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Abstract
The effects of aging bias on stock assessment have been evaluated in many simulation studies. However, simulated

data cannot be used to quantify the magnitude of aging biases in a real data set and thus their effects on an ongoing
stock assessment. In this study, we validated scale and otolith aging using Striped Bass Morone saxatilis of known age
collected from the Chesapeake Bay between 1997 and 2006. Otoliths provided more accurate (74% agreement) and
precise (average CV = 1.9%) age estimates than scales, which overestimated the ages of young fish and underestimated
the ages of old fish (22% agreement; average CV = 9.8%). Based on their accuracy, otolith ages were subsequently
used to quantify aging biases in the scale ages and effects of bias in the stock assessment of Atlantic Striped Bass. We
converted scale-age to otolith-age input using paired scale and otolith ages of Striped Bass collected by commercial
fisheries in Virginia waters of the Chesapeake Bay and the mid-Atlantic from 1999 to 2010. A statistical catch-at-age
model was run with the scale- and otolith-age input data and the results were compared. We found that aging biases
from scale ages resulted in underestimates of population abundance (15%) and female spawning stock biomass (19%)
and overestimates of fishing mortality in the terminal year (19%) and made strong age-1 recruitment years appear
weaker and weak ones stronger. Our study demonstrates how aging bias in a large scale-age sample can be corrected
with a relatively small sample of paired scale–otolith ages and provides fisheries management with a quantitative
evaluation of aging bias and its effects on the assessment of the Atlantic Striped Bass stock.

The Striped Bass Morone saxatilis is one of the most impor-
tant species targeted by recreational and commercial fisheries
on the Atlantic coast of the United States. The population was
depleted during the early 1980s but was fully restored by 1995
(Richards and Rago 1999). Currently, the Atlantic States Ma-

*Corresponding author: hliao@odu.edu
Received December 22, 2011; accepted June 13, 2012

rine Fisheries Commission (ASMFC) conducts Striped Bass
stock assessments using a statistical catch-at-age (SCA) model
(ASMFC 2011). Although the SCA model is an age-structured
forward-projection model that is capable of incorporating errors
in catch-at-age data (CAA) into one of its objective functions,
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194 LIAO ET AL.

it could still provide biased estimates of population parameters
due to biased estimates of ages (hereafter referred as aging bias)
in the CAA. Therefore, quantification of the effects of aging
bias on stock assessment becomes crucial to understanding and
interpreting the population parameters estimated by the SCA
model, along with improving stock assessment and providing
more effective fisheries management advice.

It is difficult to quantify the effects of aging bias on popu-
lation parameter estimates derived from age-structured models
because true-age data with a reasonable age range and a suffi-
ciently long time series are often lacking for species of interest.
Therefore, simulation studies have become a popular alternative
in examining the potential effects of aging bias on stock assess-
ment. For example, simulation studies have reported that aging
biases account for biased estimates of population parameters
derived from age-structured stock assessment models (Lai and
Gunderson 1987; Rivard 1989; Bradford 1991; Reeves 2003;
de Pontual et al. 2006; Bertignac and Pontual 2007). However,
because simulation studies assume aging biases, they lack the
ability to specifically examine and quantify the effects of aging
biases embedded in real data from an ongoing stock assessment.

A scale-based CAA has been used in the Striped Bass stock
assessment (ASMFC 2011). However, previous studies found
that scales provide less accurate and precise age estimates than
otoliths for many fish species, including Striped Bass (Erick-
son 1983; Libby 1985; Boxrucker 1986; Barber and McFar-
lane 1987; Heidinger and Clodfelter 1987; Welch et al. 1993;
Lowerre-Barbieri et al. 1994; Secor et al. 1995a; Brown et al.
2004; Brouder 2005; Decicco and Brown 2006). Therefore,
otoliths should be a more reliable structure for aging and stock
assessment. Due to their low cost, minimal impact on fish, and
the requirement for a large sample, scales are used for aging
by most state and federal agencies in the stock assessment of
some species (such as Striped Bass and Summer Flounder Par-
alichthys dentatus), while available otolith-based age samples
are insufficient to detect temporal and spatial variations in the
age distributions. One possible solution to this problem would
be to examine and quantify aging biases induced by scales and
their effects on stock assessment with a smaller data set of paired
otolith and scale ages.

The stock assessment of Atlantic coast Striped Bass provides
a good example of how to empirically quantify the effects of
aging bias on stock assessment for three reasons: (1) the sample
size and age range of known-age fish have increased since 1995
(Secor et al. 1995b); (2) we have collected large samples of
paired scale and otoliths ages for the past 12 years; and (3) the
Atlantic coastal Striped Bass stock has varied dramatically over
the past 29 years (Richards and Rago 1999).

In this study, we examined aging biases in scale and otolith
ages using known-age Striped Bass and then compared the popu-
lation parameters estimated using both scale and corrected-scale
input data with those estimated using otolith-based input data
in the SCA model. Our objectives were to (1) validate the scale
and otolith aging of Atlantic Striped Bass using known-age fish

to see whether the otolith ages can be treated as approxima-
tions of the true ages; (2) quantify the level of bias in Atlantic
Striped Bass catch-at-age data introduced by scale aging; and (3)
quantify the level of bias in estimates of Atlantic Striped Bass
population abundance, female spawning stock biomass, fishing
mortality for ages 8–11, age-1 recruitment, and retrospective
patterns from the scale-based SCA model.

METHODS
Data collection.—Striped Bass were collected by the Virginia

Marine Resources Commission (VMRC) from the commercial
fishery in Virginia waters of the Chesapeake Bay and the At-
lantic coastal area from 1999 to 2010. Fish were captured mainly
with pound nets (23%) and gill nets (58%) from January to De-
cember each year. Fish were measured to the nearest millimeter
of total length and weighed to the nearest 0.5 g, and both scales
and otoliths were collected from each fish. We define this col-
lection as the Virginia data. We also obtained scales and otoliths
of known-age Striped Bass from the Maryland Department of
Natural Resources (MD DNR). These fish have been coded-
wire-tagged and released from the MD DNR’s Joseph Manning
Hatchery since 1985 and were recaptured through commercial
gear monitoring and fishery-independent surveys in Maryland
waters of the Chesapeake Bay and Patuxent River between 1997
and 2006.

Preparation of hard parts.—Scales were impressed on ac-
etate slides with a hydraulic heated press for 7 min with 1.03 ×
108 Pa at 77◦C. Otoliths were thin-sectioned (0.5 mm) with a
Buehler Isomet low-speed saw. The otolith section was baked
in a Thermolyne 1400 furnace at 400◦C for 2.5 min to a light
caramel color and then mounted on a microscope glass slide.
Lerner Laboratories flo-texx was used as the mounting medium
to increase the clarity of the otolith section.

Aging.—The acetate impressions of the scales were viewed
with a standard Bell and Howell R-735 microfiche reader
equipped with 20-mm and 29-mm lenses. Sectioned otoliths
were aged with a Leica MZ-12 dissecting microscope with
transmitted light and dark-field polarization at between 8 and
100 × magnification. Our aging procedure consisted of two
rounds. In the first round, two readers aged all samples sepa-
rately in chronological order based on collection date without
any knowledge of specimen lengths. In the second round, both
readers sat together to re-age the fish for which there were
different ages in the first round. Consensus ages between two
readers were assigned to the fish. When a consensus could not
be reached due to the quality of the scales or otoliths, the fish
was excluded from further analysis. The percentage agreement
between the two readers was calculated by dividing the number
of fish for which there was agreement in the first round by the
total number of fish aged in both rounds. This agreement was
used as an indicator of the difficulty of aging a specific calcified
structure (scale or otolith).
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EFFECTS AND CORRECTION OF AGING BIASES 195

Conversion of scale-based SCA model input data.—The
ASMFC used an adaptive framework of virtual population anal-
ysis model for the coastwide stock assessment of the migratory
stock of Atlantic Striped Bass between 1996 and 2007 and
switched to the SCA model in 2008 (ASMFC 2011). The CAAs
and most abundance indices were collected between 1982 and
2010 from the area over which the stock is distributed, which
ranges from Maine to North Carolina. Some young-of-the-year
(age-0) and age-1 abundance indices were collected as early as
1970. All of the age-specific input data were derived from scale
ages and therefore are referred to as scale-based data.

We developed a year-specific conversion matrix from the
Virginia data. A conversion matrix contains the frequencies of
otolith ages given a scale age collected during a calendar year.
Each element in a conversion matrix is calculated as

p ji = Ai j

T
, (1)

where pi j is the proportion of fish with otolith age i and scale
age j, Ai j is the number of fish in the data set with otolith age
i and scale age j, and T is the total number of fish aged for the
calendar year.

We used this conversion matrix to convert the scale-based
CAAs collected from the coastwide assessment to the otolith-
based CAAs. To do so, we assumed that there was no spa-
tial variation in the relationship between scale and otolith ages
among states. This assumption was based on the results from
two Striped Bass workshops held by the ASMFC in 2003 and
2008. The 2003 workshop found no evidence that any state aged
Striped Bass scales significantly more accurately than the others
(ASMFC 2003). The 2008 workshop reported a similar relation-
ship between scale and otolith ages in Striped Bass collected in
Massachusetts, New Jersey, and Maryland in 2008 (Hoover and
Sharov 2009).

The specific conversion is as follows:

CAAi j = C × pi j (2)

CAAi =
max∑

j=min

CAAi j , (3)

where C is the total catch in the year, CAAi j is the catch with
scale age j and converted otolith age i, and CAAi is the catch
with converted otolith age i.

Unlike the adaptive framework of virtual population analysis
model, the SCA models an annual total index of relative abun-
dance (I) and scale-based age composition separately. There-
fore, we first estimated an index (Ii j ) with scale age j and con-
verted it to otolith age i by replacing C with I in equation (2).
Second, we estimated an index (Ii) with otolith age i by replac-
ing CAAi j with Ii j in equation (3). Finally, the otolith-based
age composition was calculated by dividing Ii by I. The indices

of abundance and otolith-based age composition were modeled
separately.

Because of cohort progression and recruitment fluctuation
over time, pooling all paired scale–otolith age data over time
will smooth the magnitude of different cohorts, making strong
cohorts appear weaker and vice versa. Therefore, we did not
pool Virginia scale–otolith age data to make a year-aggregated
matrix for converting the scale-based CAAs to otolith-based
ones for the period before 1999. The conversion matrices could
not be applied to the age-aggregated, age-0, and age-1 in-
dices. Because there were no age-1 fish collected in Virginia
waters, the number of age-1 fish in the scale-based CAAs
could not be converted to otolith-based age-1 fish. As a re-
sult, the age-aggregated, age-0, and age-1 indices and age-1
fish in the CAAs were kept as scale based. Besides the age-0
and age-1 indices, other indices are from the Marine Recre-
ational Fisheries Statistics Survey (MRFSS), Northeast Fish-
eries Science Center (NEFSC), Connecticut CPUE (CT CPUE),
Connecticut trawl (CT trawl), Delaware spawning stock number
(DE SSN), Maryland spawning stock number (MD SSN), New
Jersey trawl (NJ trawl), and New York ocean haul seine (NY
OHS).

The otolith-based weight at age (WAA) between 1999 and
2010 were directly borrowed from weight at otolith age in
the Virginia data. Because Virginia otolith-based WAAs before
1999 and age-1 fish for all years were not available, the WAAs
for those fish were kept as scale based.

SCA modeling.—We conducted four SCA modeling runs by
combining different time series and conversion completions of
the CAAs, WAAs, and age composition indices: (1) the long
base run, in which the CAAs, WAAs, and age composition in-
dices were scale based from 1982 to 2010 (this is the ASMFC
stock assessment setting); (2) the long corrected run, in which
the data were scale based from 1982 to 1998 and otolith based
from 1999 to 2010; (3) the short base run, in which the data
were scale based from 1999 to 2010; and (4) the short cor-
rected run, in which the data were otolith based from 1999 to
2010. Because the forward-projection procedure in the SCA
model requires recruitment indices for 12 years prior to the
first year for the CAAs (1982 and 1999 in the long and short
runs, respectively), Maryland age-0 and age-1 indices from
1970 to 2010 and from 1987 to 2010 were used in the long
and short runs, respectively. The parameters compared among
the four runs were the population abundance, female spawning
stock biomass, fishing mortality, and recruitment. The effec-
tive sample size (ESS) was used for data-weighting in the SCA
model. We used an iterative weighting approach in which the
ESS was updated until the input and output ESS values con-
verged, assuming a different uncertainty in age composition for
each run.

Diagnostics of model fit.—We examined the model fit for
the indices and total catch within each run by means of root
mean square errors (RMSEs) and that for the CAAs by means
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196 LIAO ET AL.

of annual residual sums of squares (RSSs) and their total across
all years.

Retrospective analysis.—To compare the stability of the
SCA model’s performance in estimating population parameters
among the four runs, we first conducted retrospective analy-
ses of the population abundance and fishing mortality from the
four runs from 2010 back to 2005 with the built-in retrospective
analysis function in the SCA model. Then we compared the
retrospective patterns among the four runs using the Mohn’s ρ

statistic (Mohn 1999), namely,

ρ =
npeels∑
y=1

R2010−y − S2010−y

S2010−y
, (4)

where R and S are estimates of the population parameter of
interest for a modeling year from reduced and full time series
data, respectively. The term npeels is the number of years
backward from 2010 (five in this study). When the ρ statistic
equals 0, there is no retrospective pattern. The larger the ρ

statistic deviates from 0, the stronger the retrospective pattern
is. A negative value of ρ indicates that the parameter is under-
estimated in the terminal year, a positive value that it could be
overestimated.

Data analysis.—Three statistical analyses were used to ex-
amine the accuracy and precision of scale and otolith ages and
their relationship. First, we used ordinary-least-squares regres-
sion analysis to compare the scale and otolith ages with the true
ages obtained from Maryland known-age Striped Bass. Then
we compared the mean annual coefficients of variation (CVs)
between the scale and otolith ages of Virginia Striped Bass from
1999 to 2010 using a paired t-test. The CV is defined as follows
(Campana 2001):

CV j = 100 ×
√∑2

i=1(Xij − X j )2

X j
, (5)

where Xij is the ith age determination (i = 1 and 2 for reader 1
and 2, respectively) of the jth fish, X j is the mean age estimate
between the age estimates of reader 1 and 2 for the jth fish.
Therefore, mean annual CV is:

CV = 1

N

∑N

j
CV j , (6)

where N is the total number of fish aged with both scales and
otoliths in a particular year. Finally, we examined the relation-
ships between the scale and otolith ages of Virginia Striped Bass
by year from 1999 to 2010 using ordinary-least-squares regres-
sion. All statistical analyses were conducted with SAS (SAS
Institute 1988) statistical packages.

RESULTS
The MD DNR collected 50 scales and 53 otoliths from

known-age Striped Bass between 1997 and 2006. The true ages
of these fish ranged from 5 to 19 years. The agreement between
our otolith age estimates and the true ages was 74%, with an
average CV of 1.9%. The very low CV of 1.9% indicates not
only low percentage disagreement but also small differences
between the true and otolith ages. For example, only 2 of 53
(3.8%) fish ages differ by more than 1 year. However, the agree-
ment between our scale age estimates and the true ages was
22%, with an average CV of 9.8%. The intercept and slope of
the regression of the otolith ages on the true ages were not sig-
nificantly different from zero (P = 0.9843) and 1 (P = 0.9348),
respectively, whereas the intercept and slope of the regression of
the scale ages on the true ages were significantly different from
zero (P = 0.0056) and one (P < 0.0001) (Figure 1), indicating a
systematic bias in the scale age estimates. The scale ages tended
to overestimate the ages of younger fish and to underestimate
the ages of older fish.

The VMRC collected 4,469 Striped Bass from Virginia wa-
ters of the Chesapeake Bay and Atlantic coastal area from 1999
to 2010, from which paired scales and otoliths were obtained. Of
these pairs, 60 (1.3% of the total collection) were removed due to
poor scale and/or otolith quality, leaving 4,409 for further anal-
ysis (Table 1). The average agreement between the two readers
was 55% (average CV = 5.6%) for scale ages, higher than the av-
erage agreement of 48% (average CV = 9.3%) among the read-
ers from six Atlantic states participating in the 2003 ASMFC
Striped Bass Aging Workshop, but less variable (Table 2). How-
ever, the average agreement between the two readers was 81%
(average CV = 1.7%) for our otolith ages (Table 1). The preci-
sion was significantly higher for the estimates of the otolith ages
than for those of the scale ages (t = 11.18, df = 11, P < 0.0001).
The intercepts and slopes of the regressions of the scale and
otolith ages by year were significantly different from zero (all
Ps < 0.0001) and one (all Ps < 0.0001), respectively (Figure 2).
The patterns of the differences were similar to those between the
scale and true ages of the Maryland known-age fish (intercept
> 0 and slope < 1), where the scale ages tended to overestimate
the ages of younger fish and to underestimate those of older
fish.

Strong and weak year-classes were more identifiable in
the otolith-based CAAs than in the scaled-based CAAs (Fig-
ure 3). For example, the 1993 year-class was identified as a
very strong cohort by the Maryland and Virginia juvenile seine
indices (ASMFC 2011). Its progression could be followed in
the otolith-based CAAs until 2004, when it was 11 years old.
In contrast, the progression of this cohort in the scale-based
CAAs was difficult to follow beyond 2000, when it was only
7 years old. The magnitude of different cohorts was smoothed
by using scale-based CAAs, whereas several strong and weak
cohorts could be clearly followed by using otolith-based
CAAs.
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EFFECTS AND CORRECTION OF AGING BIASES 197

FIGURE 1. Results of regressions of scale and otolith ages on the true ages of known-age Striped Bass released since 1985 and recaptured between 1997 and
2006 by the Maryland DNR. The numbers of fish aged are given in parentheses. The solid lines represent one-to-one correspondences between the scale or otolith
ages and the true ages. The dashed lines are the regression curves. The solid and dashed lines overlap in the first panel; n = total sample size.
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198 LIAO ET AL.

TABLE 1. Agreement between two readers and average annual coefficients of variation (CVs) for scale and otolith ages of Virginia Striped Bass from 1999 to
2010. The number of fish analyzed is the number for which both scale and otolith ages were used to estimate agreement; the number of fish removed is the number
whose ages could not be estimated due to damage to their scales and/or otoliths.

Scale Otolith Number of fish

Year Agreement (%) CV (%) Agreement (%) CV (%) Analyzed Removed

1999 46 7.9 78 2.1 347 5
2000 52 5.7 79 1.7 345 5
2001 63 4.3 78 2.5 241 3
2002 62 4.2 87 1.4 284 5
2003 67 3.8 86 1.5 448 8
2004 63 5.3 83 1.7 571 8
2005 40 8.6 77 2.1 324 8
2006 38 7.5 76 2.0 334 1
2007 60 4.4 78 1.8 532 3
2008 65 3.9 84 1.1 258 11
2009 49 6.6 82 1.3 261 1
2010 53 5.5 84 1.3 464 2
Mean 55 5.6 81 1.7 4,409a 60

aTotal.

In the long base run, the terminal year estimates of population
abundance and female spawning stock biomass were underes-
timated by 15% and 19%, respectively, while fishing mortality
was overestimated by 19% (Figure 4). In addition, a maximum

underestimation of 25% in the long base run for the popula-
tion abundance occurred in 1994 when the strongest cohort (the
1993 year-class) appeared as age-1 recruitment for the first time
since the population depletion in the early 1980s (Figure 4d). A

TABLE 2. Agreement (%; coefficients of variation in parentheses) between readers and states. The results are from the 2003 ASMFC Striped Bass Aging
Workshop, which representatives from five states attended. There were two readers each from states A, B, D, and F and one reader each from states C and E. State
D also reported its final readings which were agreements between reader 1 and reader 2 whereas states A, B, and F didn’t report their final readings. (By permission
of ASMFC.)

State and State A, State A, State B, State B, State C, State D, State D, State D, State E, State F, State F,
reader reader 1 reader 2 reader 1 reader 2 final reader 1 reader 2 final final reader 1 reader 2

State A,
reader 1

100
(0.0)

State A,
reader 2

69.9
(5.2)

100
(0.0)

State B,
reader 1

45.6
(8.0)

38.8
(9.3)

100
(0.0)

State B,
reader 2

55.3
(6.6)

54.4
(6.7)

40.8
(10.6)

100
(0.0)

State C,
final

28.2
(12.0)

46.6
(7.4)

28.2
(15.0)

38.8
(11.2)

100
(0.0)

State D,
reader 1

64.1
(4.2)

56.3
(5.4)

60.2
(6.8)

58.3
(7.1)

29.1
(12.8)

100
(0.0)

State D,
reader 2

62.1
(4.3)

56.3
(5.2)

60.2
(7.1)

58.3
(7.4)

35.9
(11.5)

72.8
(4.2)

100
(0.0)

State D,
final

63.1
(3.9)

59.2
(4.3)

60.2
(6.3)

57.3
(7.1)

34.0
(11.3)

80.6
(2.7)

89.3
(1.2)

100
(0.0)

State E,
final

53.4
(5.4)

54.4
(5.5)

52.4
(9.0)

50.5
(8.7)

35.9
(11.3)

71.8
(3.8)

69.9
(4.5)

72.8
(4.1)

100
(0.0)

State F,
reader 1

26.2
(13.1)

35.0
(9.8)

28.2
(16.9)

35
(11.1)

52.4
(7.3)

35.9
(12.0)

35.0
(13.4)

35.9
(12.6)

38.8
(12.3)

100
(0.0)

State F,
reader 2

34.0
(12.8)

25.2
(15.8)

52.4
(10.6)

38.8
(14.2)

15.5
(21.4)

45.6
(11.5)

42.7
(12.7)

43.7
(11.9)

34.0
(14.1)

18.4
(19.5)

100
(0.0)
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EFFECTS AND CORRECTION OF AGING BIASES 199

FIGURE 2. Results of regressions of the scale ages of Striped Bass on the otolith ages for fish collected by the VMRC in the Chesapeake Bay and Virginia waters
of the Atlantic from 1999 to 2010. See Figure 1 for more information.
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200 LIAO ET AL.

FIGURE 3. Comparisons of the scale-based and otolith-based catches at age (CAAs) of Striped Bass between 1999 and 2010. The otolith-based CAAs were
converted from the scale-based CAAs using year-specific conversion matrices.
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EFFECTS AND CORRECTION OF AGING BIASES 201

FIGURE 4. Estimates of (a) Striped Bass population size, (b) female spawning stock biomass, (c) fish mortality, and (d) age-1 recruitment from the long base,
long base–corrected, short base, and short base–corrected runs of the SCA model (see text for details).

maximum underestimation of 33% in the long base run for
the female spawning stock biomass occurred in 2000, when
about 90% of the females in the 1993 year-class became mature
(Figure 4b; ASMFC 2011). The magnitude and direction of
difference in the estimates of population abundance, female
spawning stock biomass, and fishing mortality between the short
base and corrected runs were very similar to those between
the long base and corrected runs for the period 1999–2010.
However, the differences in those estimates between the long
and short runs (both base and corrected) were slightly larger
than those between the base and corrected runs (Figure 4a–c),
most likely because of the significantly shorter time series in the
short runs than in the long runs.

The magnitudes of the annual fluctuation in recruitment were
dramatically different between the long base and corrected runs
(Figure 4d). First, recruitment was very low with little annual
fluctuation and similar magnitude between the long base and
corrected runs from 1982 to 1993. Second, recruitment fluctu-
ated more dramatically in the long corrected run than in the

long base run between 1994 and 2004, which resulted from the
strong year-classes being stronger and the weak year-classes
being weaker in the long corrected run. More specifically, the
strong year-classes of 1993, 1996, 2001, and 2003 increased 45,
34, 42, and 40%, respectively, whereas the weak year-classes
of 1994, 1997, 1999, and 2002 decreased 27, 50, 21, and 50%
from the long base to the corrected run. Finally, recruitment in
both runs decreased dramatically, with less annual fluctuation,
from 2005 to 2010. The magnitudes of the annual fluctuation in
recruitment were very similar between the long and short base
runs and between the long and short corrected runs (Figure 4d),
indicating that the length of the time series had less effect on the
estimates of recruitment than on those of population abundance,
female spawning stock biomass, and fishing mortality.

The total RSSs across all years for the CAAs in the long
and short corrected runs were smaller than in the long and short
base runs (Table 3). More specifically, the annual RSSs in 20 of
29 years were smaller in the long corrected run than in the long
base run whereas in 7 of 12 years they were smaller in the short
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202 LIAO ET AL.

TABLE 3. Sums of squared residuals of CAAs for 1982–2010. The terms “long” and “short” refer to the models from 1982 to 2010 and 1999 to 2010,
respectively. The terms “base” and “corrected” are defined in the text; “difference” = the value from the base model less the value from the corrected model.

Long Short

Year Base Corrected Difference Base Corrected Difference

1982 13.1 10.6 2.5
1983 27.3 18.3 9
1984 41.5 24.6 16.9
1985 38.4 25.6 12.8
1986 16.4 9.9 6.5
1987 50.7 34.4 16.3
1988 24.8 16.1 8.7
1989 39 28.2 10.8
1990 16.8 11.7 5.1
1991 17 11.7 5.3
1992 4.7 3.2 1.5
1993 10.9 6.7 4.2
1994 21.7 16.3 5.4
1995 19.7 7.7 12
1996 24.9 27.6 −2.7
1997 27 44.5 −17.5
1998 3.8 22.2 −18.4
1999 10.9 16.1 −5.2 7.3 14.4 −7.1
2000 28.6 18.7 9.9 27.3 13.1 14.2
2001 12.9 11.7 1.2 11.5 10.1 1.4
2002 35.4 20.3 15.1 33.5 15.4 18.1
2003 9 25.4 −16.4 11.6 20.4 −8.8
2004 7.8 16.4 −8.6 6.4 11.9 −5.5
2005 9.6 21.1 −11.5 8.5 18.7 −10.2
2006 12.8 17.6 −4.8 11 14.2 −3.2
2007 19.5 21.7 −2.2 24.4 16.6 7.8
2008 25.6 22.7 2.9 29.1 16.7 12.4
2009 30.4 21.8 8.6 38.1 17.2 20.9
2010 27.5 13.1 14.4 39.3 10.8 28.5
Total 627.7 546.3 81.4 248 179.4 68.6

corrected run than in the short base run (Table 3). The RMSEs
for the total catch were smaller in the long and short corrected
runs than in the long and short base runs (Table 4). The RMSEs
for 7 of 14 indices were smaller in the long corrected run than
in the long base run, and the same change was found between
the short corrected and base runs (Table 4). However, there were
decreases in the RMSEs all four age-specific indices (NY OHS,
NJ trawl, MD SSN, and DE SSN) in the long corrected run and
in 3 of the 4 age-specific indices (NJ trawl, MD SSN, and DE
SSN) in the short corrected run. Interestingly, the uncertainties
in the age composition were larger in the corrected runs (ESS =
172 in the short run and 212 in the long run) than in the base
runs (ESS = 335 in the long run and 393 in the short run).

There were very similar retrospective patterns in the esti-
mates of population abundance and fishing mortality between
the long base and corrected runs (Figure 5). However, the

retrospective pattern was stronger in the fishing mortality
estimates (Mohn’s ρ = 1.252 in the long base run and 1.129
in the long corrected run) than in the population abundance
estimates (Mohn’s ρ = –0.341 in the long base run and –0.344
in the long corrected run). Population abundance in the terminal
year tended to be underestimated (negative Mohn’s ρ), whereas
fishing mortality tended to be overestimated (positive Mohn’s
ρ) in both the long base and corrected runs. However, the
retrospective patterns in the estimates of population abundance
and fishing mortality were more variable in the short base
and corrected runs (Figure 6). The retrospective pattern was
the weakest for population abundance (–0.02) in the short
base run, followed by fishing mortality (0.178) in the short
corrected run, population abundance (0.246) in the short cor-
rected run, and fishing mortality (0.465) in the short base
run.

D
ow

nl
oa

de
d 

by
 [

O
ld

 D
om

in
io

n 
U

ni
ve

rs
ity

] 
at

 0
5:

48
 0

2 
Ja

nu
ar

y 
20

13
 



EFFECTS AND CORRECTION OF AGING BIASES 203

TABLE 4. Root mean square errors for indices and total catch. Abbreviations are as follows: NY = New York, NJ = New Jersey, MD = Maryland, VA =
Virginia, CT = Connecticut, DE = Delaware; MRFSS = Marine Recreational Fisheries Statistics Survey, NEFSC = Northeast Fisheries Science Center, OHS =
ocean haul seine, and SSN = spawning stock number. See Table 3 for more information.

Long Short

Component Base Corrected Difference Base Corrected Difference

Total catch 1.04 0.85 0.20 0.41 0.07 0.34
NY, age 0 7.96 8.56 −0.60 6.80 7.20 −0.40
NJ, age 0 2.89 3.54 −0.65 3.04 3.65 −0.61
MD, age 0 4.01 4.08 −0.07 3.25 3.00 0.25
VA, age 0 4.10 4.51 −0.40 3.87 4.20 −0.32
NY, age 1 2.50 3.11 −0.61 2.37 3.19 −0.82
MD, age 1 2.47 2.24 0.23 2.13 1.65 0.47
MRFSS 1.56 1.51 0.05 2.19 2.14 0.06
CT CPUE 2.15 2.18 −0.03 2.34 2.36 −0.03
NEFSC 2.37 2.43 −0.06 2.40 2.44 −0.04
CT trawl 2.78 3.17 −0.38 2.93 3.42 −0.49
NY OHS 6.29 6.16 0.14 2.19 2.21 −0.01
NJ trawl 2.32 2.27 0.05 2.83 2.81 0.02
MD SSN 3.03 3.00 0.03 1.30 1.24 0.06
DE SSN 2.70 2.49 0.21 1.55 1.54 0.01

DISCUSSION
Following Secor et al.’s (1995b) validation work on scale and

otolith aging for Striped Bass, our study enhanced validation
by taking advantage of the larger sample size and the broader
age range of known-age Striped Bass collected for more than
a decade. Our results are consistent with those of Secor et al.
(1995); otoliths provided more accurate and precise age esti-
mates for Striped Bass, whereas scales overestimated the ages
of younger fish and underestimated the ages of older fish. The
overestimation for younger fish is probably due to the misin-
terpretation of false annuli on the scales of those fish and the
underestimation for older fish to the difficulty of interpreting nar-
row annuli on the peripheral fields of older scales (Barnes and
Power 1984; Lowerre-Barbieri et al. 1994; Secor et al. 1995b).

The low agreements and CVs between readers found in this
study and the 2003 ASMFC aging workshop indicate that it is
very difficult to obtain accurate estimates of Striped Bass ages
with their scales and emphasize the necessity and importance
of correction for the aging bias inherent in scale age data. Most
importantly, our validation with the true ages provides evidence
that the otolith ages of Striped Bass have much smaller errors
than the scale ages. Therefore, our validation of otolith aging
allows us to quantify the effects of aging bias in the scale ages
on the SCA stock assessment of Atlantic Striped Bass.

The ability of CAA to track the temporal progression of
year-classes plays a crucial role in determining the reliability
of population parameter estimates in stock assessment (Megrey
1989). Our study found that the otolith ages of Striped Bass are
incomparably superior to the scale ages in tracking year-class
progression. Aging bias erroneously assigns fish to adjoining

year-classes and results in the strong cohort appearing weaker
and the weak cohort stronger (Bradford 1991). As a result, a sub-
stantial amount of information on cohort progression could be
lost in the scale-based CAAs and the SCA model would provide
biased estimates of the population parameters for Striped Bass.
In contrast, otolith-based CAAs permit the SCA to model cohort
progress more accurately. Likewise, the SCA is better able to
predict future declines in a timely fashion should these occur.

A simulation study is an effective tool with which to explore
the relationships between aging bias and the estimation of pop-
ulation parameters in general. Heery and Berkson (2009) found
that when length frequency was biased toward small fish fish-
ing mortality would be overestimated and thus fisheries policy
would be more restrictive than necessary. Yule et al. (2008) used
otolith ages as the reference and simulated scale ages to quantify
the effects of aging bias in scale ages on the stock assessment of
Ciscoes Coregonus artedi. They concluded that underestimation
of Cisco ages could be responsible for the collapse of these fish-
eries in Lake Superior. Reeves (2003) reported that aging bias
could significantly influence catch forecasts and management
advice, such as total allowable catch and effective fishing mor-
tality. Bradford (1991) warned that aging bias not only caused
biased estimates of recruitment but also masked environmental
effects on recruitment. Using Monte Carlo simulation, Lai and
Gunderson (1987) reported that aging bias could result in biased
estimates of length at age and further change estimates of the
age composition in a Walleye Pollock Theragra chalcogramma
population, accounting for biased estimates of its population
parameters. However, no simulation studies were capable of
quantifying the actual aging bias embedded in a particular set
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204 LIAO ET AL.

FIGURE 5. Retrospective analyses of the estimates of population size from (a) the long base and (b) long base–corrected runs of the SCA model and those of
fishing mortality from (c) the long base and (d) long base–corrected runs. The data for 2010 are from the full time series and those for the years before 2010 from
reduced time series. The years on the x-axis are those for which N was estimated from a time series.

of age data used for stock assessment. As a result, fisheries
scientists still face challenges in assessing the effects of aging
bias on estimates of population parameters derived from an on-
going stock assessment. Our study specifically targeted those
challenges using paired otolith and scale ages from the same
specimens with reasonable sample sizes across multiple years.

The comparisons between the long base and corrected runs
and between the short base and corrected runs quantified the
effects of aging bias in terms of underestimation of population
abundance and spawning stock biomass, overestimation of fish-
ing mortality, and fluctuation of recruitment over time. Such
quantification is especially important when the estimate of a
parameter in the terminal year plays a crucial role in fisheries
management. The 2011 stock assessment with the long base
run concluded that Striped Bass were not overfished and that
overfishing was not occurring (ASMFC 2011). At this time,
the estimates of female spawning biomass and fishing mortality
for the terminal year from both the long base and corrected runs

are above and below their thresholds, respectively. Therefore, no
immediate management actions are required. However, it would
be challenging to the management of Striped Bass if the thresh-
olds had fallen between the estimates of a population parameter
from the two runs. This once again emphasizes the importance
of quantifying aging bias in an age-structured stock assessment.

There was minimal difference between the estimates of re-
cruitment from the long and short runs. Therefore, we will focus
our discussion only on the differences between the base and cor-
rected runs. The low recruitment before 1994 and after 2003 may
be responsible for the smaller differences in estimated recruit-
ment between the base and corrected runs, indicating that the
SCA may not be able to detect the effects of aging bias on recruit-
ment estimates when recruitment is low and more constant over
time. During the period 1994–2003, when recruitment was high
and variable, both runs were able to identify strong and weak re-
cruitment well. However, the base run tended to make strong re-
cruitment appear weaker and weak recruitment appear stronger
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EFFECTS AND CORRECTION OF AGING BIASES 205

FIGURE 6. Retrospective analyses of the estimates of population size from (a) the short base and (b) short base–corrected runs of the SCA model and those of
fishing mortality from (c) the short base and (d) short base–corrected runs. See Figure 5 for more information.

because of the aging bias. Bradford (1991) reported that aging
biases could significantly reduce the variance in recruitment in
sequential population analysis. Our result is not only consis-
tent with Bradford’s study (1991) but also indicates that age-
structured models such as the SCA can be made more sensitive
to a sudden change in recruitment (recovery or failure) between
years by correcting the aging bias embedded in the input data.

The aging bias induced by scale ages could result in two
opposite possibilities in Atlantic Striped Bass stock assessment
and management. When the Striped Bass population was recov-
ering from depletion, the underestimation of abundance, female
spawning stock biomass, and the first strong recruitment could
have resulted in management advice which allowed the popula-
tion to have more time to recover in 1980s and early 1990s before
exploitation occurred. However, once the population was com-
pletely restored by the mid-1990s, management advice based
on such biased estimates of population parameters would have
unnecessarily constrained Striped Bass harvests.

The correction of aging bias influenced the results of the
SCA modeling. First, the smaller RMSEs for the total catch and
age-specific indices and the smaller RSSs for most of the CAAs
in the long and short corrected runs indicated that correction of
aging bias could improve the model fit of age-specific modeling
components. However, the model fit of those non-age-specific
indices was not relevant to the correction of aging bias with an
increase of the RMSEs for some indices and a decrease for the
others in the long and short corrected runs. Second, we found
that the retrospective patterns were more consistent between
the long base and corrected runs than between the short base
and corrected runs. We believe that the length of time series
input data makes a more significant contribution to the retro-
spective pattern than does aging bias in the SCA modeling. In
addition, Cadigan and Farrell (2005) reported that several fac-
tors (such as natural mortality) rather than biases in catch-at-age
data could cause retrospective patterns in age-structured popula-
tion analysis. Finally, the age composition was subject to larger
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uncertainties in the corrected runs than in the base runs. How-
ever, such an increase of uncertainty in the corrected runs is not
necessarily due to aging error because uncertainty in age com-
position in age-structured modeling can also be due to measure-
ment error, observation error, process error, and model specifi-
cation error (Hulson et al. 2012). It is not clear at this point what
errors caused the increase in uncertainty in the corrected runs.

Three concerns raised in this study may deserve more
attention in future stock assessments. First, a composite 13 +
age-group is used in Atlantic Striped Bass stock assessments
because scale ages older than 13 are unreliable (ASMFC 2008).
Because the purpose of this study was to examine the effects
of aging bias instead of the effects of different age-groups, we
made a parallel comparison by keeping the same 13+ age-group
in all the runs. However, our study indicates that otolith ages are
reliable up to age 19. Therefore, future stock assessments may
explore a variety of plus age-groups (up to 19 + ) and identify
the one that provides the most reliable estimates of population
parameters in the SCA modeling. Second, although the Striped
Bass aging workshops suggest that there is no spatial variation
in the relationship between scale and otolith ages among states
(ASMFC 2003; Hoover and Sharov 2009), we believe that direct
comparison of the conversion matrices developed by different
states will enhance understanding of how our empirical method
works and how stock assessments can be improved. Finally, the
short time series of CAA resulted in much higher estimates of
population abundance and spawning stock biomass and lower
fishing mortality in the short base and corrected runs than in the
long base and corrected runs. These differences are not relevant
to the correction of aging bias but could have a significant
influence on stock assessment and fisheries management.
Therefore, it may be necessary for stock assessment scientists
to evaluate the effect of the length of the time series on estimates
of population parameters in an age-structured model.

Our study is the first to empirically quantify the effects
of aging bias on an ongoing stock assessment (Striped Bass
fisheries on the Atlantic coast) using real data sets (paired scale
and otolith ages from each specimen). When more accurate age
estimates are limited temporally, spatially, and financially, aging
bias correction can be used to improve age-specific input data
for an age-structured model. More reliable management advice
and policies will then be possible.
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