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Investigation of Otolith Microstructure and Composition 
for Identification of Rearing Strategies and Associated 
Baker Lake Sockeye Salmon (Oncorhynchus nerka) Smolt 
Production, Washington, 2016–17

By Kimberly A. Larsen, Lisa A. Wetzel, Karl D. Stenberg, and Angie M. Lind-Null

Introduction
Baker River sockeye salmon (Oncorhynchus nerka) are 

a recovering Puget Sound stock. The relative contribution of 
hatchery and natural adults to overall production of smolts 
and recruits is unknown. The Hatchery Genetic Management 
Plan (HGMP) for this stock calls for supplemental hatchery 
production to boost existing natural production. Although the 
term “natural production” is used throughout this report, the 
Baker River Watershed’s adult and juvenile salmon migra-
tory connectivity to spawning and rearing habitats is blocked 
by two high head dams, requiring some human intervention. 
Trap-and-haul facilities enable the upstream and downstream 
movement of fish around the dams to connect them to the hab-
itat types needed for completion of their lifecycle. Fisheries 
managers anticipate that both hatchery and natural produc-
tion will aid in the re-colonization of the Baker Watershed. 
However, the Hatchery Scientific Review Group (HSRG) has 
recommended that hatchery production be evaluated so as not 
to exceed the carrying capacity of Baker Lake. Therefore, the 
ability to identify three different sockeye production groups 
(natural production [NP], artificial incubation [AI], and artifi-
cial spawning beach [ASB]) within the Baker system is crucial 
to moving forward with management goals. The examina-
tion of otoliths was proposed as a technical tool for improved 
understanding and management of Baker sockeye rebuilding 
efforts. Otoliths were chosen as they provide a chronologi-
cal record on an individual fish basis and have been shown to 
identify fish origin through both otolith microstructure (Zhang 
and others, 1995; Barnett-Johnson and others, 2007) and 
chemistry (Kennedy and others, 2000; Barnett-Johnson and 
others, 2008). This project evaluates the microstructure, chem-
ical, and isotopic analysis potential of otoliths collected from 
each of the three production groups within Baker Lake. The 
data either are not available or have limited availability due 
to proprietary restrictions. Contact Upper Skagit Indian Tribe 
(USIT) for more information (Natural Resources Department, 
360-854-7100).

Methods
Sockeye fry were collected in early spring 2016 by USIT 

at their respective production group sites after the natural fish 
had emerged and begun migrating to Baker Lake. Samples 
from the NP group were collected from the Baker River, 
near the entrance to Baker Lake, on multiple dates (March 4, 
March 7, and March 16) in order to meet a pre-determined 
sample size (approximately 50 for each production group), and 
hatchery samples (AI and ASB) were collected on March 4, 
2016 from the Baker River Hatchery raceways and its associ-
ated artificial spawning beach. Adult sockeye are transferred 
to the artificial gravel beach on hatchery grounds adjacent to 
Baker Lake to spawn naturally, where their eggs incubate and 
their fry emerge using a shared water source with the hatch-
ery, but with no feeding regime. Samples were placed into 
95 percent non-denatured ethyl alcohol for otolith preserva-
tion and transferred to the U.S. Geological Survey (USGS), 
Western Fisheries Research Center in Seattle, Washington on 
November 17, 2016.

A total of 153 sockeye fry (26-31 mm fork length [FL]) 
were received from three different production groups: Baker 
River NP (n =52), Baker River Hatchery AI (n =52), and 
Baker River Hatchery ASB (n =49). All samples were mea-
sured and weighed for preserved FL (mm) and weight (g) and 
assigned a unique sample number. Otoliths were extracted and 
cleaned with 95 percent ethyl alcohol to remove any organic 
tissue and then placed into vials and allowed to dry under a 
fume hood until further analysis.

Otolith microstructure processing and analysis followed 
the methods of Stevenson and Campana (1992). Otoliths 
were mounted in clear epoxy resin and then polished on 
both sides of the otolith to produce a thin section. Polishing 
wheels were used with progressively finer polishing cloths 
and slurries of silicon carbide and aluminum oxide to achieve 
optimal visual resolution. Twelve total otoliths were either 
lost or over ground during processing. These 12 samples were 
supplemented with their complementary right otolith in order 
to retain sample size. Before supplementing, the potential 
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substitutes were measured for verification of equal length to 
the left otolith to account for any growth differences. Upon 
initial analysis of microstructure patterning, nine AI yearling 
samples (124–138 mm FL) from the same brood year as the 
initial 52 fry AI samples, were obtained upon our request 
from the tribes and processed to help confirm the presence of 
a microstructure pattern associated with transfer to hatchery 
raceways.

Polished otoliths were digitally imaged and analyzed 
using Image-Pro Premier software version 9.3 (Media 
Cybernetics, Inc., Rockville, MD, USA). A standardized radial 
axis was used for analyzing all otoliths: 55±5 degrees dorsal to 
a longitudinal axis which passes through a consistently identi-
fied nuclei (Wilson and Larkin, 1982; Volk and others, 1995). 
Microstructure pattern differences related to production group 
(NP, AI, and ASB) were initially addressed through visual 
analysis. Prominent marks, known as checks, can interrupt a 
pattern sequence and be indicative of early life history events 
(hatching, emergence, first feed) or hatchery rearing events 
(ponding, transfer to raceways) (Stevenson and Campana, 
1992; Zhang and others, 1995). Checks, along with individual 
increments were identified. Each increment, assumed to be 
daily, was counted and measured (increment width in microns 
[µm]) inward along the radial axis, from the outer otolith edge 
to a prominent check early in development. This early devel-
opmental check (EDC) was consistent among all production 
groups and located between the hatch check (HC) and first 
feed check (FFC). Inward counts to checks were compared 
to known dates of events associated with the checks, when 
available.

Due to the inability to quickly observe visual differences 
in the microstructure pattern between production groups, a 
subset of at least 30 otoliths from each production source 
(NP =30, AI =31, ASB =30) was measured for distances 
(µm) from the core region of the otolith to various life history 
events (hatching, first feed etc.) and other checks associated 
with rearing events (ponding, transfer to raceway) (Barnett-
Johnson and others, 2007; Volkoff and Titus, 2007). The AI 
yearling samples were visually analyzed and measured to aid 
in further distinguishing between production groups.

A subset of right otoliths (n =38) from the production 
groups (NP =13, AI =13, ASB =12) was used for microchemi-
cal analysis. Otoliths were mounted and processed according 
to the methods of Donohoe and Zimmerman (2010). Once 
processed, the samples were cleaned in an ultrasonic bath 
using nanopure water for 1 minute, dried in a laminar flow 
hood and then taken to Oregon State University’s W.M. Keck 
Collaboratory for Plasma Spectrometry where they were ana-
lyzed using a LA-ICPMS (laser ablation inductively coupled 
plasma mass spectrometer; a Photon Machines G2 laser with 
a Thermo electron XS2 mass spectrometer). Each sample was 
analyzed for a standard suite of 13 elements (atomic weights 
and abbreviations in parentheses): lithium (7Li = Li), mag-
nesium (24Mg + 25Mg = Mg), sulfur (33S = S), calcium (43Ca 
= Ca), vanadium (51V = V), manganese (55Mn = Mn), iron 
(56Fe = Fe), copper (65Cu = Cu), zinc (66Zn = Zn), strontium 

(86Sr = Sr), barium (138Ba = Ba), lead (208Pb = Pb). One radial 
transect, running from the core to the edge, and 3 edge spots 
were run per sample. The edge spots were run to ensure that 
data collected along the transect was beyond any detection 
of a maternal signal on the otoliths because the samples were 
sacrificed early in development, not providing much distance 
on the otolith for analysis beyond any maternal influence. The 
ICPMS transects were implemented using a 30 µm spot size 
with a pulse rate of 20 Hz and a scan rate of 5 µm/s. Standards 
(NIST-612 and USGS MACS-3) were run every six samples 
and used to correct for instrument bias and drift. All data were 
converted from counts per microsecond to counts per microm-
eter based on scan speed. Each data point had background lev-
els subtracted, was internally standardized to Ca (by dividing 
the element by Ca), corrected for bias by multiplying a correc-
tion factor (based on NIST-612 measured and reported values) 
and then converted to molar concentration ratios (Miller and 
others, 2005).

The same otoliths were then digitally imaged and sent 
to the University of Utah’s Department of Geology and 
Geophysics ICPMS facility where they were analyzed for 
Sr isotope ratios (87Sr/86Sr) using a LA-MC-ICPMS (laser 
ablation multi-collector inductively coupled plasma mass 
spectrometer). Due to some unforeseen events during set-up, 
the number of samples was reduced from 38 to 36 for iso-
tope analysis. A transect of ~150 µm, perpendicular to the 
elemental transect laser scar, was run per sample. The laser 
transect was set up remotely by USGS employees and was 
run from the otolith core toward either the rostrum or post-
rostrum, depending on available space with uninterrupted 
otolith growth (no intrinsic folds or cracks) and followed the 
otolith edge contour between 150 µm from the otolith core 
and the otolith edge (fig. 1). The LA-MC-ICPMS transects 
were implemented using a spot size of 50 µm with a pulse rate 
of 10 Hz and a scan rate of 2 µm/s. A marine standard (shell 
material) was used in calibrating the isotope results (measured 
at 87Sr/86Sr =0.70921 [SD 0.00005]) compared to the global 
marine value of 0.70918. The data were adjusted for mass bias 
using an exponential law associated with radioactive decay 
and for isobaric interferences as is standard for this type of 
analysis (Brennan and others, 2015).

One-way analysis of variance (ANOVA) was used to 
test for significant (p =0.05) differences among production 
groups in microstructure increment widths (average/otolith), 
measured distances, and microchemistry concentrations for 
elements and isotopes. The otolith microstructure data was 
divided into two otolith regions for testing purposes: early 
fry development (defined as the region of otolith encompass-
ing from EDC to FFC) and late fry development (defined as 
the region of otolith encompassing from FFC to otolith edge 
or transfer to raceways in the case of group AI). The elemen-
tal chemistry data was also divided into two otolith target 
regions for testing based upon peaks and valleys in the output: 
Region A (defined as the first 50 µm of the transect from the 
otolith core [0–50 µm]) and Region B (defined as 150–200 
µm from the otolith core, corresponding to a consistent region 
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Figure 1.  Representative polished otolith sample, depicting the 
locations of laser scars (trace element transect [TE transect] and 
multi-collector transect [MC transect]) and spots (trace element 
spots [TE spots]) after microchemical analysis (Zeiss compound 
microscope, 7 × magnification).

of post-maternal influence for comparison among produc-
tion groups). Tukey’s tests were used to determine exactly 
which production groups were different for measurements and 
elemental and isotopic concentrations. To look at the variation 
among production groups for all measurements together, a 
series of permutational multivariate statistical analyses (PER-
MANOVA) was run using data in which all variables were 
set to a standard scale (the difference between the value and 
the mean divided by the standard deviation) and those non-
normally distributed were log-transformed (elements Mn and 
Zn only). The resulting, adjusted microstructural and micro-
chemical variables were initially included in a PERMANOVA 
to verify the existence of differences among production groups 
and then analyzed using a canonical analysis of principal 
coordinates (CAP) to quantify the accuracy of classification to 
production groups (Wells and others, 2003; Barnett-Johnson 
and others, 2007; Volkoff and Titus, 2007). The number of 
permutations per analysis was set at 9,999. The number of 
samples common to all data types was 35 (11 AI, 12 ASB, 

and 12 NP). Following this analysis, different data types were 
progressively removed (in other words, isotope ratios, micro-
structure) and the CAP analysis re-run to determine the value 
of each type of data on its own or in combination. R statistical 
software v3.2.1(R Core Team, 2015) was used for analysis 
of variance and Primer v7 and PERMANOVA+ statistical soft-
ware (Anderson and others, 2008) was used for all multivari-
ate analyses.

Results
Upon initial visual analysis of the microstructure pat-

terning, it was difficult to discern all three production groups. 
Samples from all production groups had prominent markings 
in the same regions of the otolith and the increment spacing 
did not look to vary significantly among production groups, 
as previously discerned for some salmonids (Zhang and 
others, 1995; Barnett-Johnson and others, 2007) (figs. 2–4). 
However, samples from the AI group showed the possibility 
of a distinct check at the otolith edge, potentially aiding in the 
identification of that production group. It was assumed to be 
the beginning of a check associated with transfer to the race-
ways due to its prominence and proximity to the otolith edge 
(AI group sacrificed 2 days after transfer to raceways; fig. 4). 
Unfortunately, one could easily confuse it with an edge effect 
from lighting due to such close edge proximity. Therefore, 
yearling samples from the same brood year were obtained and 
processed to aid in verification of its existence and association 
with transfer to the raceway. Upon examination of the yearling 
otoliths, we were able to identify a distinct Raceway Check 
(RWC) at approximately the same distance from the core and 
to other checks /life history events as in the corresponding 
sub-yearling AI group (figs. 4–6).

The ANOVA revealed no significant difference between 
production groups in microstructure mean increment width 
(MIW) and distance to HC (fig. 7 and table 1.1). The distances 
to EDC and FFC were found to be significantly different 
among production groups (fig. 7). EDC distances were signifi-
cantly smaller for the NP group than the ASB and AI groups 
(Tukey’s test, p =0.05). Similarly, there were significant 
differences among all the production groups in FFC distances 
(Tukey’s test, p =0.05), with AI being larger than ASB, which 
was larger than NP.

The elemental laser transects produced expected patterns 
of variation in the Sr-to-Ca ratios consistent with anadro-
mous fish (high levels of strontium in the core due to mater-
nal marine influence and declining toward the otolith edge; 
(Rieman and others, 1994; Miller and Kent, 2009) (fig. 8). 
Based on this information, it was determined that the remain-
ing edge area beyond any maternal influence was wide enough 
to obtain a consistent average value for the other elements. 
Therefore, the transect data with more data points was chosen 
for analyses instead of the spot data with only a few data 
points. Of the 13 trace elements scanned during LA-ICPMS, 
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Figure 2.  A representative polished sockeye salmon fry otolith from the natural production (NP) 
group, identifying hatch check (HC), early development check (EDC), and first feed check (FFC) 
collected from the Baker River, Washington, March 2016 (Zeiss compound microscope, 28 × 
magnification).

Figure 3.  A representative polished sockeye salmon fry otolith from the artificial spawning beach 
(ASB) group, identifying hatch check (HC), early development check (EDC), and first feed check (FFC) 
collected from the Artificial Spawning Beach of the Baker River Hatchery, Washington, March 2016 
(Zeiss compound microscope, 28 × magnification).
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Figure 4.  A representative polished sockeye salmon fry otolith from the artificial incubation (AI) 
group, identifying the hatch check (HC), early development check (EDC), ponding check (PC), first 
feed check (FFC), and the beginnings of a raceway check (RWC) collected from the Baker River 
Hatchery, Washington, March 2016 (Zeiss compound microscope, 28 × magnification).

Figure 5.  A representative polished yearling sockeye salmon otolith from the artificial incubation 
(AI) group, displaying the entire otolith from core to edge, identifying the hatch check (HC), early 
development check (EDC), complete raceway check (RWC), and 1st annulus (time at age-1) collected 
from the Baker River Hatchery, Washington, 2017 (Zeiss compound microscope, 7 × magnification).
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Figure 6.  The same representative polished yearling sockeye salmon otolith, identifying the hatch 
check (HC), early development check (EDC), ponding check (PC), first feed check (FFC), and the 
complete raceway check (RWC) collected from the Baker River Hatchery, Washington in 2017 (Zeiss 
compound microscope, 28 × magnification).
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Figure 7.  Microstructural features (mean increment width in microns [µm] during early fry period, MIW_E; mean increment 
width [µm] during late fry period, MIW_L; core to hatch check [µm], HC; core to early development check [µm], EDC; and core to 
first feed check [µm], FFC) analyzed by production group (artificial incubation [n =31], AI; artificial spawning beach [n =30], ASB; 
natural production [n =30], NP). Different letters above the whiskers of the production groups indicate significant differences among 
production groups, p =0.05.
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running mean (n =10).
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only six showed patterns of variation beyond the base level 
otolith values for a given element. Therefore, those six ele-
ments were the elements of choice proceeding forward with 
analyses (24+25Mg; 43Ca; 55Mn; 66Zn; 86Sr; 138Ba); magnesium 
24 and 25 were combined for the analysis. After calculating 
the corrected values, converting to molar ratios (element-to-
calcium) and log transforming the Mn/Ca and Zn/Ca data to 
improve normality, ANOVA revealed significant differences 
occurring among production groups in the composition of Mg, 
log (Mn), log (Zn) and Ba in otolith Region A and the compo-
sition of Sr and Ba in otolith Region B (fig. 9 and table 1.1). 
Tukey’s tests in Region A resulted in group ASB being 
significantly different from the other two production groups 
in the composition of Mg, log (Mn) and log (Zn), and group 
NP being significantly different from both artificial production 
groups in the composition of Ba. Furthermore, the NP group 
was significantly different from the artificial production groups 
in the composition of Sr and Ba in Region B.

Strontium isotope ratios showed a significant difference 
among production groups using ANOVA, with Tukey’s test 
revealing the NP group to be significantly different from the 
two artificial production groups (AI and ASB) (fig. 10).

Multivariate analyses were used to test for differences 
among production groups. PERMANOVA revealed signifi-
cant differences among production groups overall and among 

all production group pairings for all data type combina-
tions. Microstructure data alone could not detect a difference 
between the artificial production groups (see table 1.2).

Using the production group information corresponding to 
each sample and removing one at a time iteratively (leave-one-
out cross validation), CAP was able to correctly assign 88.57 
percent of the samples (table 1). Using just microstructure 
and trace element data, CAP showed the same overall assign-
ment accuracy (88.57 percent) with production group assign-
ments being slightly different. Using microstructure only, 
CAP classification rate was greatly reduced, with only 77.14 
percent overall being assigned correctly. However, using trace 
elements only, CAP classified samples correctly 88.57 percent 
of the time, including accurately assigning 100 percent of the 
natural production fish.

To visualize production group separation and determine 
which trace elements were contributing the most to sample 
segregation, the CAP results were graphed in an ordina-
tion plot (fig. 11). The vectors that radiate outward from the 
center of the data indicate their importance based on length 
and direction. The trace elements contributing to production 
group segregation include: MgA, log (MnA), SrB, log (ZnA), 
log (ZnB), BaA, and BaB. The figure illustrates the clear 
separation of NP and AI groups, mainly driven by SrB, BaA 
and BaB. An area of overlap exists between the AI and ASB 
groups, with the separation occurring mainly due to MgA, log 
(MnA) and log (ZnA).
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Figure 9.  Trace element molar concentration ratios (element-to-calcium) for each production group (artificial incubation [n =13], 
AI; artificial spawning beach [n =12], ASB; natural production [n =13], NP) within Region A (0–50 microns [µm] from the core) and 
Region B (150-200 µm from the core). Barium-to-calcium ratios (micromole/mole [µmol/mol]), Ba; magnesium-to-calcium ratios 
(µmol/mol), Mg; the logarithm of manganese-to calcium ratios (µmol/mol), log (Mn); strontium-to-calcium ratios (millimole/mole 
[mmol/mol]), Sr; the logarithm of zinc-to-calcium ratios (µmol/mol), log (Zn). Different letters above the whiskers of the production 
groups indicate significant differences among production groups, p =0.05.
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production group (artificial incubation [n =11], AI; artificial spawning beach [n =13], ASB; natural 
production [n =12], NP). Different letters above the whiskers of the production groups indicate 
significant differences among production groups, p =0.05.

Table 1.  CAP analysis assignments for different combinations of data types by production group.

[MS, microstructure; TE, trace elements; Sr-Iso, strontium isotopes; AI, artificial incubation; ASB, artificial spawning beach; NP, natural production]

Data types Group AI ASB NP n Percent correct Percent overall

MS, TE,   AI 10 1 0 11 90.91 88.57
Sr-Iso   ASB 2 10 0 12 83.33  
   NP 1 0 11 12 91.67  
MS, TE   AI 10 1 0 11 90.91 88.57
   ASB 3 9 0 12 75.00  
   NP 0 0 12 12 100.00  
MS   AI 8 2 1 11 72.73 74.14
   ASB 2 9 1 12 75.00  
   NP 0 2 10 12 83.33  
TE   AI 9 2 0 11 81.82 88.57
   ASB 2 10 0 12 83.33  
   NP 0 0 12 12 100.00  
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Figure 11.  Canonical Analysis of Principal coordinates (CAP) ordination plot showing the separation of production groups (artificial 
incubation [AI], red circles; artificial spawning beach [ASB], blue triangles; natural production [NP], green squares) by trace elements 
in molar concentration ratios. Barium-to-calcium ratios in micromole/mole (µmol/mol), Ba; magnesium-to-calcium ratios (µmol/mol), 
Mg; the logarithm of manganese-to calcium ratios (µmol/mol), log (Mn); strontium-to-calcium ratios in millimole/mole (mmol/mol), Sr; 
the logarithm of zinc-to-calcium ratios (µmol/mol), log (Zn). Otolith region 0–50 microns (µm) from the core, A; otolith region 150-200 µm 
from the core, B. Radiating lines illustrate the importance to separation by direction and length.
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Conclusions
The goal of this pilot project was to determine the feasi-

bility of assigning sockeye to their production source based 
on otolith analysis. A variety of methods were employed and 
compared for accuracy of group assignment. The maximum 
overall accuracy capable of attainment was 88.57 percent, 
however complete confidence (100 percent) in the separation 
of natural production (NP) from artificial production (AI and 
ASB combined) was reached through the analysis of trace ele-
ments alone. Some segregation of the two artificial production 
groups was reached by analyzing the trace elements magne-
sium (Mg), manganese log (Mn) and zinc log (Zn), resulting 
in roughly an 82 (AI) and 83 (ASB) percent confidence in 
artificial production group assignment. This confidence in 
assignment for the artificial production groups was aided by a 
two-step process of combining trace elements with microstruc-
ture. The Sr isotope ratios supported the trace element findings 
but did not help to boost the overall level of confidence in the 
separation of production groups. Based upon the results from 
this preliminary investigation, one could choose a statistically 
sound, efficient, and cost-effective use of otoliths as a tool for 
discriminating between the sockeye production groups of the 
Baker Lake system.

The recommendation from this study is to start with trace 
element analysis of the otoliths: Ba, Mg, Mn, Zn and Sr. This 
analysis would provide 100 percent separation between natural 
and artificial production and roughly an 82 and 83 percent 
confidence in assignment to AI and ASB groups, respectively 
and may be enough precision to satisfy management goals. 
However, to further aid in discriminating the artificial produc-
tion groups (AI from ASB) and boost confidence in assign-
ment (with minimal additional cost), those artificial produc-
tion samples with questionable assignment (samples within 
the area of overlap in fig. 11) could be processed further to 
analyze their microstructure for the presence of a raceway 
check (RWC), indicating artificial incubation (AI). Initially, 
the samples in question may be processed quickly for the 
presence of an obvious raceway check (RWC), and if not 
obvious, processed further to confirm presence of the check. 
In this way, processing costs for microstructure analysis could 
potentially be minimized. Ideally, before this strategy would 
be implemented, one should examine year to year variation in 
trace elements and the raceway check for presence and clarity. 
Samples should be representative of each population by peri-
odically sampling from yolk absorption through emigration 
for the ASB and NP groups and at least 14 days past transfer 
to the raceways for the AI production group. The model would 
then be strengthened through additional data points, thereby 
identifying regions of separation and overlap. Once estab-
lished, future samples of unknown origin could be assigned 
to production groups with a high level of certainty. Assuming 

that the analysis of adult otoliths provides similar discrimina-
tion levels to fry otoliths (Gillanders, 2002; Miller and others, 
2011; Jones and others, 2014), this reliable sorting method 
could assess the relative survival rates of each production 
group in a representative sub-sample of hatchery spawners, 
which are currently a mix of all production groups.
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Appendix  1.  Tables detailing ANOVA and PERMANOVA results
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Table 1.2.  PERMANOVA results

[Statistical significance (p =0.05) between group distances is indicated by bolding and significance within group distances is indicated by italics]

Data types Group AI ASB NP Overall p-value
MS, TE, Sr-Iso AI 4.1527   0.0001
 ASB 4.6807 (0.0001) 4.0219   
 NP 6.3245 (0.0001) 6.525 (0.0001) 5.5019  
MS, TE AI 4.0801   0.0001
 ASB 4.5723 (0.0001) 3.8768   
 NP 6.0140 (0.0001) 6.3212 (0.0001) 5.4160  
MS AI 2.6998   0.0011
 ASB 2.6783 (0.0884) 2.3958   
 NP 3.5616 (0.0008) 3.0525 (0.029) 3.1590  
TE AI 2.8713   0.0001
 ASB 3.5843 (0.0003) 2.9440   
 NP 4.7319 (0.0001) 5.4174 (0.0001) 4.2049  
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