otolith pairs would
have more symmetry in wild-origin Chinook salmon compared to less symmetry in otolith pairs
from hatchery-origin individuals due to differences in rearing conditions. Otolith chemical
microstructure has been found to differ between hatchery and wild-origin Chinook salmon
(Zhang et al. 1994; Oxman et al. 2007). Differences in rearing environments, gene expression,
and physiological stress can produce differences in composition and microchemistry,
morphology, and asymmetry in otolith pairs (Zhang et al. 1994; Campana 2005; Oxman et al.
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2007; Morat et al. 2008). Therefore, it is critical to evaluate the health and performance of
hatchery-reared Chinook salmon relative to their rearing conditions as they are released to
supplement wild stocks. Through recognition of differences in otolith asymmetry between wild
and hatchery-origin Chinook salmon these findings can provide insights to the conservation and
management of populations of Pacific salmon. Expanding on this baseline supports further
efforts to evaluate hatchery programs and to better understand the biological mechanisms that
may affect the health and performance of hatchery-origin salmonids.

3.2 Materials and methods
Field sampling and locations
I used otolith samples from four sampling locations in Oregon and Alaska (Table 3.1). In
Oregon, all otolith samples originated from three regions that geographically represent
previously established distinct genetic lineages: North Oregon Coast, Mid Oregon Coast, and
Willamette Basin (Seeb et al. 2007; Moran et al. 2012). Several wild stocks in Oregon including
spring-run Chinook salmon stocks in the Middle Fork Willamette and McKenzie Rivers are
federally listed in the United States under the Endangered Species Act (1973) (Upper Willamette
River Chinook ESU, 1999: USFWS ECOS). Accordingly, I included samples collected from
hatchery/dam passage facilities from the South Santiam, McKenzie, and Middle Fork Willamette
Rivers in the Willamette River Basin. In addition, I included samples from two regions in the
Oregon Coast Range (North Oregon Coast and Mid Oregon Coast). Wild-caught Chinook
salmon from the Alsea and Siletz Rivers (North Oregon Coast) were collected from a network of
local anglers. Oregon Department of Fish and Wildlife collected Chinook salmon from the Elk
and Sixes Rivers (Mid Oregon Coast) via spawning ground surveys and at hatchery facilities at
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the Elk River Hatchery. Mid Oregon Coast samples include both wild and hatchery-origin
samples from within the Elk and Sixes Rivers. Hatcheries such as the Elk River Hatchery use
local broodstock and monitor Chinook salmon as an indicator stock for other coastal Chinook
salmon populations in the Pacific Northwest (Miller et al. 2010).
In Alaska, personnel from Southern Southeast Regional Aquaculture Association
(SSRAA) collected otoliths from returning adults to three hatchery facilities: Crystal Lake
Hatchery (hatchery-origin from Andrews Creek broodstock), Deer Mountain Hatchery, and
Whitman Lake (both Chickamin River broodstock). Crystal Lake Hatchery is one of the oldest
hatchery facilities currently operating in Southeast Alaska with a source population propagated
from the Columbia River. Since the 1970s, local Andrews Creek broodstock has since replaced
the initial Columbia River stock. Currently, all Chinook salmon originate from hatchery
broodstock with facilities designed to prevent self-sustaining (naturalized) populations from
occurring (www.ssraa.org).
All otolith samples from Alaska and Oregon were inspected for quality. I collected
additional information from sampled fish including length, sex, and age when available.
Handling and storage procedures followed methods described by Miller and Simestad (1994)
before imaging. I only included samples from fish with both sagittae otoliths intact. I discarded
any otoliths with cracks, damage, or missing pieces that compromised the overall otolith shape.
All samples were stored dry and were lightly padded with KimTech lab wipes in vials, in
ethanol, or in isopropyl alcohol in plastic lab vials. I also recorded otolith mass (dried if stored in
fluid) on a Mettler-Toledo scale (model AE 240) to the nearest thousandth (0.0001) gram.
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Table 3.1. Location and sample size of collected otolith pairs. Oregon hatcheries include Elk
River Hatchery (constructed in 1968), McKenzie River Leaburg Hatchery (constructed in 1953;
McKenzie River Spring Chinook broodstock), and South Santiam Fish Hatchery at Foster Dam
(constructed in 1968; South Santiam Spring 2417 broodstock). Hatcheries in southeast Alaska
include Deer Mountain Hatchery (original hatchery constructed in 1925 with present facilities
since 1954; Chickamin River broodstock) and Crystal Lake Hatchery (constructed in 1973,
Andrews Creek broodstock). Fork length (FL) range is in millimeters, n is sample size per group,
and total sample size is 191 otolith pairs.
Basin

River

Southeast
Alaska

Andrews
hatchery
Creek/Stikine

9

490-820

2018

Chickamin

hatchery

15

530-905

2018

S. Santiam

hatchery

21

N/A**

2017

Mid. Fork
Willamette

hatchery

29

610-900

2017

McKenzie

hatchery

19

620-1090

2017

North Oregon Alsea
Coast
Siletz
Yaquina
Unknown*

wild
wild
wild
wild

4
14
2
2

280-930
480-980
N/A**
N/A**

2017
2017, 2018
2017
2017

Mid Oregon
Coast

Elk

hatchery
wild

44
21

450-980
570-1030

2018
2018

Sixes

hatchery
wild

4
7

620-850
680-860

2018
2017, 2018

Willamette

Origin

n

FL range (mm)

Years sampled

* Unknown: sample collected from NOC region, but unknown to river origin (missing location
data).
** N/A: sizes not collected.
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Otolith imaging
All images were acquired on a Zeiss compound light microscope (model Axio
Zoom.V16) with an Amscope microscope digital camera (model MU1000) (Fig. 3.1). I saved
each image as a .jpeg file using Amscope software (version 3.7). If an otolith was stored in fluid,
I dried it completely before imaging. Dried otoliths were oriented with the rostrum facing left
(Libungan and Pálsson 2015) with 7x magnification using a black filter backlight. Before
capturing each image, I manually adjusted exposure and aperture in small increments for clarity
and consistent lighting across each sample. This ensured clear contrast, minimal pixel noise, and
reduced over-exposure between the sample and black background. Samples with debris that were
unable to be removed or low contrast between the sample edge and image background, were
lightly edited using free image editing software Paint.Net (version 4). I linked each otolith image
to a one-millimeter scale bar calibration recorded in pixels for shape analysis (Libungan and
Pálsson 2015).

Figure 3.1. Example of a left and right sagittae pair collected from a hatchery-origin Chinook
salmon in the Mid Oregon Coast region (at the Elk River Hatchery).
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Statistical analysis
Otolith outlines were extracted using the ShapeR package (Libungan and Pálsson 2015)
in the R statistical software (version 3.4.3). I used the function ‘detect.outline’ to capture all
otolith outlines (threshold = 0.1) and the function ‘smoothout’ (n = 100) to minimize pixel noise
between the otolith outline and image background (Libungan and Pálsson 2015). The direction of
each outline reconstruction was counterclockwise, and polar coordinates were recorded in an x-y
matrix with equally spaced radii drawn from the otolith point center from 0-360°.
After outlines were reconstructed for each otolith, I extracted common morphological
metrics (otolith area, maximum length, maximum width, and perimeter) using the function
‘getMeasurements’ in ShapeR (Volpedo and Echeverría 2003; Libungan and Pálsson 2015). I
calculated additional morphometrics including mass (g), areal density (otolith area mm2 / mass
g), rectangularity (maximum length mm / maximum width mm), and circularity (4π · area /
perimeter2). Lastly, for each metric I calculated the squared coefficient of asymmetric variation
(CV2) (Palmer and Strobeck 1986) as:
CV2 = ((Standard deviationbasin | left otolith – right otolith | · 100) / Meanbasin)2
I grouped otoliths from each river geographically into four basins and origins: Alaska (AK,
hatchery-origin), Mid Oregon Coast (MOC, wild and hatchery-origin), North Oregon Coast
(NOC, wild), and Willamette (WILL, hatchery-origin). I then plotted each metric between paired
left and right otoliths along a 1:1 relationship for each basin. Plotting against a 1:1 line illustrates
fork length size differences (Table 3.1). Lastly, I compared the CV2 among each basin for each
metric to compare variation between left and right otoliths. A higher CV2 value indicates more
asymmetry between left and right otoliths, whereas a lower CV2 value indicates more symmetry
between otoliths. Due to restricted sample size in some of our sites, I did not test for differences
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in asymmetry using sex or age classes as covariates (known ages were only available for MOC
samples and ranged from age-4 to age-6 with one sample included as a “jack” age-3).

3.3 Results
All metrics except rectangularity showed that hatchery-origin Chinook salmon had more
variation between otolith pairs around a 1:1 relationship as well as higher squared coefficients of
asymmetric variation (CV2) than wild Chinook salmon (Figs. 3.2-3.5; Appendix B1-4). In seven
out of eight metrics (mass, areal density, area, maximum width, maximum length, perimeter, and
circularity), the lowest values of asymmetry occurred in wild populations Mid Oregon Coast
(MOC – W) and North Oregon Coast (NOC – W). Conversely, the highest values of asymmetry
generally occurred in hatchery-origin populations in decreasing order from Willamette (WILL –
H), followed by Alaska (AK – H), and then Mid Oregon Coast (MOC – H). Only rectangularity
(Fig. 4) had one wild population (MOC – W) with a CV2 value (38) higher than the lowest
hatchery-origin population (WILL; 35). Within the MOC region, hatchery-origin otolith
asymmetry was consistently higher than wild otolith asymmetry across all eight metrics. I did not
observe directionality (positive or negative) in metrics when the left otolith was compared to the
right otolith.

Figures 3.2-3.5. Plots of right versus left otoliths for morphological metric comparisons. The
bottom right panel for each figure is the Square Coefficient of Asymmetry Variation (CV2) by
region and origin. Regions include Willamette (WILL), North Oregon Coast (NOC), Mid
Oregon Coast (MOC), and southeastern Alaska (AK). MOC is the only region with both wild
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and hatchery-origin samples. Morphological metrics include: 3.2) Otolith area (mm2), 3.3) Areal
density (g/mm2), 3.4) Rectangularity, and 3.5) Circularity.
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Figure 3.2. Otolith area (mm2).
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Figure 3.3. Otolith areal density (g/mm2).
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Figure 3.4. Otolith rectangularity.
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Figure 3.5. Otolith circularity.
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3.4 Discussion
These findings support differences in otolith variation between wild and hatchery-origin
salmonids with hatchery-origin Chinook salmon consistently showing a higher degree of
asymmetry. Previous studies have documented differences in shape and morphology, structure,
and microchemistry of otoliths in salmonids (Zhang et al. 1994; Gauldie 1996; Oxman et al.
2007; Reimer et al. 2016). Specifically, differences in symmetry between wild and hatcheryorigin Chinook salmon are consistent with differences in rearing conditions and environments
from known origin wild populations (North Oregon Coast and Mid Oregon Coast – Wild) and
hatchery populations (Alaska, Mid Oregon Coast –Hatchery, and Willamette). Fluctuating
asymmetry of biological characters can be attributed to a combination of environmental and
genetic factors (Merilä and Björklund 1995). In hatcheries, differences in rearing conditions and
physiological stressors can affect later developmental stages (Fagerlund et al. 1981; Leary and
Allendorf 1989; Olla et al. 1998).
Although this study documents more asymmetry in hatchery-origin than in wild Chinook
salmon within the geographical scope of this study, I could not test if this is above a threshold
value or within a natural range of variation (Schulz-Mirbach et al. 2018). These findings are
limited to the sampling and geographic scope of this study, and additional sampling should be
conducted to further evaluate otolith asymmetry of wild and hatchery-origin Chinook salmon
across their native range. Furthermore, explaining the biological mechanisms that contribute to
this fluctuating asymmetry goes beyond the scope of this study. Additional studies could test to
what degree the otolith shape itself is affected by genetic expression, environmental variation, or
physiological stress, versus shape characteristics being influenced by the saccule size of the inner
ear canal system in fishes (Gauldie and Nelson 1990; Tuset et al. 2015).
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As fishes functionally use otoliths for hearing, balance, and orientation (Campana and
Casselman 1993; Aguirre 2003; Popper 2003), the otolith shape asymmetry I describe in this
study has ethical and management implications for hatchery-origin Chinook salmon (Oxman et
al. 2007). Otolith asymmetry and changes in otolith structural development in hatchery compared
to wild Chinook salmon has been shown to influence hearing sensitivity and impairment, lower
survival and fitness, and lowered homing ability (Sweeting et al. 2004; Oxman et al. 2007;
Reimer et al. 2016). As such, better understanding the mechanisms in hatcheries as they relate to
wild conditions is important for fishery scientists and managers to improve the health and fitness
of hatchery salmon introductions.

3.5 Conclusions
In this chapter, I tested the symmetry of known hatchery-origin and wild Chinook salmon
otolith pairs from rivers in western Oregon and southeastern Alaska. Using a combination of
morphological metrics, our overall findings reveal that fluctuating asymmetry of hatchery-origin
samples is higher than wild samples in seven out of eight metrics. In addition, hatchery samples
from within the Mid Oregon Coast region (the only region that contained samples from both wild
and hatchery-origin) were consistently more asymmetric than wild samples in all metrics. These
results contribute to a baseline for bilateral asymmetry in wild and hatchery-origin Chinook
salmon and support further research to explain mechanistically what causes these levels of
variation during life history development.
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4. General conclusions
This thesis demonstrates that otolith morphometrics in Chinook salmon has the potential for
stock discrimination and describing patterns of otolith variation at differential spatial scales and
population origins. In Chapter 2, I successfully demonstrate stock discrimination with a
Canonical Analysis of Principal Coordinates and Classification Tree models (Cardinale 2004;
Libungan and Pálsson 2015, Libungan et al. 2015). This study suggests that otolith shape in
Chinook salmon varies, which could be a result of genetics, high phenotypic plasticity and
diversity of life history strategies, the environment, as well as rearing conditions (Blacker 1974;
Wilson 1985; Healey 1991; Campana and Casselman 1993; Lombarte and Lleonart 1993).
In Oregon (Chapter 2), I show that shape analysis can discriminate among wild
populations at a basin-level geographical scale. As such, otolith shape analysis of native
populations could be a useful tool for stock identification in combination with traditional
techniques used to estimate age, growth, and microchemical composition using otoliths
(Campana and Neilson 1985; Secor et al. 1995a, 1995b; Campana 1999; Campana 2005).
Additionally, Classification Tree models could incorporate additional age and origin information
collected from spawned Chinook salmon. Stream-specific models can then be used to inform
potential origin of wild-caught, mixed stock Chinook salmon found in high sea fisheries and
recreational fisheries in coastal systems. Predicative power can be improved and validated in
conjunction with other tools such as population genetics, mark-recapture, and carcass surveys.
Furthermore, in southern South America (SSA; Chapter 2), otolith shape of naturalized
populations still revealed distinct grouping of Chinook salmon despite classification success
being slightly lower than in wild populations in Oregon. High genetic mixing, multiple
propagations, and wide spatial distribution could influence otolith shape variation of naturalized
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Chinook salmon within basins (Soto et al. 2007; Vigliano and Alonso 2007; Arismendi et al.
2014). SSA serves as a unique case study for studying the evolution and naturalization of a high
plasticity species like Chinook salmon (Arismendi et al. 2014). Stock discrimination can be
particularly useful as part of a multi-faceted approach for systems such as SSA where genetic
origin is often unknown and baseline biological information is lacking.
In their native range in the Pacific Northwest, wild Chinook salmon stocks face declining
abundances and genetic diversity (Gustafson et al. 2007). As wild populations decline, hatcheryorigin fish have been important to salmon conservation and management programs. In Chinook
salmon, otolith microstructure has been found to differ between hatchery and wild-origin otoliths
as well (Zhang et al. 1994; Oxman et al. 2007; Claiborne et al. 2014) and Chapter 2 shows
otolith shape variation between wild and hatchery-origin Chinook salmon within the Elk River
basin. Accordingly, these results inform further exploration of shape and morphology in Chapter
3 by evaluating asymmetry of known wild and hatchery-origin Chinook salmon otolith pairs.
Using a combination of morphological metrics, Chapter 3 reveals that, overall, fluctuating
asymmetry of hatchery-origin samples is higher than in wild samples. Better understanding the
mechanisms in hatcheries as they relate to wild conditions is important for fishery scientists and
managers to improve the health and fitness of hatchery salmon introductions.
As otoliths are used for hearing and orientation in fishes (Campana and Casselman 1993),
differences in shape, structure, and chemistry could have management implications for hatcheryorigin Chinook salmon (Campana 2005; Oxman et al. 2007; Morat et al. 2008). Otolith variation
between wild and hatchery-origin Chinook salmon is shown to influence hearing sensitivity and
impairment, reduce survival and fitness, and lower homing ability (Sweeting et al. 2004; Oxman
et al. 2007; Reimer et al. 2016). Additional studies could test to what degree the otolith shape
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itself is affected by genetic expression, environmental variation, or physiological stress, versus
shape characteristics being influenced by the saccule size of the inner ear canal system in fishes
(Gauldie and Nelson 1990; Tuset et al. 2015). Chapter 3 results contribute to a baseline for
bilateral asymmetry in wild and hatchery-origin Chinook salmon and support further research to
explain mechanistically what causes variation during life history development.
In conclusion, I demonstrate that otolith morphometrics have potential as a management
tool for Chinook salmon conservation in wild, hatchery-origin, and naturalized populations. To
increase model performance in Chapter 2 and to further test asymmetry in Chapter 3, additional
samples can be included at different geographical and temporal scales. Stock discrimination
using otolith shape would likely have better performance in conjunction with traditional age,
growth, and microchemical determination as well as genetic analysis. Otolith laboratories often
retain images of otoliths, or even archive a single otolith, collected before polishing for common
techniques such as age and growth determination, thermal mark identification, or microchemical
analysis. Thus, the methods and findings described in this thesis demonstrate another practical
and relatively quick metric to collect for further otolith analysis in fisheries conservation.
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A. Appendix for Chapter 2
Fish length and coefficient standardization
A subsect of samples from Alaska, Oregon, and southern South America (SSA) contained
missing associated fish lengths, or different length measurements. To standardize for Wavelet or
Fourier transformations, all fish lengths were converted to Fork Length (FL), or if unknown,
approximated using a simple ratio: FL(mm) = (otolith length (mm)) * x (ratio coefficient).
Otolith Length (mm) was extracted using the ShapeR package in program R. FL (mm) was then
converted to FL (cm) for standardization. Below, I clarify conversions or approximations used
within each region if FL was not measured or unknown.
Alaska
All otolith samples from Southeast Alaska were collected with fish length measured as Mideye
to Fork Length (MEF). As such, I used published length ratios from Alaska Department of Fish
and Game (1988) that used spawning Chinook salmon from the Crystal Lake Hatchery to convert
to Fork Length (FL = SNF or snout to fork length).
(http://www.adfg.alaska.gov/fedaidpdfs/RIR.1J.1988.03.pdf)
FL (mm) = 1.124(MEF) – 5.625
Oregon
Known ratios from ODFW for some Chinook salmon samples with length Mid-Eye to Posterior
Scales (MEPS) were used for Elk River and Sixes River, as well as Siletz River, to convert to
Fork Length (FL).
Elk/Sixes River:
FL (mm) = 1.1583 * MEPS length (mm) + 25.945
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Siletz River:
Male: FL (mm) = ((MEPS * 1.256) - 29.28)) + 0.5
Female: FL (mm) = ((MEPS * 1.167) - 24.02)) + 0.5
Willamette River (Middle Fork Willamette, McKenzie):
Earlier otolith samples archived from 2007 and 2010 did not include FL measurements.
Accordingly, I used the simple ratio FL and otolith length (OL) to approximate FL for both
rivers using known FL measurements from 2016 samples.
Ratio: FL (cm) / OL (cm); FL(cm) = OL(cm) * 6.5

SSA
Unknown fish lengths were approximated for South America populations from fish with known
Fork Length (FL) and Otolith Length (OL). Across three rivers (ALLI, PETR, FUTA), I used the
following ratio as an approximation for missing length data:
Ratio: FL (cm) / OL (cm); FL(cm) = OL(cm) * 8.2

Lastly, I tested all shape coefficients for interactions with fish length. Each region was
standardized as follows:
Case Study 1 (Hemisphere comparison): Standardized by “region” (AK, OR, SSA) for the CAP
and by “hemisphere” for the Classification Tree model.
Case Study 2 (Oregon wild): Standardized by “basin” (MOC, NOC, WILL) for the CAP and
Classification Tree model.
Case Study 2 (SSA naturalized): Standardized by “basin” (ALLI, PETR, FUTA) for the CAP and
Classification Tree model.
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Case Study 3 (Elk River wild vs. hatchery): Standardized by “population” (HH, RH, RW) for the
CAP and by “origin” (wild or hatchery) for the Classification Tree model.

Description of morphological indexes
Otolith measurements were extracted directly using the ShapeR package and include: otolith area
(mm2), maximum length (mm), maximum width (mm), and perimeter (mm). Using these metrics
above, I also calculated the morphometrics:
Area Density = otolith mass (g)/otolith area (mm2)
Rectangularity = otolith length (mm) / otolith width (mm)
Shoreline Development (DL) = Otolith perimeter (mm) / (2π * 2 √ π(otolith area))
Circularity = 4 π * (otolith area / otolith perimeter2)

88

Methods section
Figure A.1. Representative examples of otoliths imaged in the Freshwater Ecology and
Conservation Lab, Nash Hall, Oregon State University.
Oregon (wild-origin):

Alaska (hatchery-origin):

South America (naturalized-origin):
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Figure A.2. Otolith orientation and left/right comparison. I selected 32 representative samples
from wild and hatchery-origin Chinook salmon in Oregon and South America with both otoliths
from the sagittal pair intact. I fit a linear regression left otolith vs. right otolith to test symmetry
using otolith area (mm2). As such, right otolith samples (A) were oriented with the rostrum
facing left (sulcus side down), and left otoliths (B), when substituted, were oriented rostrum
facing left (sulcus side up). The otolith examples below are from different fish.
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Figure A.3. Post-imaging photo manipulation
I configured microscope settings to minimize using post-image photo manipulation. Where
necessary, however, I used the clone stamp tool in Paint.Net to reduce pixel noise, overexposure,
or debris between the otolith sample and black background. For <10 total samples where lighting
or sample transparency was too dim for automatic outline detection in ShapeR, I used the magic
wand and brighten features to increase contrast between the sample and background.

Before photo manipulation (sample contained cotton fiber from shipping that was unable to be
removed easily by hand):

After photo manipulation:
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Due to smaller sample size, I included four samples from the Allipen River, Chile that were
cracked in half, however were a relatively close fit when pieced together. See examples below:
Cracked example (before):

After photo manipulation:

Case Study Results
Below, I include the Canonical Analysis of Principal Coordinate results for each case study using
otolith outline reconstructions from Fourier Harmonics.
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Figure A.4. Case Study 2 Fourier CAP results (Oregon basins).

Figure A.5. Case Study 2 Fourier CAP results (southern South America basins).

93

Figure A.6. Case Study 3 Fourier CAP results (Elk River, Oregon).
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B. Appendix for Chapter 3
Figures B.1-B.4. Additional plots of right versus left otoliths for eight total morphological
metrics. The bottom right panel for each figure is the Square Coefficient of Asymmetry
Variation (CV2) by region and origin. Regions include Willamette (WILL), North Oregon Coast
(NOC), Mid Oregon Coast (MOC), and southeastern Alaska (AK). MOC is the only region with
both wild and hatchery-origin samples. Morphological metrics include: B.1) Otolith mass (g),
B.2) Maximum otolith length (mm), B.3) Maximum otolith width (mm), B.4) Otolith perimeter
(mm).
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Figure B.1. Otolith mass (g).
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Figure B.2. Maximum otolith length (mm).
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Figure B.3. Maximum otolith width (mm).
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Figure B.4. Otolith perimeter (mm).

