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Abstract—Many laboratories rely on periodic re-
reading of reference collections of scales or otoliths to
ensure that their age readers remain consistent in their
age interpretations, both through time and with other
age readers. Measures of both systematic difference
(bias) and precision are required for this purpose, be-
cause measures of bias are not suitable as measures of
precision, and vice versa. Using data from an age com-
parison study of haddock Melanogrammus aeglefinus for
demonstration purposes, we evaluated a variety of
graphical and statistical approaches for making paired
age comparisons from the standpoint of both detecting
age differences and assessing precision. Parametric and
nonparametric matched-pair tests, regression analysis,
analysis of variance, and age difference plots were all
capable of detecting systematic over- or underaging.
However, only the age bias plot was sensitive to both
linear and nonlinear biases. The coefficient of variation
(CV = SD/mean) was a robust measure of precision,
whereas the widely used percent agreement statistic was
not. The combination of an age bias plot, an age fre-
quency table. and a CV provides a powerful and easily
prepared comparison of matched pairs of age determi-
nations.

For the forseeable future, the process of deter-
mining the ages of fishes will retain an element of
subjectivity that will contribute various degrees of
error to all age determinations, whether at the an-
nual or the daily level. This subjectivity often orig-
inates with the interpretation of periodic features
in otoliths, scales, and other calcified structures,
which tend to vary markedly in appearance and
relative size among fish (Campana and Neilson
1985; Casselman 1987). Yet laboratories with on-
going responsibilities for age determination must
be consistent in their age interpretations. An age
determination method should first be tested for ac-
curacy by an accepted age validation technique
before it is adopted (Beamish and McFarlane 1983;
Geffen 1992). However, age validation studies are
generally too costly and time-consuming for rou-
tine use in monitoring consistency. Rather, many
laboratories rely on reference collections of age
determination structures, random subsamples of
which are inserted periodically into regular sam-
ples to ensure that age readers remain consistent
in their age interpretations. Repeated age inter-

pretations of a given sample offer a better statis-
tical ability to detect deviations through time than
readings of independent samples.

Aging error can be of two forms: error that af-
fects accuracy, or the proximity of the age estimate
to the true value, and error that affects precision,
or the reproducibility of individual measurements
on a given structure (Wilson et al. 1987). The two
forms of error are not necessarily linked. For ex-
ample, consistent underaging of a sample by 1 year
can yield the same measure of precision as a sam-
ple that is, on average, aged accurately. An ideal
age reference collection contains structures of
known age, thus allowing tests of both accuracy
and precision. In practice, known-age samples of
wild fish are seldom available. However, aging
consistency can still be monitored by ensuring (1)
that the age interpretations of individual age read-
ers do not “‘drift”" through time, introducing bias
relative to earlier determinations; (2) that the age
interpretations by different readers are compara-
ble; and (3) that the precision of age interpretations
by individual readers does not deteriorate through
time. Items (1) and (2) actually refer to measures
of bias relative to some reference value, rather than
to accuracy. However, in the absence of a known-
age reference collection, aging consistency is the
best that can be achieved.

Age determinations are routinely compared
among readers and for the same reader over time,
but many published comparisons are of question-
able value, perhaps because well-defined guide-
lines for such comparisons are lacking. The ob-
jective of this paper is to contrast the value of
several graphical and statistical approaches for
making paired age comparisons of a given sample,
from the standpoint of both detecting differences
in age estimates and assessing precision. The em-
phasis is on paired comparisons, although all of
the approaches described here are adaptable to
multiple comparisons. We demonstrate the tech-
niques with data from our own laboratory, and we
conclude by recommending a few easily imple-
mented approaches useful in comparing muitiple
age determinations for any fish sample.
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Data

Otolith-based age comparisons for adult had-
dock Melanogrammus aeglefinus from the Scotian
Shelf (1985 and 1992 samples from North Atlantic
Fisheries Organization Division 4X) were drawn
from a series conducted as part of the training of
five new age readers (1, 2, 3, A, and B). All agers
had received training prior to the exercise, and all
interpreted their prepared otolith cross sections in
isolation from the remaining agers. Experience
levels and the type of microscope or image anal-
ysis system varied among age readers, but such
differences are irrelevant in the context of this
analysis. None of the age interpretations were val-
idated. However, through comparison with expe-
rienced age readers from other laboratories, we
believe that agers | and 3 provided unbiased age
estimates. The data for agers A and B were mod-
ified slightly in order to illustrate a point.

Detection of Bias

Age frequency tables for each of three pairwise
age comparisons are presented in Table 1. Such
tables form a central component of many paired
age comparisons, but they are not particularly well
suited to the detection of age differences between
readers. Close inspection of Table 1 suggests some
underaging of older fish by ager 2 relative to the
readings of ager I, but the relationship otherwise
appears linear. No bias is obvious in the other pair-
wise comparisons. It is evident that a graphical
scatterplot of one age reader versus another would
be difficult to interpret in all but the most extreme
of age differences; coincident points would not be
evident, and viewers would have to conduct the
equivalent of a weighted regression in their heads.

Age difference plots, in which the difference
between the two age readers is plotted as a function
of one of the sets of ages, have often been used
for comparing pairs of age determinations (Figure
1). These plots highlight major systematic differ-
ences between two sets of age readings, as indi-
cated by a distribution of points centered on some-
thing other than the zero line, as in the top panel
of Figure 1. More subtle discrepancies are difficult
to discern; if systematic differences exist in the
middle and bottom panels of Figure I, they are
not immediately obvious. Some of this difficulty
arises because coincident points are not shown; a
data point could represent either 1 or 100 age read-
ings. In principle, color-coded or three-dimen-
sional plots could be used to overcome this con-
straint. With our data, however, such plots did not
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necessarily show any additional bias. An age dif-
ference plot, which shows deviations from the line
ager X = ager Y, is not equivalent to the residuals
from a linear regression, which shows deviations
from any straight line that may fit the data. For
example, a relationship in which ager X counted
two annuli for each one counted by ager Y would
not show up in a plot of the residuals from a re-
gression.

Both parametric and nonparametric statistical
tests have been proposed for comparing ages, and
all have advantages and disadvantages. Simple lin-
ear regression, the most frequently applied of the
parametric tests, is normally interpreted in terms
of significant differences from a slope of 1 and an
intercept of 0. A slope other than 1 suggests in-
consistency in the interpretation of annuli by one
of the agers; an intercept other than 0 suggests a
systematic difference between the two agers, per-
haps due to different interpretations of the first
annulus. Both these conditions were evident in the
regression of ager 2 on ager |, summarized in Ta-
ble 2, which supports the conclusion of bias de-
rived from Figure 1. In contrast, the regression
results did not suggest the presence of bias be-
tween agers | and 3 or between agers A and B
(Table 2).

Two standard tests for systematic differences be-
tween matched pairs of ages are the parametric
paired r-test and nonparametric Wilcoxon
matched-pairs rank test (Conover 1980). These
tests are as effective as regression at detecting sys-
tematic differences between pairs of agers, as in-
dicated by the significant differences between ag-
ers 1 and 2 (Table 2). The Wilcoxon test also is
insensitive to assumptions of normality and ho-
moscedasticity, unlike the t-test and linear regres-
sion. However, neither of these matched-pair tests
is well suited for detecting situations in which one
ager underages at one end of the age range and
overages at the other end. Such a situation is more
readily detected through estimation of a regression
slope. Neither regression analysis nor either
matched-pair test is satisfactory when the rela-
tionship between two agers is nonlinear but cen-
tered on the 1:1 line (see the comparisons of ager
A with ager B in Table 2).

To overcome the constraints imposed by age dif-
ference plots and standard statistical tests, we pro-
pose the use of the age bias plot (Figure 2). This
type of graph plots one age reading versus another,
and can be interpreted through reference to the
equivalence line ager X = ager Y. However, in this
representation, the age readings of ager Y are pre-
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TABLE |.—Age frequency tables summarizing pairwise comparisons of age estimates from three different otolith
samples. Data are numbers of fish.
Age
(years) Age (years)
by: 1 2 3 4 S 6 7 8 9 10 11 12 13 14 15 Total
Estimated by ager 2
Ager |
1 1 1
2 12 29 5 1 47
3 59 15 | 75
4 4 48 17 3 1 73
5 35 98 5 1 139
6 2 35 16 3 1 57
7 4 18 7 29
8 2 20 13 1 1 37
9 1 [ 3 10 8 5 28
10 1 3 4 1 2 il
Lt 3 2 2 1 8
12 2 | 3
13 | 1
Estimated by ager 3
Ager 1
2 2 2 4
3 i 4 2 7
4 3 55 10 1 | 70
5 16 52 10 | 1 80
6 6 5 2 13
7 9 5 5 | 20
8 1 1 b 8 1 4 20
9 I 3 5 5 1 15
10 I 1 7 2 11
11 1 3 1 I 6
12 | 4 5 [} 11
13 ] ! 1 3
14 I !
Estimated by ager B
Ager A
1 1 1
2 29 5 1 35
3 59 (K] 1 75
4 4 48 17 3 73
5 as 98 S 1 139
6 2 32 15 3 1 53
7 4 18 7 29
8 2 20 13 1 1 k¥
9 4 3 10 8 b | | 32
10 1 3 4 1 2 11
il 4 I i I 1 1 9
12 4 1 1 6

sented as the mean age and 95% confidence in-
terval corresponding to each of the age categories
reported by ager X. The intent of the confidence
intervals is not to assign statistical significance to
the comparison, but to allow informed interpre-
tation of any difference between the observed line
and the equivalence line. Either paralle! but sep-
arated lines or increasing divergence as the lower
or upper age range is approached indicates sys-
tematic differences between the two age readers.
As was the case with the age difference plot, the

selection of ager for the abscissa is arbitrary. In
the example of Figure 2, there is very obvious bias
between ager | and ager 2 but none between ager
1 and ager 3. For the first time, however, there is
a clear indication of systematic error between ager
A and ager B. This bias was not obvious in the
other graphical or statistical tests presented, large-
ly because the relationship between the two agers
was nonlinear. Thus the age bias plot was the only
means of age comparison tested that allowed clear
visual detection of the systematic age differences



134

° 2 4 . L] "0 12 14 16

Age estimated by Ager A

Ficure 1.—Differences (years) in age estimates be-
tween paired age readers for each of the three pairwise
age comparisons in Table 1. Each point represents one
or more observations of an individual fish. (Top) Age
estimation bias present. (Middle) No age estimation bias
present. (Bottom) Nonlinear age estimation bias present.
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TABLE 2.—Statistical tests for comparing pairs of age
determinations, applied to the data of Table 1. The slope
and intercept of simple linear regressions are tested for
significant differences (a« = 0.05) from 1.0 and 0, respec-
tively. The parametric paired r-test and the nonparametric
Wilcoxon matched-pairs rank test are used to detect sig-
nificant differences from a paired difference of 0. Error
terms are 95% confidence limits.

Ager 2 Ager 3 Ager A
versus versus versus
ager | ager | ager B
Statistic (N = 509 (N = 261 (N = 508)
Regression
Slope 062 x 0.03 09 * 0.04 1.01 = 0.05
P 0.000 0.12 0.83
Intercept 1.66 + 0.16 025 = 030 -0.18 = 0.33
P 0.006 0.27 0.51
Paired ¢-test
Mean paired
difference  0.34 = 0.10 0.00 x= 0.11 0.09 + 0.13
P 0.000 0.95 0.13
Wilcoxon test
Positive ranks 84 53 200
Negative ranks 177 56 189
Ties 248 152 119
P 0.000 0.67 0.07

between agers A and B. Although statistical tests
exist for quantifying discrepancies between em-
pirical and equivalence lines, we suggest that vi-
sual inspection is more appropriate; when both age
readers are very precise, statistically significant
differences may arise that have no practical sig-
nificance (e.g., a bias of 0.1 year between readers).
In addition, nonlinear bias patterns are most effi-
ciently detected with the eye.

Estimates of Precision

In the absence of demonstrable bias, a measure
of precision is a valuable means of assessing the
relative ease of determining the age of a particular
structure, of assessing the reproducibility of an
individual’s age determinations, or of comparing
the skill level of one ager with that of others. The
traditional index of precision in aging studies, per-
cent agreement, is gradually falling out of favor,
because percent agreement may vary substantially
among species and among ages within a species.
Beamish and Fournier (1981) illustrated this point
by noting that 95% agreement of two readers to
within | year can be poor precision for aging Pa-
cific cod Gadus macrocephalus, given the few
year-classes in the fishery, but 95% agreement to
within 5 years can be good precision for spiny
dogfish Squalus acanthias, given this species’ 60-
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FIGURE 2.—Age bias graphs for each of the three pair-
wise age comparisons presented in Table 1. Each error
bar represents the 95% confidence interval about the
mean age assigned by one ager for all fish assigned a
given age by a second ager. The 1:1 equivalence (solid
line) is also indicated. (Top) Age estimation bias pres-
ent. (Middle) No age estimation bias present. (Bottom)
Nonlinear age estimation bias present.
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TaBLE 3.—Measures of precision for comparing pairs
of age determinations.

Ager 2 Ager 3 Ager A
versus versus versus
ager | ager 1 ager B

Statistic or index (N =509) (N=261) (N=508)

Correlation coefficient (r)

Coefficient of variation 0.88 0.94 0.85
(%) 9.82 6.00 22.2
Average percent error® 6.94 424 15.7
Percent agreement 48.7 58.2 234

2 From Chang (1982).
b From Beamish and Fournier (1981).

year longevity. Beamish and Fournier (1981) rec-
ommended the use of average percent error (APE),
defined as

IXii - Xl
100 X Vi — 28 %))
RIE-DI X;

where X;; is the ith age determination of the jth
fish, X; is the mean age of the jth fish, and R is
the number of times each fish is aged. When APE;
is averaged across many fish, it becomes an index
of average percent error. Chang (1982) agreed that
APE is a substantial improvement over percent
agreement but suggested that the standard devia-
tion be used in equation (1) rather than the absolute
deviation from the mean age. The resulting equa-
tion produces an estimate of the coefficient of vari-
ation (CV), expressed as the ratio of the standard
deviation to the mean, and can be written as

APE; =

S & = X
i1 R-1
CVj = 100 X —————. 2

J

Equation (2) is the CV of the age estimate for a
single fish (jth fish). As with equation (1), it can
be averaged across fish to produce a mean CV.
Equations (1) and (2) produce similar values
(Chang 1982); however, the latter is statistically
more rigorous and thus is more flexible. The same
applies to the index of precision D (Chang 1982),
which is similar to the CV (and identical to APE

when R = 2), but is calculated as
CV;
D= =, 3
1= VR ©

All of the above-mentioned measures of preci-
sion (more properly, of imprecision) are artificially
inflated by any bias that exists between agers. For
example, agers 1 and 2 had smaller errors asso-
ciated with any age than did agers 1 and 3 (Figure
2), yet larger CV and APE (Table 3). In the absence
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FiGURre 3.—Coefficient of variation (CV) and percent agreement for two of the pairwise age comparisons presented
in Table 1. (Top) Bias present between the two age readers. (Bottom) Bias absent between the two age readers.

of bias, CV and APE were most sensitive and the
correlation coefficient and percent agreement were
least sensitive in documenting precision differ-
ences among agers. In addition, percent agreement
varied substantially across ages, while CV did not
(Figure 3). The instability of percent agreement
across ages is largely responsible for the large ar-
tifactual variations in percent agreement that can

occur when the precision of two samples of dif-
ferent age composition is compared.

Discussion

Repeated age determinations of a sample of fish
are generally conducted for one of two reasons: to
determine if there are systematic differences in age
estimates between one or more age readers, meth-
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odologies, or laboratories; or to estimate the pre-
cision (reproducibility) of age estimates. Of the
two, it is the precision estimates that are most often
reported, probably because the analysts implicitly
assumed that no systematic differences existed.
Yet the potential presence of systematic differ-
ences (bias) in interpreting age structures poses
the most serious problem for those responsible for
conducting age determinations. The presence of
bias, in turn, will confound the interpretation of
most measures of precision. Therefore, we suggest
that bias should always be addressed before pre-
cision.

Several specialized tests have been proposed for
use in determining if two or more sets of ages
differ, but the circumstances for their use is some-
what limited. Hayes (1993) presented an approach
based on the Fisher exact test for testing differ-
ences between age-iength keys. Because it was
designed for comparing the lengths at age of dif-
ferent samples of fish, it could be applied to the
comparison of replicated age determinations, but
it lacks the statistical power of a matched-pair test.
It also requires a comparison of the age compo-
sition of each length interval, necessitating mul-
tiple comparisons and subjective criteria for eval-
uating the results. Bowker (1948) presented a test
for symmetry in contingency tables that seems to
be applicable to pairwise age comparisons. How-
ever, it has seen little or no use since it was pub-
lished. Age comparisons have even been based on
published growth curves. However, such compar-
isons are not ideal because they are based on ran-
dom samples often drawn at different times of the
year. Comparisons based on matched pairs (where-
by the same structure is interpreted by each age
reader) always provides the most statistical power.
This report has focused on the analysis of paired
comparisons, which are only a subset of the age
comparisons possible. However, because most
comparisons will be made on a reference set of
otoliths or scales or in reference to another reader’s
estimates, we feel that pairwise comparisons will
most often be the ones made. In any event, both
the age bias plot and the CV can be used for mul-
tiple comparisons.

When systematic under- or overaging occurs,
several linear models can be used to detect the
problem. Approaches based on analysis of vari-
ance have successfully detected systematic differ-
ences between preparation techniques, laborato-
ries, and age readers for analyses of both daily and
annual ages (Boehlert and Yoklavich 1984; Baker
and Timmons 1991; Campana and Moksness
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1991). Indeed, when the differences are systematic
and constant across ages (such as when one ager
consistently misses the first annulus), most of the
available techniques should detect the difference;
age difference plots, paired r-tests, and Wilcoxon
matched-pairs tests should be particularly good for
this purpose. However, when bias varies across
ages, such as when young to middle ages are aged
without bias but older fish are underaged, these
tests become much less sensitive. This is partic-
ularly true if fish at one end of the age range are
overaged and fish at the other end of the age range
are underaged. Under such a scenario, analyses of
variance, paired r-tests, and Wilcoxon matched-
pairs tests are all likely to fail. The age bias plot,
on the other hand, effectively depicts both forms
of bias. Use of the age bias plot also allows es-
timation of the magnitude of any bias that may
exist, including (if precision is good) biases small
enough to be safely ignored.

Determination of bias may be somewhat prob-
lematic, but estimation of precision is not. Measures
of precision are relative values only; no one value
can be considered an *“‘acceptable level” for all spe-
cies. However, several authors have clearly docu-
mented the dangers of the percent agreement sta-
tistic and the superiority of both APE and CV as
measures of precision (Beamish and Fournier 1981;
Chang 1982; Kimura and Lyons 1991). Despite
these reports, roughly 35% of 21 randomly sampled
age comparison papers published since 1985 report
only percent agreement. Use of this statistic is dif-
ficult to understand and, given the results reported
here and elsewhere, difficult to justify.

To conclude, bias and precision can be assessed
by a variety of statistical and graphical techniques.
Several parametric and nonparametric tests can de-
tect consistent over- and underaging, but no one
test seems able to detect both this and age-related
shifts in aging criteria. For this reason, we rec-
ommend use of easily prepared and interpreted age
bias plots for diagnosing systematic differences
between two sets of age determinations. A com-
bination of a CV to measure precision, an age fre-
quency table (Table 1) to document the matched
observations, and an age bias plot provides all the
information required for assessing the consistency
of repeated age determinations.
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