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Abstract

Incorporation of fish age into the assessment of status and trends for persistent, bioaccumulative
and toxic chemicals in the Great Lakes has become an important step for the U.S. EPA’s Great
Lakes Fish Monitoring and Surveillance Program (GLFMSP). A slowing in the rate of decline for
total PCBs in Lake Huron beginning in 2000, led the Program to complete a retrospective analysis
to assess how chemical contamination may be influenced by fish age. Analytical results suggest
that fish age is an important variable when assessing contaminant trends and that the Program
needed to revise its compositing scheme to group fish according to age, rather than by length, prior
to homogenization and chemical analysis. An Interlaboratory comparison study of multiple age
structures was performed to identify the most appropriate age estimation structure for the Program.
The lake trout (Salvelinus namaycush) maxillae was selected, over the otolith, as the most precise,
accurate, and rapidly assessed structure for the Program when compared between laboratories and
against the known age from the coded wire tag (CWT). Age-normalization practices can now be
implemented when assessing contaminant concentrations and trends for the GLFMSP.
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Introduction

Changes in Great Lakes food webs have had several serious repercussions on the health of
Great Lakes fish over the past 20 years, including changes in bioaccumulation potential of
contaminants in top predator species such as lake trout (Salvelinus namaycush) and walleye
(Sander vitreus) (Zhou et al., 2017a, 2017b; Pagano et al., 2018). Food web structures have
been stressed by nutrient availability, presence of invasive species, declines in prey
availability, increases in predator density, density dependent growth and increases in
predator-prey ratios and overall predation pressures (Tsehaye et al., 2014; He et al. 2015 and
2016; USGS, 2016; Lake Michigan Lake Trout Working Group Report, 2016). Each of those
stress factors could result in slower growing fish which might contribute to higher chemical
concentrations of persistent and bioaccumulative compounds. For example, in Lakes Huron
and Michigan, there are signs of increasing oligotrophication in open waters (Barbiero et al.,
2012; Barbiero et al. (this issue); and Bunnell et al., 2014). Additionally, changes in
invertebrate communities have the potential to impact the size and composition of prey fish
communities due to resource availability and exploitative competition and ultimately top
predator species, like lake trout (Salvelinus namaycush), Chinook salmon (Oncorhynchus
tshawytscha), and walleye (Sander vitreus) (He et al., 2016 and Barbiero et al., 2012).

The U.S. EPA Great Lakes National Program Office (GLNPO) Great Lakes Fish Monitoring
and Surveillance Program (GLFMSP) has been monitoring chemical concentrations of
whole body top predator fish species in the Great Lakes since the 1970s (GLFMSP Quality
Management Plan (QMP), 2012) (Carlson et al., 2010; Carlson and Swackhamer, 2006;
Chang et al., 2012; De Vault et al., 1996; McGoldrick and Murphy, 2016). The target species
is lake trout in Lakes Superior, Huron, Michigan, and Ontario and walleye in Lake Erie. In
2013, after several years of collection and comparison of lake trout and walleye (2008-
2011), lake trout replaced walleye as the target species in the eastern basin of Lake Erie.
Historically, lake trout in the size range of 600—700 mm were targeted with an assumption
that they represented fish between the ages of six and eight years old (Elrod et al., 1996;
Madenjian et al., 1998). Similarly, walleye in the size range of 400-500 mm were targeted
with an assumed age of four and six years old based on broad assumptions regarding age/
size relationships (GLFMSP QMP, 2012). The GLFMSP composite scheme identified that
fish were to be grouped, based on length, into 10 composites of five fish each, homogenized,
and then analyzed for contaminant concentrations. Beginning in 2003, fish age was assessed
post homogenization from saved structures using various methods (otolith, scale, fin clip,
and/or coded wire tags (CWTSs)) and recorded for future use. Fish age was not assessed for
the GLFMSP prior to 2003.

As part of routine assessments of status and trends of persistent, bioaccumulative, and toxic
chemicals, the GLFMSP identified an increase in both the annual mean total PCB
concentrations and the range in concentration of the ten fish composites from the Port Austin
(Odd Year) site in Lake Huron (Fig. 1) in the early 2000’s, resulting in a slowing in the rate
of decline of the total PCB concentration trend (Fig. 2, Total PCB Concentration piecewise
trend dotted line). An apparent increase was observed in both the average age and the range
of ages of composites at the Port Austin site beginning in approximately 2003 (Fig. 2, Age
Trend linear dashed line). While the long term trend for total PCBs at the Port Austin site in
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Lake Huron continued to decline (Fig. 2, Total PCB Concentration linear trend solid line),
the combination of increasing mean age of composites and the total PCB concentration trend
indicated the need to investigate the source of the change and led to a retrospective review of
age for GLFMSP samples in all lakes. Results of the review indicated that fish in the target
size range were exceeding the target age range at some stations (Fig. 3—¢).

The GLFMSP considered the number of documented environmental stresses in the Great
Lakes that may impact fish growth and age and determined that older, and potentially more
contaminated, fish can confound the long term trend assessments for the GLFMSP.
Additionally, age was assessed post compositing which likely resulted in a high variability
of contaminant concentrations within individual composites, making it difficult to estimate
the total variability around the site mean and indicating the need to consider age in
interpreting chemical results. Age contaminant relations were developed and documented by
the GLFMSP and other sources which has resulted in age-normalizing when calculating
contaminant concentrations (Zhou et al., 2017a, 2017b; Fernando et al., 2017; Zhou et al.,
2017a, 2017b; Omara et al., 2015; Pagano et al., 2018; Sackett et al., 2013; Doetzel, 2007).
To our knowledge, the application of maxillary age enumeration to age-normalize whole fish
samples for contaminant concentration analysis and trends is a novel practice.

To normalize ages, a revision of the compositing scheme was needed in order to age fish
quickly prior to homogenization, to better interpret data, and control for the effect of age on
chemical analysis. The coordinated efforts of two laboratories contributed to a multi-year
inter-laboratory comparison between the use of otoliths and maxillae for assigning lake trout
ages prior to fish sample homogenization. Aquatec Biological Sciences, Inc. (Aquatec), the
current homogenization laboratory supporting the GLFMSP (2011-present), and the
Michigan Department of Natural Resources (MDNR), a long term sample collection partner
of GLFMSP and experienced in the use of maxillae to estimate lake trout ages (Wellenkamp
et al., 2015), participated in the inter-laboratory study.

Lake trout used in the study included those from all sampling locations in Lakes Superior,
Michigan, Huron and Ontario during the 2013-2016 field seasons and the 2013 and 2015
collection from the eastern basin of Lake Erie. An additional 10 lake trout were also
collected from the eastern basin of Lake Erie in 2014. This study was designed to 1) assess
the influence of age versus size in compositing practices and 2) determine the most
appropriate fish structure for the GLFMSP to use for fish age estimation prior to
homogenization by analyzing accuracy and precision of maxillae and otoliths. Although the
otolith structure has been widely used for age determination of lake trout, Wellenkamp et al.
(2015) have documented and identified several advantages of the maxilla structure for age
determination, such as ease of extraction. Incorporation of this method into the GLFMSP
has identified additional benefit to the program including rapid age assessment prior to
compositing and reduced fluid/tissue loss from structure removal for contaminant analysis.
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Methods

Sampling and obtaining age structures

In the current GLFMSP sampling design, top predator fish are collected at two sites in each
of the Great Lakes, with sites alternating within each lake annually (Fig. 2). Lake trout are
collected in all lakes, and walleye are collected at one site located in the western basin of
Lake Erie. Lake trout have been selected as the species of GLFMSP focus because they are
the primary top predator species in the Great Lakes. Lake trout do not inhabit the shallow
waters of Lake Erie; and therefore walleye were chosen as the top predator species for the
GLFMSP in the western basin of this lake (GLFMSP Quality Management Plan (QMP),
2012). Field crews collect 50 fish from each lake annually according to sample collection
standard operating procedures (SOPs) (GLFMSP Quality Assurance Project Plan (QAPP)
for Sample Collection Activities, 2012). The Program design specifies that lake trout
between 600 and 700 mm and walleye between 400 and 500 mm, with target ages of six to
eight years and four to six years respectively, should be collected; and that fish of a similar
size should be composited together to reduce the impact of size variation on contaminant
trend data.

The inter-laboratory comparison was limited to lake trout collected from Lakes Superior,
Michigan, Huron and Ontario during the 2013, 2014, 2015 and 2016 field seasons, as well as
lake trout collected from Lake Erie during the 2013, 2014 and 2015 field seasons, were used
for this study (Total N = 899 samples & CWT N = 263 (Electronic Supplementary Material
(ESM; Table S1).

Field methods were developed with MDNR to establish uniform criteria for removal and
preservation of the maxillae from lake trout in 2013. Otoliths and CWTs were removed from
fish in the homogenization laboratory according to the laboratory’s methods that were
developed for the GLFMSP.

Quality control

As a quality control measure, multiple annuli determinations for each lake trout were
conducted by Aquatec. When determinations differed by more than one year, a consensus
was reached on a final age and the annuli enumeration was reported.

MDNR implemented an annual training phase for new laboratory technicians to maintain
quality control. Each year and for each set of lake trout samples, age assignments were
conducted first for CWT tagged known-age fish and fin-clipped fish. The fin clip, combined
with an initial read of the maxilla section, allowed for the finding of the true age. This
procedure minimized potential drift and inconsistency in assigning fish ages based on the
maxilla sections. To account for changes in staffing through the study, new staff members
were trained by qualified staff until the new staff individual was able to demonstrate accurate
age assessments from both age structures. The training used known-age samples from the
previous year. All otolith and maxilla images were stored and shared using a File Transfer
Protocol (FTP) website. Image files were named using the fish sample IDs.
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Inter-laboratory study

Each year, Aquatec completed the initial age assessment using otoliths; and MDNR
completed the initial age assessment using maxillae. In the first year (2013), the two labs
collaborated to assign lake trout ages from the age structure processed in one of the two labs,
and accomplished initial training for using both structures. In the subsequent years (2014—
2016), blind reads (i.e., reading the image without knowledge of any information except the
date of capture) and secondary final reads (i.e., confirmation of the blind age assignment
with supplemental information such as fin clips from marked fish to aid in year/class
assignment) were completed on all lake trout maxillae. Otoliths did not undergo secondary
final reads as maxillae were used to composite fish prior to homogenization. The study team
identified three consecutive direct comparisons of age using multiple structures as the target
to adequately assess accuracy and precision to determine the best age structure for the
GLFMSP.

Upon receipt of maxillae, MDNR prepared cross sections and photographed images based
on the procedures described in Wellenkamp et al. (2015). MDNR then conducted a blind and
secondary final read of maxilla sections for every individual lake trout sample and posted the
digital images of each cross section on the FTP website, and a blind-read age was assigned
by Aquatec.

MDNR secondary final read results were used to group fish by age, prior to homogenization,
into the standard ten-fish composites. Chemical analysis, age normalization, and data
interpretation were then completed by the GLFMSP analytical chemistry grantee, Clarkson
University, for a suite of chemical contaminants (Zhou et al., 2017a, 2017b; Fernando et al.,
2017; Zhou et al., 2017b; Omara et al., 2015; Pagano et al., 2018).

Aguatec removed otoliths from the lake trout and initially stored them dry. An otolith from
each fish (when available) was mounted in resin (West System 105 epoxy resin by West
Marine) and hardened with West Marine hardener. Cross-sections of the otoliths were
prepared using a Buehler Isomet low speed saw equipped with a diamond blade. The
resultant section was examined microscopically (20-40x magnification) and digitally
photographed using a Motic MP3 microscope-mounted camera. Aquatec enumerated annuli
from these photographs and posted digital images of all cross sections on the FTP website
where they could be viewed and then assigned a blind age by MDNR.

Post age assignment review

We met annually to compare the age assignments from the two labs and discuss problematic
structures, including those with poor image quality and irregular characteristics that
prevented age assignment. All age results, including CWT assigned ages, were compiled for
a measure of precision (reproducibility between laboratories) and accuracy (comparison of
assessed age against known age from CWTSs). The maxillae structure was used to group
samples into composites prior to homogenization, but the primary age enumeration structure
did vary for post age assignment over the study period (2013-2016) (ESM Table S2) due to
the refinement of the age enumeration methods. Primary age enumeration structures for
individual composites are defined as the structure most frequently used among the five fish
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within that composite. For example, when an otolith was identified as the most accurate age
for 3 individuals within the composite and a maxilla was identified as the most accurate for
the remaining 2 individuals in a composite, the otolith is identified as the primary age
structure for the composite.

Statistical analysis

Statistical models presented in the figures were fit using SigmaPlot Version 12.0 (Systat
Software, Inc., San Jose, California USA, www.systatsoftware.com) and SAS Version 9.4
(SAS Institute, Inc., Cary, NC, www.sas.com). Trends in age and concentration over time
were fit using linear and two piecewise regression models, with total PCB concentration log-
transformed prior to performing the analyses. For these models, the annual means of the log-
transformed total PCB concentration were used to avoid pseudoreplication resulting from
using multiple measurements in a single year. An example of the time trend analysis of fish
growth and PCB concentrations for a long term monitoring station is given in Fig. 2 (with
actual data for this figure given in the ESM Table S3 and statistical results in Table S4. For
models evaluating the effect of compositing techniques on concentration and age, linear
regression models were fit.

Results and discussion

Fish aging was added to the GLFMSP as a routine procedure in 2003. However, at that time,
the Program’s aging procedures primarily relied on scale ages in addition to fin-clip
information, and age assignment was not completed prior to lake trout sample
homogenization. Age enumeration methods for the GLFMSP have been refined since age
was incorporated into the Program in 2003 (ESM Table S2). A retrospective analysis of
GLFMSP age results indicated that since 2007, lake trout in the target size range had
consistently exceeded the target age range in Lakes Superior, Michigan and Huron (Fig. 3a—
e) as assessed by otolith, fish scales, and fin clips.

In 2011, the GLFMSP primarily relied upon otoliths and CWTs (when available) for aging,
as they were considered the most reliable and accurate aging structures. At that time, 100%
of lake trout collected from Lake Huron exceeded the target age range (6—8 years old), and
54% of samples exceeded the target age range in Lake Superior. Fish were within the target
age range in Lakes Ontario and Michigan. Those age assignments, however, were not used
as part of the compositing procedure prior to sample homogenization. Rather, composites
were identified based on size and age was identified post homogenization.

For the inter-laboratory comparison study years, 2013-2016, the GLFMSP relied on
multiple age structures. In 2016, results indicate that the GLFMSP target age range was
exceeded 65% of the time in Lake Superior, and 70%, 22%, and 1% of the time in Lakes
Huron, Michigan and Ontario respectively (Fig. 3a—e). Results of the inter-laboratory study
clearly indicate that fish age is a critical variable when assessing trends of chemical
contaminates for the GLFMSP and that identifying accurate and rapid age assignments prior
to sample homogenization assists the Program to account for the effects of age on
contaminant accumulation.

J Great Lakes Res. Author manuscript; available in PMC 2019 August 01.


http://www.systatsoftware.com
http://www.sas.com/

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Murphy et al.

Precision

Page 7

Additionally, this assessment identified that for a given size range, the age range may be
large and that age composition can vary substantially from lake to lake (Fig. 3a—¢€). In Lake
Michigan, as well as Lake Ontario, where alewives (A/osa pseudoharengus) remain the most
important component of lake trout diet, some small increases in total length of lake trout
samples, even within the target size range, have led the mean age of lake trout samples to
substantially exceed the target age range. This is due to general slowed growth of adult lake
trout in lake ecosystems that lack large bodied prey fish (Elrod et al., 1996; Madenjian et al.,
1998). In Lake Huron, major declines in the abundance of alewives during the middle 1990s,
and the complete collapse of ale-wives in 2003, have substantially further reduced lake trout
growth and body condition (He et al., 2015, 2016). In Lake Superior, noticeable declines in
lake trout growth are due to increases in lake trout abundance (Sitar et al., 2014; Pratt et al.,
2016).

As part of the study, the GLFMSP composite scheme was revised from grouping fish based
on length to grouping fish based on age assessed from maxilla enumeration. A comparison
of total PCB concentration of individual composites from the Port Austin site was completed
in two consecutive sampling years, 2011 and 2013, using the two different compositing
schemes. The results indicated that total PCB concentration are more closely correlated with
age when composites are grouped by age assessed prior to homogenization (Fig. 4) rather
than by length (Fig. 5). The correlation between age and contaminant concentrations (r =
0.8) is much greater in 2013 (Fig. 4) than in 2011 (r = 0.3) (Fig. 5). The regression slopes
are significant at the 95% confidence level for both concentration and age in 2013, but
neither are significant in 2011. The strong relationship between contaminant concentration
across composites provides a good indication that by grouping composites by age, we have
decreased variability in contaminant concentration within each composite which will allow
for a more accurate estimate of variability around the site mean and lead to more confident
interpretation of trends. Note that the fish age distribution was slightly wider in 2013 than in
2011 (See actual data for Figs. 4 and 5 in ESM). Because this increased age variability
would likely mean that the concentration variability between fish also would be greater for
2013 compared to 2011, the observed impact of age-based compositing on the composite/
concentration association seen in 2013 would not likely have been as strong if it were
applied to the 2011 data. Results of the inter-laboratory study clearly indicate that prior to
sample homogenization, accurate and rapid age assignments are required for GLFMSP
samples and will assist the Program to account for the effects of age on contaminant
accumulation.

Based on age assignments from the inter-laboratory study, precision of a given method was
assessed through the measures of absolute differences in the number of years between the
two laboratory-determined ages (categorized as 0, +1, 2, or 3+ years), (Fig. 6). Differences
varied between years and structures; however, maxilla-based age assignments from the two
laboratories agreed about 76% of the time within £1 year and 93% of the time within £2
years, while otolith-based age assignments from the two laboratories had much lower
agreement at 52% and 75%, within £1 and +2 years, respectively. These across—laboratory
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results indicated that using the maxillae provided more reproducible age assignments than
using otoliths for GLFMSP samples.

The study also included an assessment of the accuracy of each aging method by comparing
blind age assignment for each structure against known ages from CWTs (Fig. 7). Overall,
73% of maxilla estimated ages were within +1 year of the known CWT age and about 89%
were within £2 years of the known CWT age, while 66% of otolith estimated ages were
within £1 year of the known CWT age and 82% were within + 2 years of the known CWT
age. Similar to the assessment of precision, using maxillae provided more accurate age
estimations than using otoliths for GLFMSP samples.

Bias was also assessed by subtracting the known CWT age from the blind age assignment
for each structure (Fig. 8). This assessment indicated that 1) both labs tend to overestimate
age using both structures and 2) there is no apparent difference between structures in the
magnitude of bias. An additional review of those age assignments based on blind reads of
maxilla sections was completed and indicated that those biases using the maxilla method are
easily corrected by further clarifying and communicating age assignment decision rules
applied to the lake trout samples from a specific lake. Thus, accuracy of the maxilla method
can be further improved in future applications.

We also identified that a greater number of problematic structures were identified in Lake
Ontario than in other Lakes and that age determination for those samples were also the least
accurate. The underlying reason is unknown, but large numbers of hatchery-reared lake trout
were collected in this lake and hatchery practices may be a contributing factor. Meanwhile,
the highest precision achieved across the two labs was for lake trout collected from Lake
Superior, where most samples were wild lake trout. Increases in precision and accuracy of
age assignments for lake trout collected from fisheries and ecosystems undergoing continued
changes over time will improve the comparability of contaminant protocols utilizing
composite samples.

Conclusion

We found that the precision of the maxillary age enumeration method was greater between
the two laboratories than for the otolith age enumeration. Based on higher accuracy,
precision, and smaller bias, the maxillary enumeration method will be used by the GLFMSP
into the future for lake trout samples from all lakes. Maxilla age, in addition to fish size, will
now be used by the GLFMSP to direct the compositing scheme prior to homogenization to
minimize the effects of age on contaminant results and allow the GLFMSP to better interpret
contaminant trends. GLFMSP fish will continue to be collected in the target size range
(600-700 mm for lake trout and 400-500 mm for walleye) in the immediate future. The
decision to utilize the maxillae as the primary aging structure for the GLFMSP is significant
as it will allow for rapid and accurate age identification prior to homogenization.
Consequently the Program can incorporate the added benefit of field extractions, reduced lab
processing and reduced fluid loss from the thawing and extraction of the otolith in the lab
prior to homogenization (He, 2014; Wellenkamp et al., 2015). It will be important, however,
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to continue to validate the maxilla enumeration method against CWTs (when available) in
the post age assessment review annually to confirm consistency of methods for final age
reporting.

The revised age assignment procedure has been incorporated in the GLFMSP. Annual age
assignments to GLFMSP samples will be added to the publicly available Great Lakes
Environmental Database (GLENDA) for use by natural resources and fishery management
agencies in the Great Lakes. Age data will continue to be an important variable for
consideration in interpretation of persistent and bioaccumulative chemical results.

In the future, the GLFMSP will need to further consider how this shift in age structure is
affecting the long term Program’s assessment of status and trends of persistent,
bioaccumulative, and toxic chemicals. Areas for additional work and refinement include 1)
decision rule refinement to aid in age determination that reflect ecological and hatchery
supported fishery differences among lakes, 2) evaluation of the appropriateness of the
GLFMSP target size collection and 3) continued evaluation of the accuracy of maxilla
structures against known ages determined from CWTs and marked fish, when available.
There is an expectation that the U. S. Fish and Wildlife Service’s Mass Marking Program
will significantly increase the number of marked lake trout in the Great Lakes. Evaluation of
the maxilla method against the true ages from marked lake trout samples collected to support
the GLFMSP will allow for improved accuracy and precision of the maxilla age
determination method.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Great Lakes Fish Monitoring and Surveillance Program collection locations. Sites indicated

with a circle are sampled in odd years and sites indicated with a triangle are sampled in even
years.
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Fig. 2.

Total PCB concentration and mean age in whole body lake trout composites from the Lake
Huron at Port Austin Great Lakes Fish Monitoring and Surveillance Program site from 1983.
Long term negative trends in total PCB concentration with time were found to be significant
at the 95% confidence level for both the linear ((t-statistic (t) = —6.0432, p-value (p) =
<0.0001, and number of observations () = 14) solid black line) and the first segment of the
two-part piecewise linear regression ((#=-3.1474, p=0.0255, and NV=7) dotted line). The
second segment of the two-part piecewise linear regression was not fond to be significant at
the 95% confidence level ((¢=-0.6829, p= 0.5250, and NV = 7) dotted line). The age of the
collected lake trout increased significantly over time at the 95% confidence level (= 5.4575,
p=10.0028, and /= 7) between 2003 and 2015.
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a—e Age and size ranges of lake trout collected for Great Lakes Fish Monitoring and
Surveillance Program from Lake Erie (a), Lake Michigan (b), Lake Huron (c), Lake Ontario
(d), and Lake Superior (). The plots on the left identify that the majority of samples are
collected in the target length range (600-700 mm) as identified by the dashed lines. The
plots on the right identify that the same samples are not within the target age range (6-8
years old) with Lakes Huron and Superior exceeding the target age range most often since

2007.
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Fig. 4.
2013 Great Lakes Fish Monitoring and Surveillance Program lake trout compositing scheme

by length from the Port Austin, Lake Huron site. Mean total PCB concentrations are
represented by black squares and mean ages for individual composites are represented by
black triangles. A linear trend is plotted for both mean total PCB concentration, solid line,
and for mean age, dashed line. Lake trout composites are arranged according to similar fish
age (youngest fish in first composite and age increases left to right) which was assessed prior
to compositing. Correlation between PCB concentration and mean age is 7= 0.80. The
regression slopes are significant at the 95% confidence level for both concentration and age
(2013 Total PCB concentration: ¢=8.00, p< 0.0001 and 2013 Mean Age: t=5.27, p=
0.0008).
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Fig. 5.
2011 Great Lakes Fish Monitoring and Surveillance Program lake trout compositing scheme

by length from Port Austin, Lake Huron. Mean total PCB concentrations are represented by
the black squares and mean ages for individual composites are represented by black
triangles. A linear trend is plotted for both mean total PCB concentration, solid line, and for
mean age, dashed line. Lake trout composites were arranged according to similar sized fish
and age was assessed post compositing. Correlation between PCB concentration and mean
age is r=0.30. Neither regression slopes are significant at the 95% confidence level for
concentration or age (2011 Total PCB concentration: #=0.68, p=0.515 and 2011 Mean
Age: t=1.04, p=0.331).
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Frequency of absolute difference between age assigned and the known age based on coded
wire tags (CWT) (Accuracy). M: evaluating the primary maxilla age assigned by MDNR. O:
evaluating the primary otolith age assigned by Aquatec.
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Fig. 8.

Box plots showing bias distribution based on data from 2014 to 2016. Bias was calculated
by subtracting the known coded wire tag age from the blind measured age for each structure
of the two structures by each of the two labs.
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