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Abstract.—A stock assessment of Atlantic striped bass Morone saxatilis was presented to illustrate
potential sources of uncertainty in application of an age-based population model. Erroneous conclusions
in stock assessment can result from incorrect model selection, input data that are not representative of
the target population, and improper configuration of the selected model. Influence of incorrect input data
and model configuration was investigated using striped bass catch-at-age data analyzed with a tuned
virtual population analysis model (ADAPT VPA). Variations in model configurations were explored
in addition to sensitivity to input parameters such as natural mortality. Violation of the assumption of
constant natural mortality-at-age had a significant influence on the resulting estimates of F and stock
size. Discard losses, particularly from the commercial fishery, were the largest source of uncertainty
in the catch-at-age. Uncertainty due to process error in the VPA model was characterized by bootstrap
realizations of the nonlinear least-squares estimates of fishing mortality. The implications associated
with fishing at various Fs were also examined using a stochastic projection model. A comparison of
fishing mortality estimates derived from two independent models, an age-structured population model
and a tag-recovery model, indicated that both methods produced equivalent results. Evaluation of the
striped bass stock assessment demonstrates that uncertainty could result from a variety of sources but this
variability was only partially captured within the model framework. Understanding the possible sources
of uncertainty and implications in interpreting model results should benefit the analyst in providing
assessment advice to managers.

Introduction

The decline in marine fish stocks in the United States
over the last decade has been well documented
(Clark 1998; NMFS 1999). Despite increasing ef-
forts to adopt more stringent management measures,
relatively few examples exist where marine fish po-
pulations have recovered to predecline levels (Mace
1997). The Atlantic striped bass Morone saxatilis
is one exception. Through aggressive management
of commercial and recreational fisheries, improved
habitat and good fortune, striped bass abundance
has returned to levels comparable to the predecline
period of the 1960s. By 1995, the Atlantic States
Marine Fisheries Commission (ASMFC) Striped
Bass Management Board declared, based on the rec-
ommendation of the ASMFC Striped Bass Technical
Committee, that spawning stock biomass was at high
enough levels that striped bass should be considered
recovered. Restoration of striped bass, particularly
the Chesapeake Bay stock, was an important
accomplishment for fishery managers. Maintaining
stock biomass at a self-sustaining level in the face of
increasing fishing pressure on the resource may be
even more challenging. This formidable task is de-
pendent on adequate stock assessment information
and an understanding by managers of uncertainty in
those results as an element of decision making.

Coastal migratory Atlantic striped bass origi-
nate in the Chesapeake Bay and its tributaries, the
Hudson River and the Delaware River. The stock
from the Roanoke River/Albermarle Sound is be-
lieved to contribute insignificant numbers to the
coastal migratory group at the present time. Despite
many attempts to develop methods for stock deli-
neation within the mixed coastal stock, stock identifi-
cation techniques have not provided a high degree of
correct categorization (Waldman and Fabrizio 1994;
Waldman et al. 1997; Wirgin et al. 1997). Con-
sequently, the fishery management plan and stock
assessment considered the entire mixed stock migra-
tory group as a single unit stock.

Striped bass have been subjected to manage-
ment regulations since the time of the early settlers
in New England. Concerns about overfishing along
the New England coast were expressed as early as
the 1700s (Bigelow and Schroeder 1953). More re-
cently, declining striped bass abundance in the 1930s
was the impetus for development of the ASMFC in
1942. The commission was organized to provide a
compact among Atlantic coastal states to coopera-
tively manage coastal migratory stocks. The col-
lapse of striped bass stocks in Chesapeake Bay dur-
ing the late 1970s marked the beginning of state
and federal efforts to restore the stocks to sustain-
able levels. These efforts culminated in the closure
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of striped bass fisheries in Maryland in 1985 and
most other jurisdictions by 1989 (Richards and Deuel
1987). However, the fishery management plan (FMP)
was structured with a regulatory mechanism that al-
lowed a reopening of the fishery if above average
recruitment occurred. The time-series average in the
Maryland juvenile index (the mean number per
tow of age-0 striped bass from a seine survey of
Maryland estuaries begun in 1954) was exceeded in
1989, which led to a reopening of the fishery in 1990.
However, strict management regulations were imple-
mented that maintained large minimum sizes and a
target instantaneous fishing mortality rate (F) at one
half Fmsy (0.38) (Field 1998). Populations of striped
bass continued to rebuild and in 1993 and 1996 pro-
duced the two largest year classes in the time-series
of juvenile indices.

A virtual (sequential) population analysis
(VPA) of Atlantic striped bass was developed in
1997 as part of the ongoing work of the ASMFC
Striped Bass Technical Committee (Shepherd and
Lazar 1998). Previously, conclusions about the sta-
tus of the stock were based on tagging conducted by
state agencies and coordinated through the U.S. Fish
and Wildlife Service (Young-Dubovsky et al. 1996).
Although the tagging results provided useful infor-
mation on survival rates, the type of information re-
sulting from tagging studies was not sufficient to sup-
port various management requirements. Analysis of
catch-at-age data with a VPA integrated catch, length
and age data into year specific mortality and abun-
dance estimates, beginning in 1982. These results
provided the necessary information for managers to
begin quota-based regulations of the entire coastal
stock, as recommended in the FMP (ASMFC 1995).

Development of the VPA began with a compi-
lation of available aging data, catch data and indices
of abundance for the area between Maine and North
Carolina. The assembled catch-at-age matrix was
evaluated using the ADAPT method for virtual popu-
lation analysis (Conser and Powers 1990; Gavaris
1988). The results of the analysis were reviewed and
accepted during the 26th Northeast Fisheries Science
Center Stock Assessment Workshop (NEFSC 1998).
More detailed results are contained in the ASMFC
Striped Bass Source document and the proceedings
of the 26th Stock Assessment Workshop (Shepherd
and Lazar 1998; NEFSC 1998).

The level of uncertainty in stock assessments
depends on model selection and the quality of input
data (Hilborn 1997). There are a variety of age-
structured population models appropriate for asses-
sing fish stocks, each with its own inherent suite of

biases and assumptions (Megrey 1989). The intent
of this paper is to explore the sources of uncertainty
in the striped bass assessment associated with deve-
lopment of input data and model configuration within
the ADAPT VPA framework.

Data Input

Commercial catch

Accuracy of the catch data were the first consider-
ation in analysis of the catch-at-age matrix. Striped
bass commercial landings data were least reliable
during the period 1982–1990 when landings were
collected by the National Marine Fisheries Service
(NMFS) from records of fish dealers. Commercial
striped bass fisheries were primarily small day-boat
operations and were more likely to be missed or
under-reported in the NMFS reporting system com-
pared with landings in major ports. Since 1990, state
agencies were responsible for monitoring striped
bass landings and the methods more effectively sam-
pled small dealers. In most states, licensed com-
mercial fishermen were issued a limited number of
locking jaw tags and these tags were required on
each fish sold. This system provided essentially a
census of the total number of striped bass landed.
In states without tagging systems, reporting by li-
censed fishermen was required and strictly enforced.
Landings were reported as numbers of fish and eli-
minated the error associated with converting landed
weight to number using length frequency data and
length-weight conversions. The strict regulations,
limited quotas, and census-type reporting methods
for landings increased the likelihood that commercial
striped bass landings were relatively precise compo-
nents of the catch matrix in recent years.

Commercial discards were the area of greatest
uncertainty in the catch-at-age matrix. Limited quo-
tas and increasing striped bass abundance raised the
likelihood that a variety of fisheries would catch but
discard striped bass. Sea sampling data were limited
and expansion of sea sample data to total discard es-
timates required information on effort or some other
measure across all fleets that may intercept striped
bass. The problem was compounded by the large
and diverse set of fleets that potentially catch striped
bass owing to the dynamics of striped bass migra-
tions. An alternative source of information avail-
able since 1987 was tag return data that contained
information on the disposition of the fish. Total
commercial bycatch discards were estimated us-
ing the ratio of commercial to recreational discards
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determined from tag returns. The ratio was ex-
panded using total recreational discards estimated by
the Marine Recreational Fisheries Statistics Survey
(MRFSS) program. Tag reporting rate was assumed
equivalent, although it is likely commercial report-
ing was lower. Total commercial discards were extra-
polated for the period prior to the tagging programs
using the trend in ratios from adjacent years. The
proportion of discards by gear type was derived from
tag recoveries, and gear specific survival rates were
applied to discarded fish. Total estimated commer-
cial discards followed expected trends over the time
series. In the years with small minimum sizes and
no quotas, discards were low but as the regulations
were tightened and stock abundance increased, total
discards also increased. Since 1994, higher discards
followed years with large recruiting year classes.
Several state marine fishery agencies had previously
attempted to estimate discards in local fisheries us-
ing a combination of sea sample data and survey
data. The sum of these estimates was comparable to
the expanded tagging estimates. There were no ex-
pectations that the discard estimates would have a
high degree of accuracy. However, since commer-
cial bycatch was known to exist, an effort was made
to incorporate that source of mortality to reduce a
potentially significant source of bias.

Recreational catch

The MRFSS produced estimates of striped bass
recreational catch and proportional standard errors
since1982. Estimates were derived from expansion
of survey results rather than the census approach used
for commercial landing estimates. Total recreational
landings declined steadily from 1982 to 1989. De-
spite the consistent trend in the total landing esti-
mates, state specific landings were variable among
years. For example, Virginia showed no recreational
striped bass landings in 1982, 1983, and 1985 while
the neighboring state of Maryland had significant
landings. Landings in other year/state combinations,
such as New Jersey in 1983, were three to four times
greater than adjacent years. Associated with the re-
opening of fisheries in 1990 was a responsibility by
states to collect additional recreational data. States
with substantial recreational landings were required
under the FMP to achieve a proportional standard
error in their MRFSS estimate of 20% or less, which
was accomplished by increasing the sample size
of interviews. Consequently, total catch estimates
became more precise and consistent since 1990.
Recreational fisheries in the Hudson River were not

included in the MRFSS program and were estimated
by surveys conducted by the state of New York. The
use of state specific landings rather than regional es-
timates in the development of a landings-at-age ma-
trix prior to 1990 likely increased the variance in the
analysis.

The MRFSS program was also the source for
estimates of recreational discards. An assumption in
the total discard estimate was that each release repre-
sented a unique fish. It was evident from examining
tagging data that multiple recaptures of some fish
occur during the year. The extent of double count-
ing in the discard estimate is currently being investi-
gated. Field experiments concluded that an average
of 8% of released striped bass die due to hooking
mortality (Diodati and Richards 1996). Although it
has been shown that discard mortality varies by wa-
ter temperature, terminal gear type, handling time,
and a variety of other factors, the average rate (8%)
was applied to total annual discard estimates.

Length data

Expansion of catch into length categories required
representative samples by time, area and fishing
gear. Commercial landings were divided into semi-
annual periods and length frequencies matched to
fisheries by time and area cells whenever possible.
Generally, the length data were adequate, with an
average of 5% of landed fish measured. Smaller
fisheries, such as fyke nets, tended to be poorly
represented but since they contributed little to the
total catch the consequences were minimal. The op-
portunity for collecting length frequency data from
landings improved after 1995 as commercial quotas
increased.

Length data for commercial discards were gene-
rally inadequate. Lengths of discarded striped bass
in directed and nondirected commercial fisheries
were expanded based on limited sea sampling or
length frequencies of sub-legal size fish collected
in fisheries independent surveys using comparable
gear.

The number of length samples from recreational
fisheries increased in recent years as states added
larger numbers of samples to the intercept portion of
the MRFSS survey. Since 1990, the MRFSS data
have also been supplemented by information col-
lected by volunteer fishermen. The length distribu-
tions of fish collected by volunteer anglers were as-
sumed to be representative of recreational catches in
that time and area. Length data to characterize dis-
cards were provided by anglers participating in a tag
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and release program managed by the American
Littoral Society (Boreman and Lewis 1987). Since
these fish were tagged and released by recreational
anglers, they were by definition equivalent to the dis-
carded (B2) fish in the MRFSS. Additional length
data of discards were collected by volunteer fisher-
men from several states. The overall number of
lengths available for recreational fisheries far ex-
ceeded the commercial data. In 1996, the recreational
catch was expanded based on lengths of 11,240
landed and 19,303 discarded striped bass.

Catch at age

Uncertainty in the catch-at-age data are not incor-
porated into the ADAPT VPA model, however sen-
sitivity to error in the catch data can be evaluated.
Bias in commercial landings data are almost always
a result of underestimating rather than overestimat-
ing the catch. Recreational catch estimates from sur-
vey results could be either under- or overestimated.
The error in the striped bass catch-at-age matrix
was likely most severe in the 1982–1989 period
when sampling was not dictated by the FMP. Annual
catch estimates for this period were varied ±50% to
examine the influence on terminal year estimates of
abundance and fishing mortality (Table 1). If catch
were underestimated by 50%, the terminal year es-
timate of fishing mortality would be underestimated
by 12% (0.03) and abundance by 12% (4.8 million).
In contrast, if catch were overestimated by 50%, the
terminal year F would be overestimated by 15%
(0.05) and abundance by 13% (5.2 million). Nume-
rous combinations of catch error could be explored
but it is clear that catch for the first half of the time
series would have to be severely misestimated to sig-
nificantly impact F and N in the terminal year.

Both the catch data and tuning indices were cate-
gorized into ages using age-length keys. Semiannual
age keys were compiled and divided into five geo-
graphic areas. All ages were determined from scales,
which may have introduced error into the analy-
sis. Aging error for scales increase beyond age 12,
with scales biased toward underestimation of true
age (Secor et al. 1995). However, an evaluation of
scale ages using known age fish captured in New
York (hatchery fish recovered with coded wire tags)
showed a 90% agreement up to age 12 (Vecchio
and O’Riordan 1999). A catch-at-age matrix with
a 15+ category reduced the impact of aging error
in older fish but undoubtedly some element of age
error contributed to uncertainty in the assessment
results.

The catch-at-age matrix from 1982 to 1997 is
provided in Table 2.

Model Development

The ADAPT model framework was chosen for the
striped bass assessment because of the flexibility it
provided in evaluating a large set of abundance in-
dices. This model assumes error in the indices is
greater than in the catch-at-age matrix. Since the tun-
ing indices were from multiple stocks and a variety
of sampling designs, the assumption seemed reason-
able. Initial configuration of the model included a
matrix of 16 years × 15 ages and 108 potential age
specific tuning indices. The catch-at-age matrix was
restricted to 14 age groups with a 15+ category. Dur-
ing the late 1980s and early 1990s the minimum size
in some coastal states was 91 cm (36′′). Therefore any
truncation of the matrix below age-14 would have in-
corporated a large percentage of the catch from the
coastal recreational fisheries into the plus category,
the age group that tends to be most poorly estimated
in the model.

Tuning indices

The ADAPT model requires auxiliary abundance
data for estimating population size. The striped bass
assessment was unusual in the amount of informa-
tion available, particularly juvenile indices. Each of
the three stocks had long time series of surveys de-
signed to measure juvenile abundance. The indices
in the Hudson River were strongly correlated to
abundance-at-age one measured in surveys of Long
Island nursery areas (McKown 1992). Juvenile in-
dices for the Maryland portion of the Chesapeake
Bay were validated using relative abundance-at-
age in subsequent commercial landings (Goodyear
1985). Juvenile surveys were also available from the
Delaware River (Rago et al. 1995) and the Virginia
portion of Chesapeake Bay (Rago et al. 1995). Al-
though annual variance estimates were available for
all these indices they were not incorporated into the
tuning procedure.

Time series of fishery independent surveys
designed to measure relative abundance of adult
striped bass were available for the Maryland por-
tion of Chesapeake Bay and coastal New York. The
Maryland survey used a multiple meshsize gill net
and the CPUE was adjusted for selectivity in dif-
ferent panels of the net (Helser et al. 1998; Helser
and Waller 1999). The New York survey used a
commercial haul seine deployed from beaches in
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TABLE 2. Striped bass catch-at-age (000s); 1982–1997.

Age

Year 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15+ Total

1982 1.8 105.6 256.8 221.0 58.5 19.2 24.3 16.8 11.7 10.6 11.0 13.7 3.4 4.1 8.1 2300.4
1983 3.6 110.4 178.4 193.3 150.3 39.4 18.7 4.1 2.9 3.7 4.6 5.7 4.9 4.1 4.6 2185.8
1984 5.6 543.1 303.0 82.7 60.6 51.9 18.4 4.7 2.1 2.1 0.7 0.3 2.2 4.3 4.7 3259.2
1985 1.3 72.6 102.1 40.6 58.8 43.2 43.6 17.3 6.4 3.4 1.0 0.8 0.5 0.9 8.9 1204.4
1986 11.4 21.1 64.0 133.0 50.0 32.1 20.4 24.1 9.2 5.3 3.4 1.6 0.9 2.5 6.7 1157.1
1987 1.4 11.1 38.0 51.8 67.6 25.2 13.3 6.6 6.5 3.0 1.5 2.0 3.4 2.1 7.7 723.2
1988 2.6 30.8 42.5 63.9 106.3 97.4 40.6 24.6 14.0 5.8 3.7 3.2 2.4 3.0 4.1 1334.6
1989 0.8 36.8 80.7 69.0 105.7 95.9 46.1 21.2 10.5 3.8 3.3 2.0 1.9 1.6 5.4 1454.4
1990 2.7 54.4 135.9 203.4 181.6 174.3 111.9 75.6 24.3 8.6 6.0 4.0 4.9 4.2 7.6 2998.2
1991 1.9 77.9 152.7 217.4 165.7 103.4 95.3 87.6 62.9 25.7 14.8 3.0 2.8 3.5 17.7 3097.3
1992 3.3 51.1 216.7 201.3 188.2 113.8 65.7 73.6 64.3 49.4 10.2 4.5 1.9 5.5 10.4 3180.0
1993 0.3 76.1 197.6 344.0 299.9 194.0 90.1 71.5 89.6 83.2 45.0 10.2 5.0 1.3 13.0 4562.1
1994 5.7 146.1 350.5 291.7 368.8 233.0 135.8 87.1 100.4 81.4 36.2 22.4 3.4 1.5 9.8 5621.3
1995 3.7 414.7 446.9 438.1 385.7 461.9 201.2 186.1 147.9 86.4 50.8 16.1 9.3 1.9 3.3 8561.9
1996 0.5 98.8 659.5 666.4 552.0 476.9 457.2 217.7 143.3 71.7 44.2 48.3 13.2 4.7 2.6 10371.3
1997 2.5 287.3 487.3 849.5 618.7 598.6 415.6 382.6 207.9 125.7 61.8 30.9 13.0 7.9 5.1 12283.6

southeastern Long Island. A source of uncertainty
in this and all surveys is whether the survey gear
captures fish proportional to stock size. It has been
suggested that haul seine catches were biased to-
ward small fish, but there were no data available to
evaluate this potential bias. Other tuning indices in
the model were derived from fishery dependent data.
These included Hudson River shad gill-net CPUE,
hook-and-line CPUE from Massachusetts commer-
cial fisheries, and CPUE of Connecticut volunteer
recreational fishermen.

Selection of the final tuning indices was based
on the diagnostics from the VPA including CVs of
N , mean square residuals, and partial variance es-
timates of indices. Indices with relatively high CVs
were rejected. Time trended patterns in the residuals
from stock specific indices were not considered in
the diagnostics because of the mixed stock nature of

TABLE 3. Indices used in tuning the striped bass virtual population analysis. Age-0 indices advanced 1 year
and 1 age in tuning procedure.

Age

Data Source 0 1 2 3 4 5 6 7 8 to 15+
MA commercial CPUE X
CT recreational CPUE X X X X X X X
Hudson River seine survey X
Hudson shad fishery CPUE X X X
Long Island seine survey X
NY ocean haul seine survey X X X X
New Jersey seine survey X
Delaware seine survey X
MD spawning stock survey X X X X X X X
Maryland seine survey X X
Virginia seine survey X

the catch data. If a residual pattern existed, it may
have been the result of changes in the contribution of
that stock component over time relative to combined
stock abundance. A total of 57 age-specific indices
were chosen for inclusion into the model (Table 3;
Appendix I).

Model configuration

The ADAPT software used in the striped bass
assessment allowed evaluation of various model
configurations that had important implications for
the results. Some important choices included the use
of constant or age-specific natural mortality (M);
the assumption of a flat-topped or dome-shaped
partial recruitment (PR) vector; use of reweighting
algorithms for tuning indices; whether indices are
tuned to population size at 1 January or 1 July; the
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TABLE 4. Effect of variable age-1 natural mortality
(M ) on striped bass virtual population analysis abundance
at age estimates (000s) for 1998.

M

Age 0.2 0.3 0.45 0.6

1 7767 8583 9972 11585
2 11605 11605 11605 11605
3 4833 4833 4833 4833
4 4567 4567 4567 4567
5 6633 6633 6633 6633
6 1843 1843 1843 1843
7 735 735 735 735
8 773 773 773 773
9 847 847 847 847

10 453 453 453 453
11 228 228 228 228
12 140 140 140 140
13 78 78 78 78
14 81 81 81 81
15+ 31 31 31 31

criteria used to identify age at full recruitment to the
fishery; and the calculation of F using a weighted or
unweighted average across ages groups.

As with all assessments, natural mortality was
one of the more elusive parameters in the model.
The null hypothesis was an M that resulted in ap-
proximately 5% of a cohort surviving to maximum
age. Maximum age was defined as 20 years, although
some evidence suggested a higher maximum age
was possible (Secor et al. 1995). Striped bass were
assessed using a constant M of 0.15. An alterna-
tive hypothesis examined was the use of age specific
values of M . Some evidence from field studies sug-
gested natural mortality on juvenile and age one
fish could be higher due to predation (Buckel et al.
1999). Beyond that age, the size of striped bass
likely reduced their vulnerability to predation. In-
creasing the value of M on age-1 increased the abun-
dance estimates of recruits but had no effect on esti-
mates of fully recruited fishing mortality (ages 4–13)
(Tables 4–6).

The consequences of misspecifying M in a se-
quential population analysis have been well docu-
mented (Mertz and Meyers 1997; Hilden 1988;
Lapointe et al. 1989; Sims 1984). The impact of alter-
native Ms of 0.1, 0.2, 0.25, or 0.3 on the striped bass
VPA results were examined. An M of 0.1 resulted
in a decreased abundance estimate and an increased
F in the terminal year while higher Ms resulted
in higher estimates of N and lower Fs (Figures 1
and 2). The bias created by misspecification of M
also increases with greater variability in F (Mertz
and Meyers 1997). A change in M caused a similar

TABLE 5. Effect of variable age-1 natural mortality
(M ) on striped bass virtual population analysis estimate
of fishing mortality at age for 1997.

M

Age 0.2 0.3 0.45 0.6

1 0.0 0.0 0.0 0.0
2 0.05 0.05 0.05 0.05
3 0.09 0.09 0.09 0.09
4 0.11 0.11 0.11 0.11
5 0.27 0.27 0.27 0.27
6 0.56 0.56 0.56 0.56
7 0.40 0.40 0.40 0.40
8 0.35 0.35 0.35 0.35
9 0.35 0.35 0.35 0.35

11 0.41 0.41 0.41 0.41
11 0.34 0.34 0.34 0.34
12 0.31 0.31 0.31 0.31
13 0.14 0.14 0.14 0.14
14 0.33 0.33 0.33 0.33
15+ 0.33 0.33 0.33 0.33

directional change in the biological reference point
(i.e., higher M resulted in higher value for Fmsy).
Therefore, if the constant M used in the assessment
is greater than the “true” value there may be an in-
creased risk of exceeding the biological reference
point.

Identification of the age at full recruitment to
the fishery has important implications in defining
fully recruited F and development of biological ref-
erence points. One approach to calculation of partial
recruitment to the fishery is the relationship between
the highest F among ages and age specific Fs. For

TABLE 6. Effect of variable age-1 natural mortality
(M ) on striped bass virtual population analysis abun-
dance at age estimates (000s) for 1982–1998.

M

Year 0.2 0.3 0.45 0.6

1982 1452 1605 1864 2166
1983 2888 3192 3708 4307
1984 2534 2800 3253 3779
1985 3267 3611 4195 4874
1986 2913 3219 3739 4343
1987 3626 4007 4656 5409
1988 4646 5134 5965 6930
1989 5727 6330 7354 8544
1990 8388 9270 10770 12513
1991 6311 6974 8103 9414
1992 5894 6513 7567 8791
1993 7440 8223 9553 11099
1994 15777 17436 20257 23534
1995 8409 9293 10797 12543
1996 7237 7998 9292 10795
1997 14178 15668 18203 21148
1998 7767 8583 9972 11585
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FIGURE 1. The impact of varying levels of instantaneous natural mortality (M ) on virtual population analysis
estimates of striped bass abundance (millions, age 1+).

FIGURE 2. The impact of varying levels of instantaneous natural mortality (M ) on estimate of average
(unweighted) age 4–13 fishing mortality from virtual population analysis estimate for striped bass.
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instance, if F at age 10 were the highest at 0.3 and
F at age 4 was 0.15, then the partial recruitment at
age 10 would be 1.0 and age 4 would be 0.5. An alter-
native approach was to use the age of maximum catch
in the annual catch vectors. Depending on year class
strength the maximum catch could occur at a signif-
icantly different age than the model calculation. For
striped bass, the age at maximum catch was chosen to
characterize age at full recruitment. The model cal-
culations of partial recruitment reflected changes in
the fishery regulations throughout the time series but
were not used in calculation. The selection of age at
full recruitment particularly affected calculation of
fully recruited F in those years where the maximum
catch occurred at ages 3 or 4 while the model PR
equaled 1.0 at ages 8–10.

The shape of the partial recruitment curve
also has important implications in the estimate of
biological reference points. In the striped bass as-
sessment a flat-topped PR at age vector was used in
calculation of Fmsy. The ADAPT VPA model does
not use the partial recruitment values if the entire
suite of Fs at age in the terminal year are estimated,
as was the case in striped bass. However, if the true
selectivity pattern was best defined by a dome shaped
partial recruitment vector, the estimate of Fmsy would
be incorrect. The consequence could be allowable le-
vels of fishing mortality that would not maintain an
optimal level of spawning stock biomass.

Fully recruited F can also be calculated in seve-
ral ways. Average fishing mortality could be an
average of Fs on fully recruited fish or an aver-
age weighted by abundance or biomass. With a flat
topped PR, all age classes were assumed to be fully
recruited, therefore the associated Fs contributed
equally to the total fishing mortality. The unweighted
average F in 1997 is 0.33. The alternative was an
average weighted by abundance-at-age; the fully re-
cruited F in 1997 weighted by N was 0.24. The two
approaches gave different results due to the presence
of some large year classes that experienced low fish-
ing mortality. The influence of the 1993 year class
resulted in an overall weighted F lower than if the as-
sumption were made that all fully recruited Fs were
equivalent. The two estimates of F have different im-
plications in comparison to the target fishing mortal-
ity of 0.31. A weighted average would downweight
several older cohorts that were at or above the tar-
get F . An increase in mortality to attain the target F
would subject these cohorts to an increased risk of
overfishing. An unweighted average F was chosen
to represent the fully recruited fishing mortality in
striped bass. The use of this estimate may reduce the

risk of increased mortality on cohorts already at or
above the target.

Tuning indices in the model can be defined to
reflect population abundance at either the beginning
or middle of the year. Since the indices were not
measured on 1 January or 1 July, the assumption was
made that mortality was insignificant between the
time the indices were collected and the tuning date.
For instance, if indices were collected in October
and a major fishery occurred in November, different
levels of mortality could create an annual index that
may not reflect population abundance as of 1 January.
In the striped bass model all indices were tuned to
population abundance on 1 January.

Iterative reweighting of the tuning indices is an
option within the ADAPT framework and was used
for the striped bass model. Re-weighting is done by
weighting the relative contribution of an index by the
inverse of its partial variance in minimizing the mo-
dels objective function. Ideally, stock identification
methods would distinguish among stocks in the
coastal fisheries and the relative contribution of each
stock could be used to weight stock specific indices.
Since stock information was not available and the
stock contributions were assumed to be unequal,
the model was allowed to weight the indices based
on relative fit to the total catch-at-age data. If an-
nual production in all stocks was equivalent and re-
flected by the indices, then reweighting would have
little impact. In striped bass, the relative contribu-
tions of the Chesapeake stock were generally high-
est. Therefore, the reweighting served to emphasize
the stronger year classes produced by this stock.
Although there was uncertainty associated with the
reweighting scheme, it likely produced more accu-
rate results in the mixed stock model than an assump-
tion of equal contributions among stocks.

Characterizing the Uncertainty

A feature of the ADAPT software is the ability
to characterize the uncertainty in model fit using
a bootstrap resampling of the residuals from the
observed-predicted tuning indices (Mohn 1993). In
the nonlinear least-squares (nlls) estimate of a solu-
tion, estimates of population abundance were chosen
that provided the best fit to the tuning indices. The
residuals of that fit were bootstrapped 500 times and
new values of N produced. The distribution of the
associated Fs provided an indication of variation and
the bias (bootstrap mean-nlls mean). Results of the
bootstrap indicated an 80% probability that terminal
values (1997) of F in the model ranged from
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FIGURE 3. Bootstrap results of 1997 fishing mortality estimate for striped bass from virtual population analysis;
N = 500.

0.30 to 0.36 (Figure 3), and bias in the F and N
estimates was 2%. The model output also provided
an estimate of the CV at age for N that ranged from
0.19 to 0.34.

The characterization of the uncertainty in the re-
sults based on the bootstrap estimates or CVs reflect
the variability associated with the model fitting pro-
cedure. The bootstrapping did not account for most
of the issues previously mentioned that could con-
tribute to uncertainty in the assessment results. The
model assumes that the catch-at-age matrix was mea-
sured without error. Therefore, any error associated
with landings data, length data, and age data was not
included. The error in the model configuration was
assumed to occur in the time-series of the survey
indices. Variances in the point estimates of the tun-
ing indices were also disregarded although they were
reduced by using a loge-loge model in the fitting pro-
cess. Another assumption in the bootstrapping was
the correct configuration of the final model. If the
model criteria, such as age at full recruitment and
M, were incorrect it would not be reflected in the
bootstrap results.

A common problem in virtual population analy-
sis is bias associated with the terminal year estimates
of fishing mortality and abundance (Mohn 1993).
The striped bass VPA results were analyzed to deter-
mine if any retrospective patterns existed in the pa-
rameter estimates. The tendency of the model was to
underestimate fishing mortality in the terminal year
and over estimate recruitment of age-1 fish (Table 7).
However, the retrospective pattern was not consistent

among all years as there were also instances where
the model over estimated the terminal year F . Es-
timates from the striped bass VPA model were not
corrected for any retrospective patterns.

Implications

A series of issues pertaining to input data and model
selection have been identified that contributed to un-
certainty in the results. An important concern was
the impact this had on the conclusion about the stock
status. One method to assess the implication of this
uncertainty is to compare estimates of F with an
independently derived estimate. Such a comparison
was possible with striped bass because there has been
an extensive coast wide tagging program designed to
estimate survival. The U.S. Fish and Wildlife Service
(FWS) has coordinated the release of nearly 250,000
tagged striped bass by state fisheries agencies bet-
ween North Carolina and Massachusetts since 1987
(Smith and He 1998). Annual estimates of survival
were produced from analysis of tag returns from
two programs sampling the mixed coastal stock; the
New York ocean haul seine survey and a FWS tag-
ging program off the coast of North Carolina.
The results represented survival of fish 28 in and
greater, fish approximately age 6 and older. Sur-
vival estimates from tag return data were adjusted
to account for bias resulting from tag recoveries of
fish that were released alive (Smith et al. 2000). The
number of tag releases and recoveries were assumed
to be proportional to abundance; therefore, results
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TABLE 7. Retrospective analysis of striped bass virtual population analysis.

Terminal year Year

1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998

Estimates of abundance at age 1 (000s)

1992 1851 4856 4152 3729 2396 3756 5290 5589 7514 5603 4380 8270
1993 1691 4321 3801 3562 2402 3223 4513 4952 6600 4983 4168 6039 16434
1994 1591 3969 3524 3490 2814 3465 4597 5212 6472 4921 4737 5855 15021 8800
1995 1382 3583 3176 3286 2804 3628 4785 5440 6686 4952 4714 6647 13804 7591 6578
1996 1372 2746 2812 3109 2688 3346 4321 5279 7111 4953 4810 6747 13720 7055 6299 17885
1997 1381 2747 2411 3108 2772 3449 4419 5448 7979 6003 5606 7078 15008 7999 6884 13486 7388

Estimates of fully recruited fishing mortality

1992 0.18 0.16 0.09 0.08 0.07 0.04 0.07 0.05 0.10 0.09 0.08
1993 0.20 0.18 0.11 0.10 0.09 0.05 0.10 0.06 0.12 0.12 0.10 0.13
1994 0.21 0.19 0.11 0.11 0.10 0.06 0.11 0.07 0.13 0.15 0.11 0.16 0.14
1995 0.22 0.20 0.12 0.11 0.11 0.06 0.12 0.08 0.10 0.17 0.13 0.19 0.16 0.20
1996 0.23 0.21 0.12 0.12 0.12 0.07 0.13 0.09 0.17 0.19 0.16 0.24 0.21 0.25 0.29
1997 0.23 0.21 0.12 0.12 0.12 0.07 0.13 0.09 0.17 0.20 0.17 0.25 0.22 0.24 0.28 0.33

were compared with the VPA average F weighted
by abundance. The results showed a close compari-
son in estimates of total fishing mortality (Figure 4).
The comparison was particularly encouraging be-
cause the estimates were made using different data
input and models. There is extensive literature docu-
menting the sources of error in tag survival estimates
that include incomplete mixing of tagged fish into the
population, tag loss, tag induced mortality, biased
sampling and nonreporting of tag recoveries. Never-
theless, this type of independent verification of
model results provided additional support that the
VPA was correctly identifying the trend and relative

FIGURE 4. Comparison of tagging estimates of striped bass fishing mortality and VPA estimates of fishing
mortality weighted by abundance.

magnitude in fishing mortality despite the different
assumptions of both models.

Comparison to biological reference points

An overfishing definition for striped bass was de-
fined as Fmsy (0.38), calculated using a modi-
fied Thompson-Bell yield per recruit model and a
Shepherd stock-recruitment model (Shepherd and
Lazar 1998). A fishing mortality of 0.31 was chosen
as the target fishing mortality in the FMP. Conse-
quences of fishing at the target F were evaluated us-
ing a stochastic projection model incorporating the
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FIGURE 5. Probability of remaining at or above the 1995 level of striped bass population abundance if fishing
mortality were held equal to 0.31.

bootstrapped terminal year VPA stock size and vari-
ability. Incoming annual recruitment was randomly
chosen from log-normal recruitment distributions
bounded by the levels occurring under moderate to
high levels of spawning stock biomass. Starting stock
size vectors were randomly chosen from a matrix
of bootstrap realizations of population abundance.
A Monte Carlo routine decremented stock size-at-
age by the designated F and M and the 1997 exploi-
tation pattern. Mean annual abundance and standard
error were calculated from 500 abundance-at-age
estimates for a ten-year projection period. The
frequency distributions from the simulation were cal-
culated to determine the probability of exceeding the

FIGURE 6. Probability of remaining at or above the 1995 level of striped bass population abundance if fishing
mortality were held equal to Fmsy (0.38).

benchmark level of 1995, the year the stock was de-
clared restored (Figure 5).

The results provide insight into the short-term
sustainability of the stocks at various levels of fish-
ing mortality. Stock abundance would be expected
to remain near current levels if fished at the target F
of 0.31. The probability of remaining at or above the
1995 point estimate of abundance level was 55% in
1999, 47% in 2001, and 43% by 2006 (Figure 5).
The projections at Fmsy followed a similar trend
with a 53% probability of remaining at or above
the benchmark level by 1999, 42% by 2001, and
34% by 2006 (Figure 6). Since large fish are targeted
in several fisheries, abundance of fish greater than
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FIGURE 7. Projected abundance of age 10+ striped bass with fishing mortality equal to 0.31. Mean abundance
and 80% prediction intervals with virtual population analysis estimates for 1982–1998.

age 10 was also examined. The presence of large
year classes already in the population helped
maintain the abundance of older fish, at least over
the short term (Figure 7). However, increasing fish-
ing mortality to Fmsy resulted in a decline in the
abundance of large older fish despite the influence
of strong year classes (Figure 8). For the striped
bass fishery, the level of acceptable risk and the

FIGURE 8. Projected abundance of age 10+ striped bass with fishing mortality equal to 0.38. Mean abundance
and 80% prediction intervals with virtual population analysis estimates for 1982–1998.

long-term expectations of management are still being
debated.

Conclusions

The striped bass assessment was presented as an
example of an analysis with a variety of fishery
dependent and independent data, reasonable catch
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data, and a clear contrast in population abundance
during the time series. Beginning in the mid-1980s,
stocks of striped bass increased dramatically and pro-
duced a consistent upward trend in abundance in-
dices and landings. With such obvious signals from
input data, most population models would reach
similar conclusions. The bootstrap estimates of the
VPA run provided some indication of the uncertainty
in the model fit and for striped bass the results sug-
gested the conclusions of the model were relatively
precise. Yet, the uncertainty was evaluated relative
to the model and did not fully incorporate variance
surrounding the input data. Despite the uncertainty
in the VPA, tagging models not dependent on catch
matrices, produced comparable results. This type of
redundancy shows that either both methods produced
reasonably accurate results or were similarly biased.

As the population growth of striped bass be-
gins to stabilize or decline, the implications of un-
certainty in the results will become more critical.
The difference between the target fishing mortality
and the overfishing definition is only 0.07. The data
and population models available for stock assess-
ment are not adequate to estimate fishing mortality
with that level of resolution. Although point esti-
mates of F may be on target, the probability distri-
bution from the bootstrap procedure may also exceed
Fmsy. Consequently there will be some probability
that overfishing is occurring in addition to risk asso-
ciated with whatever variance was unaccounted for
in the bootstrap.

The uncertainty in stock assessment results, as
illustrated with the striped bass example using an
age-structured model, can occur at several levels
throughout the analysis; with the input data, the
model selection and the configuration of the cho-
sen model. The basis for any assessment model
is representative sampling of the removals from a
population. As that basic catch data is divided into
sub-components of length and age, there becomes
increased risk of introducing error into the model.
Some model structures can incorporate informa-
tion associated with error in the catch and age data,
however, the analyst must have some knowledge of
that uncertainty. Model selection can also contribute
to the uncertainty in the result but this source of error
is often not evaluated. Corroborating the assessment
results using alternative models can provide some
helpful insight regarding the conclusions. Another
often overlooked aspect of the uncertainty in assess-
ments is the effects of density changes on popula-
tion parameters such as growth, maturity and natural

mortality (Rosenberg and Restrepo 1994). Despite
recent work demonstrating some strong population
responses to density (Rochet 1998; Trippel et al.
1997), few assessment models directly account for
these responses as a function of changes in fishing
mortality (Trippel 1999). Knowledge of the plasticity
of life history traits should be considered in evaluat-
ing possible sources of uncertainty.

When choosing the target mortality, fisheries
managers should define the acceptable level of risk
that they will exceed the overfishing level. It is the
responsibility of the assessment scientists to charac-
terize as much uncertainty in the results as possible
and the risk of overfishing associated with various
management approaches. Throughout the develop-
ment of an assessment, scientists make both subjec-
tive and objective decisions that will affect the re-
sults in some fashion. A better understanding of the
implications of those decisions should improve the
chances that the correct choices are made.
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Appendix I. Indices of abundance used in tuning the striped bass VPA

Table A1. Young of year indices (lagged to January 1).

Year Hudson River Delaware New Jersey Maryland Virginia

1982 8.86 – 0.00 0.59 1.57
1983 14.17 – 0.12 3.54 2.71
1984 16.25 – 0.03 0.61 3.40
1985 15.00 – 0.29 1.64 4.47
1986 1.92 – 0.02 0.91 2.41
1987 2.92 – 0.28 1.34 4.74
1988 15.90 – 0.41 1.46 15.74
1989 33.46 – 0.35 0.73 7.64
1990 21.35 0.42 1.03 4.87 11.23
1991 19.05 0.11 1.00 1.03 7.34
1992 3.60 0.18 0.47 1.52 3.76
1993 11.43 1.13 1.19 2.34 7.32
1994 12.59 1.14 1.78 13.97 18.12
1995 17.64 0.19 0.96 6.40 10.48
1996 16.23 0.42 1.98 4.41 5.45
1997 8.90 1.36 1.70 17.46 23.05
1998 22.30 0.14 1.01 3.91 9.35

Table A2. Long Island ocean haul seine abundance indices (number per haul).

Age

Year 5 6 7 8 9 10 11 12 13 14 15+
1988 8.71 7.71 2.89 1.13 0.28 0.15 0.00 0.01 0.00 0.01 0.00
1989 4.86 4.49 2.65 0.90 0.45 0.13 0.07 0.02 0.00 0.07 0.10
1990 1.27 2.03 1.42 1.18 0.32 0.09 0.11 0.02 0.01 0.01 0.05
1991 4.38 1.93 2.12 1.60 1.28 0.47 0.19 0.04 0.00 0.01 0.01
1992 5.12 1.64 0.77 1.05 1.46 0.80 0.36 0.09 0.08 0.02 0.10
1993 3.58 1.93 0.62 0.41 0.70 0.63 0.41 0.16 0.09 0.01 0.08
1994 6.65 2.75 1.80 0.74 0.46 0.57 0.45 0.31 0.12 0.04 0.05
1995 3.22 3.15 1.91 1.29 0.56 0.56 0.58 0.28 0.32 0.06 0.08
1996 2.34 0.70 0.76 0.39 0.21 0.14 0.16 0.14 0.05 0.06 0.02
1997 7.70 2.97 0.96 0.83 0.37 0.16 0.12 0.01 0.11 0.01 0.01
1998 34.96 5.40 1.57 0.34 0.36 0.37 0.17 0.06 0.13 0.00 0.05
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Table A3. Maryland spawning stock gillnet survey CPUE (number per set).

Age

Year 2 3 4 5 6 7 8 9 10 11 12 13 14 15+
1985 72.83 243.05 41.79 19.02 8.88 8.25 1.44 1.83 2.19 0.39 1.74 1.31 0.31 7.01
1986 62.72 164.74 467.30 7.10 4.44 3.16 2.63 0.94 0.73 0.00 0.00 0.94 0.65 2.22
1987 60.93 204.10 128.14 335.33 3.72 2.95 3.48 0.12 0.00 0.00 0.00 0.00 7.25 4.94
1988 32.21 67.75 73.47 72.33 107.36 2.16 0.00 0.00 0.73 0.00 0.02 0.00 0.08 1.86
1989 15.52 121.59 100.51 71.51 91.10 59.62 0.38 0.00 0.37 0.00 0.19 0.00 0.00 0.34
1990 25.63 182.33 204.18 88.67 68.95 67.02 52.92 0.46 0.18 0.02 0.24 0.26 0.05 0.39
1991 40.31 186.40 72.20 68.43 40.60 38.94 35.44 14.97 0.43 0.30 0.00 0.11 0.10 0.45
1992 17.40 240.64 199.49 63.24 84.36 59.62 41.81 19.13 8.79 0.15 0.00 0.03 1.09 0.72
1993 33.40 130.16 222.42 98.53 60.37 57.34 46.52 22.28 7.92 3.27 0.33 0.31 0.46 0.35
1994 11.12 37.90 67.64 98.17 37.34 20.90 30.06 12.22 3.34 0.63 0.36 0.09 0.00 0.05
1995 42.90 110.10 71.81 72.13 56.29 49.63 33.55 41.38 17.83 24.86 8.21 2.14 0.00 0.34
1996 8.38 510.92 140.80 47.65 93.05 109.70 85.01 66.80 34.79 16.59 5.05 1.66 0.00 0.00
1997 33.46 27.73 181.71 63.84 29.59 32.17 41.79 32.57 22.26 8.80 6.69 3.38 0.44 0.00
1998 19.98 31.89 209.97 112.30 36.61 20.82 25.17 21.87 15.90 16.45 4.79 2.49 0.47 0.00

Table A4. Massachusetts CPUE (number per trip) from commercial hook and line fishery.
Age

Year 8 9 10 11 12 13 14 15+
1991 0.56 2.30 0.92 0.43 0.28 0.12 0.44 1.95
1992 0.86 3.51 4.99 0.92 0.31 0.31 0.07 2.04
1993 0.38 3.17 5.89 4.78 0.51 0.22 0.06 0.99
1994 0.19 1.97 6.41 8.59 5.33 0.86 0.17 0.50
1995 0.43 3.74 9.74 6.26 2.18 1.03 0.10 0.53
1996 1.13 5.62 9.13 6.75 2.84 1.08 0.27 0.11
1997 0.90 4.81 6.12 5.58 4.68 2.47 0.75 0.41
1998 1.28 9.48 10.36 7.68 5.40 3.00 1.80 1.00

Table A5. Connecticut volunteer angler CPUE (number per trip).
Age

Year 2 3 4 5 6 7 8 9 10 11 12 13 14 15+
1982 0.22 0.32 0.16 0.14 0.11 0.06 0.03 0.02 0.02 0.01 0.00 0.00 0.00 0.00
1983 0.33 0.21 0.11 0.09 0.08 0.04 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00
1984 0.40 0.19 0.08 0.04 0.03 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1985 0.12 0.33 0.23 0.14 0.05 0.04 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1986 0.06 0.31 0.22 0.12 0.09 0.04 0.03 0.01 0.00 0.00 0.00 0.00 0.00 0.00
1987 0.08 0.20 0.47 0.45 0.18 0.05 0.01 0.05 0.02 0.00 0.00 0.00 0.00 0.01
1988 0.03 0.24 0.34 0.20 0.14 0.06 0.04 0.03 0.03 0.01 0.00 0.00 0.00 0.00
1989 0.02 0.52 0.28 0.18 0.15 0.12 0.05 0.03 0.01 0.00 0.00 0.00 0.00 0.00
1990 0.27 0.48 0.47 0.16 0.18 0.13 0.09 0.03 0.01 0.01 0.00 0.00 0.00 0.00
1991 0.17 0.58 0.55 0.27 0.12 0.13 0.15 0.13 0.05 0.02 0.01 0.01 0.00 0.01
1992 0.15 0.67 0.43 0.35 0.14 0.07 0.09 0.13 0.09 0.03 0.01 0.00 0.00 0.00
1993 0.17 0.48 0.57 0.29 0.23 0.11 0.09 0.16 0.15 0.09 0.02 0.00 0.00 0.00
1994 0.07 0.70 0.62 0.49 0.28 0.22 0.09 0.08 0.11 0.10 0.05 0.01 0.00 0.01
1995 0.21 0.61 0.88 0.46 0.57 0.35 0.23 0.16 0.19 0.14 0.07 0.05 0.01 0.00
1996 0.60 1.20 1.34 0.59 0.59 0.32 0.18 0.19 0.19 0.12 0.05 0.02 0.01 0.00
1997 0.47 1.09 2.39 0.90 0.84 0.37 0.59 0.37 0.23 0.10 0.08 0.10 0.02 0.02
1998 0.18 1.11 1.28 1.64 0.58 0.31 0.23 0.21 0.12 0.06 0.07 0.13 0.03 0.04
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Table A6. Hudson River commercial shad gillnet Table A7. Age-1 indices (data lagged to January 1).
CPUE (number per haul).

Age

Year 6 7 8

1982 0.012 0.023 0.010
1983 0.147 0.273 0.116
1984 0.443 0.110 0.005
1985 0.085 0.069 0.026
1986 0.248 0.080 0.031
1987 0.413 0.234 0.055
1988 0.536 0.327 0.164
1989 1.278 0.562 0.309
1990 0.856 0.682 0.365
1991 0.477 0.382 0.382
1992 0.707 0.200 0.354
1993 2.172 0.790 0.559
1994 1.755 1.047 0.277
1995 0.869 0.448 0.263
1996 0.000 0.000 0.000
1997 0.485 0.164 0.154

Year W. Long Island Maryland

1982 – 0.02
1983 – 0.02
1984 – 0.32
1985 – 0.0
1986 0.61 0.15
1987 0.30 0.03
1988 0.21 0.05
1989 0.77 0.06
1990 1.73 0.15
1991 0.37 0.33
1992 1.24 0.19
1993 1.34 0.11
1994 0.72 0.19
1995 1.37 0.76
1996 1.26 0.12
1997 1.52 0.07
1998 0.99 0.26


