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Abstract
Important variability exists in life history attributes among localized populations of Coastal Cutthroat Trout

Oncorhynchus clarkii clarkii in relation to geographic and environmental factors. Describing the life history of locally
adapted populations is critical to successful fishery management and conservation. The number of annuli and distance
between circuli in scales (i.e., scale analysis) are often used to describe migratory behavior and age of Coastal Cut-
throat Trout, but the accuracy of these estimates is largely unknown. In this study, we compared estimates of age
(based on analyses of scale and otolith structure) and migratory patterns (based on scale structure and otolith struc-
ture and chemistry) for anadromous Coastal Cutthroat Trout in South Puget Sound, Washington State. We compared
48 paired scale and otolith samples (age range= 1–5 years), and age estimates agreed 79% of the time (average per-
cent error [APE] = 5%; CV= 6%), supporting historical age estimates that were generated using scales. However,
the number of migrations between freshwater and marine environments estimated using scales and otoliths agreed
44% of the time (n= 50; APE= 25%; CV= 35%). Comparisons of scales and otoliths indicated that more individuals
overwinter in marine waters than previously thought based on scale analysis. The majority of fish in this study (68%)
were the progeny of females that matured in marine waters and may be vulnerable to fisheries in the marine environ-
ment. Current management actions that prohibit the harvest of Coastal Cutthroat Trout in marine waters may be
important for the conservation of small localized populations in South Puget Sound.

Coastal Cutthroat Trout Oncorhynchus clarkii clarkii
are considered to have a high degree of life history diver-
sity within anadromous and resident (e.g., adfluvial, flu-
vial, and stream rearing) forms. Characteristics such as
age and migratory behavior vary in relation to environ-
mental factors and vary across large and small geographic
scales (Pearcy et al. 2018). For example, anadromous
Coastal Cutthroat Trout from Oregon and Washington
have been observed to make longer marine migrations,
even overwintering in marine environments (Hering et al.
2008; Stein et al. 2012), while more northerly populations

often overwinter in freshwater rivers or lakes following
shorter marine migrations (Saiget et al. 2007). Within a
region, anadromous Coastal Cutthroat Trout may express
a range of migratory behaviors from relatively sedentary
individuals that stay near natal streams to those exhibiting
longer, more distant marine migrations (Stein et al. 2012;
Goetz et al. 2013). Understanding the life history attri-
butes of localized populations is critical to their conserva-
tion because loss of the anadromous form is expected to
increase the risks of local extinction due to a reduced abil-
ity to recolonize (Johnson et al. 1999; Williams and
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Reeves 2008). In addition, age structure is important to
monitor in salmonids, in part because reductions in larger
and older individuals may reduce population productivity,
as larger individuals may have increased reproductive suc-
cess (Seamons et al. 2004; Thériault et al. 2007).

Life history attributes, such as age and migratory
behavior, have been estimated across the Coastal Cut-
throat Trout’s range by researchers using tags (Krentz
2007), isotopic analysis of hard and soft tissues (Tomasson
1978; Pearcy and Miller 2018), and the number of annuli
and circulus spacing in scales (hereafter, “scale analysis”;
Giger 1972). Scale analysis can be used to accurately
describe the age and migratory patterns of other iteropar-
ous anadromous fishes (Seamons et al. 2009; Copeland
et al. 2018). Scales form distinct annular rings (hereafter,
“annuli”) as a result of changes in circulus spacing related
to seasonal variation in growth and may be used to deter-
mine age (Whitledge 2017). In addition, scale characteris-
tics have been used to identify other life history
parameters, such as (1) points of marine entry, which are
evidenced by scale checks and an increase in circulus spac-
ing (Rich 1920; Campbell et al. 2015); and (2) prior
spawning events, which are indicated by resorption of the
scale edge (Shapovalov and Taft 1954; Kacem et al. 2013;
Hernandez et al. 2014). Similarly, scale analysis has histor-
ically been used to determine metrics such as age and the
number of spawning and marine migrations for Coastal
Cutthroat Trout (Loch and Miller 1988; Peoples et al.
1988); however, the accuracy of these estimates is largely
unknown.

In Washington State, Coastal Cutthroat Trout inhabit
the freshwater, estuarine, and marine portions of coastal
systems as well as the rivers, small streams, and inlets
within the semi-closed waters of Puget Sound (Blakley
et al. 2000). Age and migratory patterns of Coastal Cut-
throat Trout vary between coastal and Puget Sound
regions (Loch and Miller 1988; Losee et al. 2018). For
example, Loch and Miller (1988) found that Columbia
River populations made distant migrations offshore, while
Losee et al. (2018) observed individuals inhabiting shallow
marine waters near their natal stream throughout the year.
However, age and migratory patterns of Coastal Cut-
throat Trout have historically been described using scale
analysis for localized populations across Washington
State, which may mask differences in life history attributes
between locally adapted populations.

The ability to use fish of known age is considered the
most accurate way to validate methods of age determina-
tion; however, such an approach is not feasible for many
species. Estimates of fish age are often corroborated using
alternate methods, such as hard structure comparisons
(Kimura et al. 2006), length frequency analysis (Morales-
Nin and Pertierra 1990), and chemistry of hard parts, such

as otoliths (Kastelle et al. 2017). Elemental analysis of
otoliths has been shown to be a valuable tool for corrobo-
rating age estimates (Hüssy et al. 2015; Benson et al.
2019) and for reconstructing the movements of anadro-
mous fish between freshwater and marine waters (Secor
1992; Tomaro et al. 2012). Strontium (Sr) is most com-
monly used to differentiate movements between freshwater
and marine waters because its concentration is generally
higher in marine areas versus freshwater (Kalish 1989;
Zimmerman 2005) and it is incorporated into otoliths over
relatively short time scales (Miller 2011; Claiborne and
Campbell 2016). Similarly, Sr has been used to differenti-
ate the progeny of resident versus anadromous mothers
and to identify maternal run timing in Pacific salmon
Oncorhynchus spp. (Rieman et al. 1994; Miller and Kent
2009; Zimmerman et al. 2009) because variation in Sr
within the otolith primordia is related to the amount of
maternal Sr supplied to the egg (Kalish 1989; Volk et al.
2000). The ability to discern the maternal life history (i.e.,
resident versus anadromous mother) from the chemical
signature of the otolith primordia is particularly useful for
Coastal Cutthroat Trout management because the source
of progeny is unknown for many populations. In addition,
the relationship between sympatric life history forms in
Oncorhynchus spp. is important to understand, as they are
often managed with differing conservation goals and har-
vest guidelines.

In this study, we analyzed the chemistry and age struc-
ture of otoliths in combination with scale analysis to fur-
ther understand the life history variation of Coastal
Cutthroat Trout in South Puget Sound. Our first objective
was to contrast age estimates derived from scale analysis
and otolith structure. Our second objective was to com-
pare migratory patterns based on scale analysis versus oto-
lith structure and chemical analyses. The third objective of
this study was to use otolith chemistry to determine the
maternal life history of anadromous progeny.

METHODS
Sample collection.—Coastal Cutthroat Trout carcasses

were collected in the marine and freshwater environments
of South Puget Sound by Washington Department of Fish
and Wildlife (WDFW) staff. Collections included illegally
harvested fish that were confiscated by WDFW enforce-
ment, carcasses found on the spawning grounds, and inci-
dental mortalities from WDFW research projects (Figure 1;
Table 1). For each fish, FL (mm) and sex were recorded and
scale samples and sagittae were collected. Scales were taken
from one to three rows above the lateral line between the
posterior insertion of the dorsal fin and the anterior inser-
tion of the anal fin. Scales were mounted on gummed scale
cards distal side up and were stored for analysis. Otoliths
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were extracted from each fish, cleaned of tissue, and stored
in vials containing 95% ethanol (Hedges et al. 2004).

Scale analysis.— Scale analysis was used to determine
age and the number of freshwater and marine migrations
of each Coastal Cutthroat Trout. Acetate impressions of
scales were made using a heated (110°C) hydraulic press
(11 metric tons) for approximately 1 min. Acetate impres-
sions were examined by one reader using a Realist Vista
microfiche reader (48×magnification). Age was defined as
the total number of annuli on the scale, assuming that fish
recruited to the next cohort on January 1. An annulus
was defined as an area of tightly grouped circuli. Freshwa-
ter annuli were enumerated, the point of marine entry was
identified, and the number of annuli after marine entry
was determined. Marine entry was defined as a discernable
and consistent increase in circulus spacing, as growth is

often higher in marine versus freshwater environments and
circulus spacing is positively related to somatic growth for
Oncorhynchus spp. (Fukuwaka 1998). Annuli after marine
entry were categorized as either (1) a spawning migration
based on the presence of scarring from scale resorption or
(2) freshwater re-entry based on the absence of such scar-
ring (Figure 2). As such, this notation assumes that each
annulus after marine entry is associated with one migra-
tion to marine waters and one migration back to freshwa-
ter each year, as this is a common life history in many
populations (Pearcy et al. 2018). The age notation we used
(described by Loch and Miller 1988) denotes the number
of freshwater annuli to the left of the decimal point (e.g.,
2.) and indicates marine migrations (+), freshwater migra-
tions (F), and spawning migrations (S) to the right of the
decimal point. For example, a fish with a scale age of

FIGURE 1. Approximate locations (red plus [+] symbols) of Coastal Cutthroat Trout carcasses that were recovered in South Puget Sound,
Washington, and sampled for scales, otoliths, FL (mm), and sex.
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2.+F+S+ captured in the summer in marine waters has
four complete annuli (age 4), spent 2 years in freshwater
before its first migration to marine waters (2.+), returned
to freshwater to over the winter (2.+F), made another
migration to marine waters (2.+F+), retuned to freshwater
on a spawning migration (2.+F+S), and finally returned
to marine waters for a third marine migration and was
captured (2.+F+S+).

Otolith preparation and age analysis.—Otolith thin sec-
tions were prepared for age and otolith chemistry analysis.
One otolith per fish was mounted on a glass slide with
thermoplastic resin. Otoliths were ground first in the distal
plane (to provide a flat surface) and then in the proximal
plane to expose the primordia while maintaining the oto-
lith edge using a Buehler Meta Serv 250 polishing machine
with sanding discs of successively fine grit (Buehler; P800,
P1200); otoliths were then polished using an aluminum
oxide slurry (Buehler; 1 µm). Before microchemical analy-
sis, age was determined by one reader using a Leica M80
dissecting scope (50×magnification) and reflected light by
counting the total number of presumed annuli for each
otolith thin section, assuming that fish recruited to the
next cohort on January 1. An annulus was defined as a
translucent zone that could be followed around the otolith
section.

Otolith chemistry.— To determine the number of migra-
tions between marine waters and freshwater, we measured
otolith Sr, barium (Ba), and calcium (Ca) using a Thermo

X Series II inductively coupled plasma mass spectrometer
coupled with a Photon Machines G2 193-nm excimer laser
at the Keck Collaboratory for Plasma Mass Spectrometry
at Oregon State University. Laser ablation scans were
completed from the ventral side of each otolith through
the primordia to the dorsal edge at the widest point (Fig-
ure 2). The laser was set at a pulse rate of 8 Hz, traveling
across the sample at 5 µm/s, with a spot size of 30 µm.
Normalized ion : Ca ratios were converted to elemental
concentrations using a glass standard from the National
Institute of Standards and Technology (NIST 610) and
were finally converted to molar ratios for analysis. Mean
precision (percent relative SD) determined from NIST 610
was 7.6% for 43Ca, 7.9% for 86Sr, and 6.0% for 38Ba.
Accuracy for Sr:Ca (mean ± SD = 114± 1.7%; n= 8) and
Ba:Ca (116 ± 6.1%; n= 8) was determined using a carbon-
ate standard developed by the U.S. Geological Survey
(MACS-1).

We combined visual interpretation of otolith Sr:Ca and
Ba:Ca patterns with determination of mean values for dis-
tinct regions of each life history profile in order to identify
marine and freshwater migrations. In marine waters, Sr:
Ca averages 8 mmol/mol and Ba:Ca levels are often rela-
tively low (0.005 mmol/mol; Millero 2016); freshwater
tends to have lower Sr:Ca (<5 mmol/mol) and higher Ba:
Ca (>2 mmol/mol), although there are exceptions (Elsdon
and Gillanders 2005; Hamer et al. 2006; Brown and Sev-
erin 2009; Miller et al. 2010). The rate of incorporation of
Sr and Ba into otoliths declines as water concentration
increases. Laboratory and field studies on five salmonid
species indicated that otolith Sr:Ca for fish residing in
marine waters is consistently greater than 1.5 mmol/mol
(Zimmerman 2005; Miller 2011). Otolith Ba:Ca for Chi-
nook Salmon Oncorhynchus tshawytscha during marine
residence is well below 0.005 mmol/mol (Miller et al. 2010;
Miller 2011). Therefore, we combined a conservative
threshold for Sr:Ca with a Ba:Ca threshold of less than
0.002 mmol/mol to identify presumptive marine migra-
tions. When these conditions were not met, a fish was pre-
sumed to reside exclusively in freshwater throughout its
life.

Similarly, we classified a fish as having either a recently
freshwater resident (FR) mother or a recently anadromous
(RA) mother based on mean Sr:Ca and Ba:Ca within the
otolith primordia (hereafter, “otolith core”). Although
absolute thresholds are difficult to establish given that core
chemistry reflects maternal history (Rieman et al. 1994;
Miller and Kent 2009; Zimmerman et al. 2009), we identi-
fied individuals with core Sr:Ca and Ba:Ca approaching
marine levels (defined above) and substantially above
(>2×) those of adjacent otolith regions immediately out-
side of the core region as having an RA mother, and indi-
viduals without these characteristics were identified as
having an FR mother.

TABLE 1. Recovery locations, mean FL (mm; with SD), and sample
size (n) for Coastal Cutthroat Trout carcasses that were recovered in
South Puget Sound from 2007–2018.

Recovery location
Mean

FL (mm) SD n

Burley Creek 280 1
Cranberry Creek 253 71.08 3
Deer Creek 373 1
Eld Inlet 284 69.89 18
Fishtrap Jetty 325 1
Johns Creek 399 1.41 2
Kennedy Creek 259 81.91 4
Little Creek 375 1
McCallister Creek 275 56.04 3
Minter Creek 304 74.48 3
Nisqually River 293 34.04 3
Olalla Creek 260 1
Perry Creek 430 1
Sherwood Creek 396 63.64 2
Skookum Creek 350 74.43 11
Tumwater Falls 385 1
Average 310 74.84 56
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Statistical analyses.—Comparison of otolith and scale
age estimates and the number of marine migrations was
completed with a combination of age–bias plots, symme-
try tests, and precision metrics. Precision between esti-
mates was evaluated by calculating percent agreement,
average percent error (APE; Beamish and Fournier 1981),
and the CV (Chang 1982). Bias between estimates was
assessed using plots (Campana et al. 1995) and the Evans–
Hoenig symmetry test (Evans and Hoenig 1998). We sus-
pected that we were underestimating the age of Coastal
Cutthroat Trout by using scale analysis, as has been
observed in steelhead O. mykiss (Seamons et al. 2009).
Therefore, we chose the Evans–Hoenig test because it is
particularly suited to detect consistent differences across
age-classes in comparison with other symmetry tests
(McBride 2015).

We describe the common life history patterns we
observed and differences between estimates made using
scales and otoliths by overlaying otolith annulus measure-
ments on patterns of otolith Sr:Ca and Ba:Ca. Specifically,
we chose four individuals that exhibited the most common
number of marine migrations based on otolith chemistry
(1–3), and we describe the age at first marine migration,
the length of and number of marine migrations, and
maternal origin. All analyses were conducted in R version
3.6.1 (R Core Team 2017) using package FSA version
0.8.26 (Ogle et al. 2017).

RESULTS

Age
We compared age for 48 of the 56 paired scale and oto-

lith samples. Scales from the remaining eight samples were

either (1) partially regenerated (n= 2) such that we were
able to determine the number of marine migrations but
unable to determine age or (2) completely regenerated and
not suitable for analysis (n= 6). Age estimates ranged
between 1 and 5 years, and comparison of otolith and
scale age determination indicated 79% agreement (APE =
5%; CV= 6%). Our analysis suggested that relative to oto-
liths, scale analysis produced older estimates for age-1 fish
and generated younger ages for the oldest fish (Figure 3).
However, this pattern was not evident in most age-classes,
as mean scale age was similar to otolith age, and there
was no statistical evidence of bias between structures
(Evans–Hoenig test: P= 0.57; Figure 3).

Migration Patterns
The accuracy of detecting anadromy from scale anal-

ysis was high (100% of anadromous individuals), but
the detection of non-anadromy was only 33% accurate
for fish that were freshwater resident or had yet to
migrate (Figure 4). In addition, we estimated the same
number of marine migrations using scale analysis and
otolith chemistry for only 44% of the fish, indicating
particularly low precision between methodologies (APE
= 24%; CV= 35%). Overall, scales estimated a greater
number of migrations to marine waters than did otoliths
(Evans–Hoenig test: P= 0.01), but scales also estimated
fewer marine migrations than otoliths in 14% of fish
(Figure 4).

Alignment of otolith annuli and chemistry indicated
several common migratory patterns and provided addi-
tional insight into the differences in marine migrations
estimated with scales versus otoliths (Figure 5). Based on
otoliths, the majority (56%) of fish in this study had made
just one migration to marine waters before collection

FIGURE 2. Paired (A) scale and (B) otolith and (C) the otolith Sr:Ca (black line) and Ba:Ca (gray line) values for a Coastal Cutthroat Trout that
was recovered in South Puget Sound. This fish was the progeny of a recently anadromous mother, spent the first 2 years in freshwater, and made one
migration to marine waters before capture (otolith and scale age 2). Annuli are denoted as Ax and are shown as vertical black dotted lines overlaid
on the otolith Sr:Ca and Ba:Ca plot. The center of the otolith primordia (vertical black line) and point of marine entry (vertical blue dashed line)
determined using otolith Sr:Ca and Ba:Ca are shown.
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(Figure 4) and were comprised of individuals caught dur-
ing the fall as well individuals captured in the spring that
apparently overwintered in marine waters (Figure 5). For

example, Figure 5A shows an individual that was the pro-
geny of an FR mother, spent a winter in freshwater, and
made one marine migration prior to capture in the fall.
Estimates of age and the number of marine migrations
agreed between otoliths and scales for this individual.
Twenty percent of fish displayed evidence of two marine
migrations before capture, and some individuals exhibited
variable migratory behavior during their lifetime. For
example, Figure 5B describes the life history of an individ-
ual that spent 2 years in freshwater (formed two winter
annuli in freshwater), made a marine migration the fol-
lowing spring, returned to freshwater and formed a winter
annulus, and made a second migration to marine waters,
where it overwintered prior to capture in the spring. Oto-
lith age and scale age agreed for this individual (4 years),
but scale analysis estimated three marine migrations,
whereas otolith chemistry indicated only two marine
migrations. Figure 5C shows an individual that made three
migrations to marine waters (8% of fish), was the progeny
of an RA mother, and formed two winter annuli in fresh-
water. Estimates of age (4 years) and the number of mar-
ine migrations (three) agreed between scales and otoliths.
Figure 5D depicts an individual that was the progeny of
an RA mother and formed two winter annuli in freshwa-
ter before making one marine migration and overwinter-
ing in marine waters prior to capture in the spring (i.e.,
formed a winter annulus in marine waters). The number
of marine migrations did not agree between otoliths and
scales (one and two marine migrations, respectively), but
ages were the same (3 years).

Maternal Origin
A fish was designated as having an RA mother if oto-

lith core Sr:Ca was at least 1.45 mmol/mol and Ba:Ca was
less than 0.002 mmol/mol. In these instances, core Sr:Ca
was at least 2.25× greater than the Sr:Ca in adjacent oto-
lith regions outside of the core. For six individuals, core
Sr:Ca was over 2× greater than the levels in adjacent oto-
lith regions, but Ba:Ca was greater than 0.002 mmol/mol
and we could not conclude that these fish were the pro-
geny of RA mothers. As such, we categorized these six
individuals as the progeny of FR mothers.

Otolith core Sr:Ca and Ba:Ca indicated that 68% of
fish examined were the progeny of RA mothers (Table 2).
The remainder of fish (32%) had otolith core Sr:Ca values
consistent with being the progeny of FR mothers (Table
2). We observed male and female progeny of both mater-
nal origins (Table 2), and average total otolith age was
2.81 years (SD = 0.98) for FR progeny and 2.77 years (SD
= 1.07) for RA progeny. Similarly, there was no consistent
difference in size at age between the progeny of FR moth-
ers and the progeny of RA mothers (Table 3). The number
of marine migrations estimated using otolith chemistry
generally ranged from zero to three for the progeny of
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for Coastal Cutthroat Trout that were recovered in South Puget Sound.
The 1:1 line (dashed line) is shown.

6 CLAIBORNE ET AL.



FIGURE 5. Migration patterns of four Coastal Cutthroat Trout that were recovered in South Puget Sound. Otolith annuli (vertical black dotted
lines), point(s) of marine entry (vertical blue dashed lines), and the otolith primordia (vertical black line) are shown overlaid on otolith Sr:Ca (black
line) and Ba:Ca (gray line) plots. See Results for a description of each panel.

TABLE 2. Number of marine migrations for male, female, and unknown-sex Coastal Cutthroat Trout that were estimated to be the progeny of fresh-
water resident (FR) or recently anadromous (RA) mothers.

Number of marine migrations

Male Female Unknown sex

FR RA FR RA FR RA

0 1 2 2 1
1 1 3 4 13 1 7
2 2 2 2 2 1 1
3 1 1 2
4 1

TABLE 3. Mean FL (mm; SD in parentheses) by otolith age for Coastal Cutthroat Trout that were estimated to be the progeny of freshwater resident
(FR) or recently anadromous (RA) mothers.

Maternal origin

Otolith age

1 2 3 4 5

FR 208.00 (52.33) 263.67 (37.58) 334.57 (42.73) 403.75 (23.92)
RA 209.50 (20.51) 259.38 (51.74) 325.00 (33.13) 391.29 (51.93) 380.00 (48.08)
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RA and FR mothers. Only a single fish showed four mar-
ine migrations, and it was the progeny of an FR mother
(Table 2).

DISCUSSION
We examined the age structure and chemistry of oto-

liths in combination with scale analysis to further under-
stand life history diversity and migration patterns of
Coastal Cutthroat Trout in South Puget Sound. Overall,
age estimates determined using scales and otoliths were
similar, but otolith chemistry indicated different migration
patterns than were estimated by scale analysis for more
than half of the individuals we examined. Results from
the analysis of otolith core chemistry indicated that
anadromous Coastal Cutthroat Trout in South Puget
Sound are the progeny of RA and FR mothers. These
results provide new estimates on life history diversity for
Coastal Cutthroat Trout in South Puget Sound and have
important management implications.

The agreement of otolith and scale age estimates in this
study supports historical observations that age generally
ranges from 1 to 5 years for anadromous Coastal Cut-
throat Trout in South Puget Sound and suggests that fish
older than 5 years are uncommon compared to results
from earlier work (Peoples et al. 1988; Jauquet 2008;
Losee et al. 2018). However, our results also indicate that
the use of scale analysis to determine Coastal Cutthroat
Trout age is inherently difficult due to their complex
migratory behavior and the morphology of their scales.
For example, Coastal Cutthroat Trout form fewer scale
circuli annually than other Oncorhynchus spp. (Tomasson
1978; Ericksen 1997, 1999), which makes the scales diffi-
cult to interpret because annuli consist of fewer circuli. In
addition, previous research using genetic mark and recap-
ture found that most variability in age estimates was
related to interpretation of marine migrations (Losee et al.
2018). Although our study reveals important insights into
Coastal Cutthroat Trout scale analysis, comparison of
aging structures is considered a relatively weak method of
age validation compared to other approaches (Kimura
et al. 2006). Future studies in South Puget Sound would
benefit from using fish of known age and migration pat-
terns to validate scale ages. For example, Ericksen (1997)
used mark and recapture of anadromous hatchery Coastal
Cutthroat Trout from Auke Creek, Alaska, and found
that scale age and known age agreed approximately 82%
of the time (i.e., fish were tagged at age 0 and recovered
at age 4 and age 5).

In this study, otolith chemistry indicated that tradi-
tional techniques (i.e., scale analysis) used for identifying
marine migrations of Coastal Cutthroat Trout may not
fully describe the migratory patterns of South Puget
Sound populations. For example, relative to otolith

chemistry, scale analysis consistently overestimated the
number of marine migrations. For these individuals, scale
analysis indicated that winter annuli were formed in fresh-
water, while otoliths indicated that the fish had more often
remained in marine waters. Similarly, scales estimated
fewer marine migrations for some individuals that made
more frequent movements between freshwater and marine
waters based on otolith chemistry. We suspect that the
lack of consistency between scale analysis and otolith
chemistry is due to the assumptions and limitations of
scale analysis and the greater diversity in migratory types
among Coastal Cutthroat Trout compared to other Oncor-
hynchus spp. (Pearcy et al. 2018), for which scale analysis
has been found to have greater than 80% accuracy (Sea-
mons et al. 2009; McNicol and MacLellan 2010). We
assumed that periods of wider scale circulus spacing indi-
cated marine growth, whereas scale resorption and periods
of narrower circulus spacing suggested freshwater re-entry
and slower growth in winter (Loch and Miller 1988).
However, circulus spacing may not reliably detect fine-
scale movements between freshwater and marine waters
for Oncorhynchus spp. (Campbell et al. 2015), and scale
resorption generally increases as the duration of freshwa-
ter residence increases. In addition, there is evidence from
ongoing tagging studies that Coastal Cutthroat Trout in
South Puget Sound may move between freshwater and
marine environments on the order of days (Gabe Madel,
WDFW, unpublished data) over a protracted 6-month
spawning period (Losee et al. 2016). Given that previous
laboratory experiments (Zimmerman 2005; Miller 2011)
have indicated a change in otolith Sr:Ca of juvenile salmo-
nids within 1–3 d after exposure to saline waters, otolith
chemistry may be a more appropriate method than scale
analysis for determining the migratory patterns of Coastal
Cutthroat Trout.

We described variability in the duration of marine and
freshwater migrations among and within individuals by
aligning otolith chemistry and otolith ages. Although
Coastal Cutthroat Trout can exhibit a diversity of migra-
tory patterns within a system (Stein et al. 2012; Goetz et al.
2013), freshwater return timing is generally thought to be
consistent within systems and to vary between systems in
relation to river flow and distance to spawning grounds
(Pearcy et al. 2018). We described individuals that migrated
between marine waters and freshwater once annually, those
that migrated between marine waters and freshwater more
than once annually, and those that overwintered in marine
waters before returning to freshwater. In addition, we pre-
sented results indicating that some individuals exhibit more
than one of these migratory patterns throughout life, per-
haps in response to environmental conditions in marine
and freshwater environments (Giger 1972).

The current study indicates that anadromous individu-
als in South Puget Sound are the progeny of FR and RA
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mothers. It has been suggested that anadromous Coastal
Cutthroat Trout are the progeny of either FR or RA
mothers and that resident populations could maintain
some anadromous populations (Trotter 1989). The current
study supports the former and suggests that nearly one-
third of Coastal Cutthroat Trout in South Puget Sound
are the progeny of FR mothers. Little is known about the
abundance of FR Coastal Cutthroat Trout in South Puget
Sound tributaries, and there are several systems where res-
ident individuals have been captured above upstream
migratory barriers (Madel, unpublished data). It is also
possible that our estimates of FR progeny are biased by
anadromous females that overwinter and mature in fresh-
water before spawning (Stein et al. 2012); alternatively,
females may retire from anadromy, as has been observed
in other iteroparous anadromous species (Bond et al.
2015). Reconstructing the migratory history of progeny
from mothers with a known migration history would pro-
vide a more robust determination of maternal origin.

Our results increase confidence in age estimates for
anadromous Coastal Cutthroat Trout in Washington but
also suggest that scale analysis is not the most robust tool
for describing movement between freshwater and marine
environments for South Puget Sound (and potentially
other) populations. Coastal Cutthroat Trout exhibit con-
siderable variability in life history attributes between
regions and within populations (Pearcy et al. 2018), and
our study highlights a greater extent of overwintering in
marine waters by South Puget Sound populations relative
to those from other regions of Washington (Trotter 1989).
This finding emphasizes the importance of nearshore habi-
tat quality and catch-and-release fisheries in marine areas
of Puget Sound. Together, these factors are likely instru-
mental to the successful conservation and management of
localized populations, as most anadromous individuals
appear to be the progeny of females that matured in mar-
ine waters.
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