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Abstract — Virtual population analysis (VPA) is often used for assessing freshwater and marine fisheries resources.
One important component in VPA is to calibrate abundance estimates with a time series of abundance indices. One of
the commonly used calibration processes usually includes simultaneous estimation of cohort sizes across all ages and
years. This reduces the flexibility of the model in accounting for age- and year-effects, in particular in the presence of
an age-specific curvilinear relationship between abundance index and stock abundance. In this study, we compared this
simultaneous method tuning approach with a stepwise approach which calibrates abundance age by age in tuning VPA.
The simulation study suggests that the stepwise procedure tends to perform better with no obvious retrospective errors
in the estimated stock biomass compared with the simultaneous method which tends to have large positive retrospective
errors. In applying the stepwise procedure and simultaneous method to a cod fishery data set, we found large differences
in the stock sizes estimated for the most recent year using these two methods, with the current stock size estimated
using the stepwise method being substantially smaller than that estimated with the simultaneous method. Considering
the likelihood of the presence of curvilinear relationship between abundance index and stock abundance, we conclude
that the stepwise method yields more reliable results, and is less risk-prone in using VPA for fisheries stock assessment.

Key words: Virtual population analysis (VPA) / Calibration / Stepwise procedure / Retrospective problem / Stock
assessment, and simulation

Résumé — Calibrer I’analyse de population virtuelle pour évaluer les stocks de péche. L’analyse de population
virtuelle (VPA) est souvent utilisée pour estimer les ressources halieutiques des eaux continentales ou marines. Une
phase importante en VPA est la calibration des estimations de 1’abondance des cohortes en utilisant une ou des séries
temporelles d’indices d’abondance. Une des méthodes couramment utilisée consiste a estimer simultanément 1’abon-
dance des cohortes sur I’ensemble des dges et des années. On diminue la flexibilité du modele en prenant en compte
ainsi des effets age — année, en particulier lorsqu’il existe des relations non linéaires propres a chaque age entre les in-
dices d’abondance et I’abondance dans le stock. Dans cette étude, nous comparons cette méthode globale de calibration
a une approche pas a pas qui consiste a calibrer 1’abondance des cohortes age apres age. L'étude de simulation montre
que la procédure pas a pas tend a mieux opérer, sans erreur rétrospective évidente dans 1’estimation de la biomasse du
stock, comparée a la méthode globale qui génere rétrospectivement de fortes erreurs positives. En appliquant ces deux
méthodes a un jeu de données issues d’une pécherie de morue, nous avons mis en évidence de grandes différences dans
les estimations du stock pour les années les plus récentes, la taille du stock finalement estimée en utilisant la méthode
pas a pas, étant beaucoup plus petite que celle par la méthode globale. En considérant la probabilité de 1’existence d’une
relation non linéaire entre les indices d’abondance et 1’abondance dans le stock, nous concluons que la méthode, pas a
pas, donne des résultats plus fiables, et est d’un usage moins risqué quand la VPA est utilisée pour évaluer les stocks
exploités par la péche.
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1 Introduction

Although many sophisticated stock assessment methods
have been developed (Quinn and Deriso 1999), a relatively
simple method, virtual population analysis (VPA), is still com-
monly used for assessing freshwater and marine fisheries re-
sources because of its moderate data requirement and simple
algorithm (Megrey 1989; de Valpine 2002; Chatfield 2003;
Xiao 2007). The VPA often incorporates auxiliary informa-
tion such as abundance indices obtained from surveys and fish-
eries to tune its estimation (Hilborn and Walters 1992). Many
methods have been developed to tune VPA (Xiao 2007), rang-
ing from some ad hoc methods (e.g., Smith and Gavaris 1993;
Darby and Flatman 1994; Patterson and Kirkwood 1995) to
extended survivors analysis (Shepherd 1999). A tuned method
commonly used with VPA in the eastern USA and Atlantic
Canada is based on a nonlinear regression model (Gavaris
1988, 1993; Smith and Gavaris 1993), in which parameters are
estimated by the least squares method that minimizes the sum
of squared differences between the log observed and the pre-
dicted abundance indices simultaneously for each age class in
complete cohorts and incomplete cohorts. A complete cohort
is defined as the cohort that has passed thorough the fishery
(i.e. individuals in the cohort no longer contribute to the fish-
ery catch), and an incomplete cohort is defined as the cohort
that is still contributing to the fishery at the time of stock as-
sessment.

The objective function for this commonly used VPA model
can thus be written as

A
Minimize Z ZY: |10 (£ay) — In (g Na,y)]{ (1)
a=1 y=1

where 1, is the observed abundance index for fish of age a
at the beginning of year y, N, is the number of fish of age a
still alive at the beginning of year y, A is the terminal age, Y
is the most recent year when catch and abundance index data
are available (most likely a year before stock assessment is
conducted), and ¢, is the catchability coefficient of fish in age
a. This equation is derived from the statistical model,

Iu,y = QuNu,yesa"" Eay € N(O, 0-2)' 2)

For a cohort in a fishery, N, is approximately calculated as

M M
Na,y = Ng+1y+1€° + Ca,ye z, (3)

where M is the instantaneous rate of natural mortality and C,,
is catch of fish at age a in year y. For a complete cohort, cohort
size at the terminal age is often estimated iteratively by assum-
ing fishing mortality at the terminal age to be as a function or
average of mortality rates for ages close to the terminal age
(Hilborn and Walters 1992), and thus sizes of other age classes
for this cohort can be back-calculated with equation (3), using
only catch-at-age data. For incomplete cohorts, however, the
cohort sizes in the current year are unknown parameters that
must be estimated (Xiao 2007).

A nonlinear parameter estimation method is often used to
simultaneously estimate cohort sizes across all ages and years
(Quinn and Deriso 1999). Such an estimation process may re-
duce the flexability of the model in accounting for age- and

year-effects, particularly in the presence of a curvilinear rela-
tionship between abundance index and stock abundance result-
ing from size-/age-dependent distributions (Secor 2007). In the
parameter estimation, cohort sizes are estimated as unknown
parameters when cohorts are incomplete cohorts, but become
observations of the independent variables in the VPA model
when the cohorts become complete in the fishery.

The tuned VPA, defined by equation (1) and thereafter
referred to as “simultaneous method”, tends to have the ret-
rospective problem defined as the consistent overestimation
of current stock size compared with subsequent estimates for
the same year as additional years of data are added to the
same model (Sinclair et al. 1990; ICES 1991; Mohn 1993;
Rajakaruna et al. 2005). A Bayesian analysis by Walters and
Maguire (1996) suggests that setting the exponential value of
power function between 0 and 1 in the observation model re-
sults in lower estimated values of the current size of incom-
plete cohorts, indicating retrospective problem may be related
to mis-specification of functional relationship between stock
abundance and abundance index.

In this study, we used a simple algorithm which estimates
the current size of each incomplete cohort in a stepwise fash-
ion (as opposed to simultaneous estimation across all ages
and years) based on the relationship between estimated sizes
of completed cohorts and abundance indices. We compared
the stepwise algorithm with the simultaneous method defined
by equation (1), using a simulated fishery in the presence of
curvilinear relationship between abundance index and stock
abundance. We used the curvilinear function in simulating the
relationship between abundance index and stock abundance
because it tends to be more realistic in fisheries (Hilborn and
Walters 1992). We also applied both the approaches to the At-
lantic cod data in NAFO subdivision 2J3KL. We then com-
pared the results derived from the stepwise algorithm and si-
multaneous method in estimating current stock biomass and
discussed the management implications of potential errors in
stock biomass estimates.

2 The stepwise algorithm

Leta =age,a=1,...,A;and y = year,y = 1, ..., Y.
For a complete cohort that has passed through the fishery, we
can estimate the number of fish at terminal age iteratively by
assuming fishing mortality at the terminal age being a function
of fishing mortality rates for ages close to the terminal age
and back-calculate N4, N4-1, ..., and N; for each complete
cohort (Hilborn and Walters 1992). For an Ax X Y catch-at-age
matrix, the total number of cohorts is A + ¥ — 1 (Paloheimo
1980). Among these cohorts, ¥ — 1 cohorts are completed in
the fishery. Their sizes at age can be estimated from the above
equation and catch (Hilborn and Walters 1992). For the other
Aincomplete cohorts, we need to estimate their current sizes
(i.e., Ny ,wherea = 1, ..., A) using additional information or
making some extra assumptions. In this study, we consider the
situation where we have an abundance index of A X Y matrix.

Unlike the simultaneous approach, the stepwise algorithm
estimates Ny y, ..., Nay age by age starting from N, y. For fish
at age group A, we have their size estimates for years of 1 to
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Y — 1 from the completed cohorts. Using abundance indices
observed for these fish in the same period of time, we can fit a
log-linear model to these Y — 1 observations. For age group A,
the model can be written as

In(Iy;) = bao + baiIln(Naj) + €4, &a; € N(O, 03),
=1, Y1, @)

Parameters by o and by can be estimated by minimizing the
sum of squared differences between the observed In(l4 ;) and
In(f, ;;) predicted from the above equation. After these two
parameters are estimated, the current size for fish at age A in
year Y, Nay , can be estimated as

[ln(IA,Y) - bA,O}
exp | ——=1.

Nay =
' ba,1

(&)

This is the estimate of current size for the Y cohort of fish in
the fishery.

Based on this estimate, we can back-calculate the sizes of
this cohortinyear Y —1,Y -2, ..., and 1. Thus, for fish of age
A — 2, we have their size estimates for years from 1 to ¥ — 1.
The size estimates for years 1 to ¥ — 2 are estimated from the
completed cohorts, while the size estimate for year ¥ — 1 is
from the Y cohort calculated above. We can then estimate the
current size at age A—2 (i.e., N4—; y) from the linear regression
analysis. Repeat the same procedure, we can estimate sizes for
all incomplete cohorts. Thus, at the youngest age, there would
be Y — A estimates of abundance from complete cohorts, A —2
estimates of abundance based on sequential prediction of abun-
dance. These data points were used to regress against the rele-
vant abundance indices to derive a regression equation for the
youngest age. The derived regression equation was then used
to estimate size for the youngest age in the current year (i.e.,
Y) from its relevant abundance index.

3 Simulation study

We conducted a simulation study to compare the stepwise
procedure with the simultaneous method. The following sim-
ulation algorithm was used: (1) identify N matrix (number
of fish in agea still alive at the beginning of year y), using
the N matrix estimated in the northern cod in stock assess-
ment report (Shelton et al. 1996); (2) identify fishing mortal-
ity F matrix for fish of different ages and year, again using
data for the northern cod; (3) calculate the “true” catch-at-
age matrix from the N matrix and F matrix; (4) calculate the
“true” age composition of catch for each year from the “true”
catch-at-age matrix; (5) calculate the “true” total catch for each

A
year from catch-at-age matrix as “True” C, = 3 Cuy; (6)
a=1

conduct multinominal sampling with a subsample size n and
“true” age composition in step (4) to derive “observed” age
composition of catch for each year; (7) assume a log-normal
error for the “observed” total catch in year y, C, = “True”
C, e, whereg, follows a normal distribution with mean of 0
and standard deviation of 0.2; (8) multiply “observed” catch
(i.e., step 7) with “observed” age composition of catch (i.e.,

—e—Age 3

—m—Age 4
51 Age 5

Age 6
—x—Age 7
—eo—Age 8
—+—Age 9
3 —e=—Age 10
—=—Age 11
Age 12
Age 13

Fishing mortality

Time (year)

Fig. 1. True fishing mortality for fish of different ages in different
years used in the simulation (e.g. Age 3 close to the X-axis).

step 6) to derive “observed” catch-at-age matrix; (9) calcu-
late “true” abundance index /,, = anl"j , where N, jis the
“true” stock abundance of fish in age a in year y, and y, is
an age-specific density-dependent factor describing possible
nonlinear relationship between the abundance index and stock
abundance; (10) calculate the “observed” abundance index as
Observed 1,, = 1, ,e°, where g4, follows a normal distribu-
tion with mean of 0 and standard deviation of 0.2; (11) apply
the simultaneous method and stepwise procedure to the “ob-
served” catch-at-age matrix and ’observed" abundance index
to estimate stock abundance N, and stock biomass B,, where
B, is stock biomass in year y and can be calculated from the es-
timated N, , and a weight-at-age matrix; and (12) calculate the
ratio of estimated and “true” stock biomasses (from true N ma-
trix and weight-at-age-matrix) for both simultaneous method
and stepwise procedure. The “true” fishing mortality for dif-
ferent age groups in different years used in the simulation is
described (Fig. 1).

The subsample size n in step (6) determines the variation
associated with age composition data. Two subsample sizes
were considered for n, 1000 and 2000. The “observed” age
composition data derived from n of 1000 in step (6) have larger
variations than those from nof 2000. The values of y in step
(9) have been found to vary with age for the Atlantic cod. To
reflect such a variation, we used the following values fory esti-
mated from the northern cod data in the simulation: 0.51, 0.65,
0.89, 0.98, 0.99, 1.52, 1.54, 1.34, 1.40, 1.36, and 1.71 for fish
of ages 3 to 13.

Steps (6) to (12) described above were repeated for 100
times to yield 100 sets of ratio of estimated stock biomass
versus “true” stock biomass for the simultaneous method and
stepwise procedure. Box plot was used to summarize the ra-
tios derived in the 100 simulation runs. The mean values of
the ratio in the 100 simulation runs smaller than, equal to
and larger than 1 imply negative estimation bias, no estima-
tion bias, and positive estimation bias, respectively. The rooted
mean square errors (RMSE) for stock biomass estimated in
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A
year y, RMSE(B,), was calculated as

100

kgl (By’k/\ _By'k)2

A
RMSEB)=\—————.
By 100

(6)

where k indicates the kK simulation run. The percentage esti-

A
mation error for estimated biomass in year y, PEE(B,), was
calculated as

A
RMS E(B,)

A
PEE(B,) = x 100%. (7)

y

The PEE calculated in equation (7) measures the overall esti-
mation errors including both estimation biases and variations
in estimates among the 100 simulation runs. For recent years,
an estimation procedure with small estimation bias and PEE
suggests that it performs well and tends to have smaller retro-
spective errors in estimating current stock biomass.

4 Application to the actual data

The stepwise procedure was applied to catch-at-age data
obtained from the cod fishery in the NAFO subdivision 2J3KL.
The catch-at-age data available in this fishery are from 1962 to
1995 for fish of ages 3 to 20 years old. The survey data are
available from 1978 to 1995 for cod of age 3 to 12. Thus, only
data from 1978 to 1995 for fish of age 3 to 12 were used in
the VPA analysis. For the complete cohorts, because age 12
was not the terminal age, we could not use the approach simi-
lar to those used when an age could be assumed to be terminal
age. Instead, for each complete cohort, we used the number of
fish estimated for age 13 in actual assessment report (Shelton
et al. 1996) as starting values for back-calculating the number
of fish for each complete cohort in different age classes. The
simultaneous method had been applied to the same data set for
estimating stock sizes and deriving the TAC in the assessment
and management of this cod stock (Shelton et al. 1996). For
the complete cohorts, the cohort sizes of fish in different age
classes were the same for both the simultaneous method and
stepwise procedure, and the results were compared. Because
this study was only for the purpose of comparing the two meth-
ods, the interpretation of management implications for the cod
fisheries should be cautious.

5 Results
5.1 Simulation

For simulation scenarios with two different subsample
sizes (1000 for scenario I and 2000 for scenario II), the PEE
values were almost identical between stock biomasses of the
first 15 years estimated using the simultaneous method and
stepwise method. The differences were small for year 16,
but for the last two years (i.e., years 17 and 18) the stock
biomasses estimated using the simultaneous method had much
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Fig. 2. Percentage estimation errors (PEEs) calculated using equa-
tion (7) in estimating stock biomass. The scenario I refers to simulated
data with subsampling size of 1000 and scenario II refers simulated
data with subsampling size of 2000 in simulating age composition
data. VPA refers to the simultaneous method; Rooted mean square
errors (RMSE).

higher PEEs compared with the PEEs associated with stock
biomasses estimated using the stepwise method (Fig. 2). Thus,
the simultaneous method tended to yield much larger estima-
tion errors for stock biomass in the most recent two years com-
pared with the stepwise procedure. The substantial increases in
the PEEs for the stock biomasses estimated with the common
VPA method in the most two recent years suggest the pres-
ence of large retrospective errors. The PEEs associated with
the stepwise-estimated stock biomasses, however, did not in-
crease for the last two years (Fig. 2).

For simulation scenario with a subsample size of 2000
fish, the mean of ratios between the estimated and true
stock biomasses in the box plots, which summarize the stock
biomasses estimated in the 100 simulation runs, tended to be
close to one for the first 16 years for both methods (Figs. 3a,b),
suggesting small biases in estimating stock biomasses for these
16 years using both methods. For the last two years, however,
the mean of ratios between the stock biomass estimated us-
ing the common VPA and true stock biomass increased to
over 1.5, suggesting that the common VPA method overesti-
mated the true stock biomasses in the most recent two years
by over 50%, probably resulting from the retrospective prob-
lem. For the stepwise procedure, however, the mean value of
the ratios were close to one for all the years including the
two most recent years and there was no obvious increase in
recent years, indicating no retrospective problem for the step-
wise procedure. Similar results were observed for scenario 11
when errors associated with age composition data were in-
creased (Figs. 3c,d).

5.2 Application
The log-transformed mean number of fish at age per tow

(i.e. abundance index) was positively related with the number
of fish at age in the stock estimated (Fig. 4). Their regression
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Fig. 3. Box plot of the ratios of estimated stock biomass versus true
stock biomass yielded from the 100 simulation runs for different sub-
sampling sizes in estimating age compisition data. The standard de-
viation of normally distributed errors for both landings and survey
abundance index is 0.2; a: simultaneous method with subsample size
of 1000; b: stepwise approach with subsample size of 1000; c: si-
multaneous method with subsample size of 2000; and d: stepwise ap-
proach with subsample size of 2000.

equations derived in the stepwise procedure were significant
for fish from ages 5 to 12 years old (p < 0.05; Table 1). The
significance levels of the regression equations for fish of ages 3
and 4 were 0.10 and 0.07, respectively. Slope b; in the regres-
sion equation was not significantly different from 1 for each
age group. For fish of age groups from 5 to 12, intercept by
was significantly different from 0. The by value did not dif-
fer significantly from O for fish of age 3 and 4 years old. In
general, the 7 values increased with ages (Table 1). For fish of
ages 7 to 11, more than 80% of variations in abundance indices
were explained by the stock size data (+*> > 0.80). The percent-
ages of the variations in abundance indices being explained by
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Fig. 4. Plot of logarithmic abundance index (log(/)) and cohort size
(log(N)) for different age groups.

Table 1. Summary of regression analyses based on equation (4) be-
tween observed abundance indices and stock sizes for each age group
using the stepwise procedure.

Age by b, SE(by) r?

12 -7.967 0.863 0.193 0.63
11 -8.891 0970 0.128  0.83
10 -8.435 0913 0.102 0.87
9 -9.533  1.030 0.105 0.89
8 -10.529 1.116  0.130  0.86
7 -8.586 0.924 0.131 0.81
6 -7.774  0.856 0.179  0.66
5 -9.116 0957 0.225 0.60
4 -6.084 0.677 0339 0.25
3 -3.646 0435 0240 0.22

stock sizes were over 60% for fish of age 12, 6, and 5 years
old, but were less than 25% for age groups 3 and 4.

The number of fish at the beginning of 1992 estimated
using the common VPA method was much higher than that
estimated using the stepwise procedure for each age group.
The stock size estimated with the simultaneous method was at
least more than two times as large as the size estimated using
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Table 2. The abundance of cod for year 1992 estimated in year 1992
using the simultaneous method and the stepwise procedure.

Age Stepwise Common VPA  Ratio!

3 16 601 76 979 4.64
4 27 468 78 902 2.87
5 39 052 124 710 3.19
6 13 304 42599 3.20
7 3490 9451 271
8 702 1823 2.60
9 235 603 2.57
10 66 320 4.85
11 106 245 2.31
12 49 121 2.47

1 Ratio = Cohort size estimated with simultaneous method
Cohort size estimated with stepwise procedure

Table 3. The abundance of cod for year 1992 estimated in year 1995
using the simultaneous method and the stepwise procedure.

Age Stepwise Common VPA Ratio!
3 9714 10 565 1.09
4 9373 14 591 1.56
5 19084 24471 1.28
6 14553 16 505 1.13
7 5229 5490 1.05
8 1557 1607 1.03
9 421 443 1.05
10 222 220 0.99
11 116 115 0.99
12 21 20 0.95

1 Ratio = Cohort size estimated with simultaneous method
Cohort size estimated with stepwise procedure

the stepwise method for each age group (Table 2). Thus, the
common VPA yielded a much more optimistic estimate for the
current stock size.

The size for each age group in year 1992 was estimated
again in year 1995 with the four more years of extra data. The
sizes of most age groups in year 1992 estimated using the com-
mon VPA in 1995 were almost identical to those estimated us-
ing the stepwise approach in 1995 (Table 3). The differences
between the common VPA- and stepwise-estimated sizes were
much smaller compared with those estimated in 1992 for each
age group (Tables 2 and 3). The sizes of all age groups in year
1992 estimated in 1995 were consistently much smaller than
those estimated in 1992 for the common VPA (Table 4) an
indication of having retrospective problem. For the stepwise
approach, however, differences between the estimates made
in 1992 and 1995 were much smaller (Table 4). More impor-
tantly, the sizes estimated in 1995 were not always lower than
those estimated in 1992 (Table 4), suggesting that the retro-
spective problem was not obvious for the stepwise approach.

The stock biomass estimated in 1992 using the common
VPA approach had the temporal trend similar to that for the
stepwise approach (Fig. 5). However, differences increased in
more recent years, with the stepwise-estimated stock biomass
being much lower. The stock biomass of 1992 estimated in
1992 using the common VPA method (i.e. 243 459 t) was

Table 4. Comparisons of stock size for 1992 estimated in 1992 and in
1995 for the simultaneous method and the stepwise procedure.

Age Ratio! Ratio?
3 7.29 1.71
4 541 2.93
5 5.10 2.05
6 2.58 0.91
7 1.72 0.67
8 1.13 0.45
9 1.36 0.56

10 1.45 0.30
11 2.13 0.91
12 6.05 2.33

lRatiol _ Cohort size estimated in 1992 with simultaneous method
T Cohort size estimated in 1995 with simultaneous method

2Rati02 __ Cohort stock size estimated in 1992 with stepwise
" Cohort stock size estimated in 1995 with stepwise
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Fig. 5. Stock biomass estimated for the northern cod from 1978 to
1992. Squares are those estimated using the stepwise procedure and
dots are those estimated using the simultaneous method.

much higher than that estimated using the stepwise approach
(i.e. 76 986 t; Fig. 5).

6 Discussion

The retrospective error (RE) is a disagreement of contem-
poraneous estimates of stock parameters with their subsequent
estimates for the same year as additional years of data are
added to the same model (Mohn 1993). RE as a point estimate
displays mostly a trend rather than a random pattern in subse-
quent years (Mohn 1993). Obtaining a systematic trend in RE
in a time series of estimations of stock parameters is known
as the retrospective problem (Mohn 1999). In most stocks,
REs in the current stock size estimates were positive in the
successive assessments (Rivard and Foy 1987; Gascon 1988;
Sinclair et al. 1990; ICES 1991; NRC 1998). Hence, retrospec-
tive problem is commonly referred to as obtaining a time series
of positive RE in estimating current stock sizes.

Understanding the retrospective problem is vital in stock
assessments. When the retrospective problem exists, catch lev-
els are likely to be recommended higher than optimal (e.g.,
maximum sustainable) levels, leading to the overexploitation
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of the stocks over a number of successive years. This temporal
pattern of overexploitation does not provide the stock with a
recovery time, and may eventually collapse the stock. Myers
et al. (1997) attributed the collapse of cod fisheries in Atlantic
Canada to the retrospective problem. The speculated that the
RE pattern observed in the cod fishery resulted from biased
catch data because of the exclusion of discarded catch data in
the assessment.

Gavaris (1993) claimed that the bias arising from model
specification is likely to be an important contributory factor in
the VPA tuned according to equation (1).

Previous studies showed that the simultaneous method
tended to yield positive retrospective errors in estimating cur-
rent stock sizes (Parma 1993; Mohn 1999; Rajakaruna et al.
2005). The simulation study suggests that the simultaneous
method estimated stock biomass tends to have much larger
estimation errors and positive biases for the two most recent
years compared with those for earlier years. This suggests
that the simultaneous method may have the retrospective prob-
lem, consistent with the results derived from previous studies
(Sinclair et al. 1990; Mohn 1999; Rajakaruna et al. 2005). The
stepwise procedure, however, yields stock biomass estimates
for the two most recent years having similar and small estima-
tion errors and biases compared with those of previous years,
implying the stepwise procedure having no obvious retrospec-
tive problem. Thus, when an age-specific curvilinear relation-
ship exists between survey abundance index and stock abun-
dance, the common VPA can result in retrospective problems
in estimating current stock biomass. The stepwise procedure
can, however, yield improved estimates with no obvious retro-
spective problem.

Many studies have suggested that the fishery-dependent
abundance index may not be proportional to stock abundance
because of partial recruitment, spatial and temporal aggrega-
tion of fish distribution, fish behavior associated with various
life history processes, and fleet dynamics (e.g., Paloheimo and
Dickie 1964; Crecco and Savoks 1985; Hilborn and Walters
1992; Harley et al. 2001; Salthang and Anes 2003). However,
for the fishery-independent abundance index, because of ef-
fective temporal and spatial coverage of surveys and often
small sample sizes, the relationship between the abundance in-
dex and stock abundance may also be curvilinear (Swain and
Sinclair 1994; Hilborn and Peterman 1996; NRC 1998). The
movement of many fish species tends to be size dependent, re-
sulting in possible size-dependent temporal and spatial aggre-
gations. Thus, the curvilinear relationships between abundance
index and stock abundance are also likely to be size/age depen-
dent. The simulation study shows clearly that such a relation-
ship can result in retrospective problems when the common
VPA method is used for estimating current stock biomass, but
cause no retrospective problem when the stepwise approach is
used.

The stepwise approach estimates the size of each cohort
in the current year age by age. The estimation for each co-
hort is not fully independent of each other because estimation
for a young age group needs to use the estimates derived for
elder age groups. The estimation for an old age group is, how-
ever, less affected by the estimation for a young age group be-
cause most data points in the regression analyses (i.e. Egs. (5)

and (6)) are calculated from complete cohorts. The estimation
for an old age group mainly relies on the information on the
sizes of complete cohorts, which are considered to be well es-
timated (Hilborn and Walters 1992), and thus is more reliable.
For a more recent year class, the estimation of its current size
mainly depends on the information on incomplete cohorts, and
is thus considered less reliable. This might explain why the
percentage of variances that can be explained by equation (4)
decreased with decreasing ages (Table 1).

The common VPA estimates all parameters simultane-
ously, resulting in high correlations between estimated param-
eters of different age groups. Thus, a small change in param-
eters for one age group may lead to changes in estimations of
parameters for other age groups. The simultaneous estimation
of all parameters across all ages and years reduces the flexibil-
ity of the model in addressing the differences between ages and
between years, which are likely to exist due to size-dependent
fish distributions and variations among years. For the stepwise
approach, the correlations of parameters among different age
groups were likely weaker, in particular for old age groups for
which most data points in the regression analysis (i.e. Eq. (4))
were from size estimates of the complete cohorts which are
considered to be more reliable.

Unlike the common VPA approach, we did not make an
assumption on the linear dependence of the abundant index
on the abundance in our equation (4), in the stepwise method.
The results, however, showed that the estimator of slope b;
from the regression analysis of the cod data was not signif-
icantly different from 1. This implies that the hypothesis of
having a linear relationship between the abundance index and
the abundance cannot be rejected. Thus, for the field data we
used in this study, the abundance index is statistically propor-
tional to stock biomass and the common VPA uses the correct
functional relationship between the abundance index and stock
abundance. Even under this scenario, the stepwise tends to per-
form better while the performance of the simultaneous method
tends to be consistent with its performance in the simulation
study with large retrospective errors.

The anti-log used in equation (5) may introduce a small
negative bias in estimating mean values of cohort sizes in the
current year. A correction factor can be derived to reduce such
a bias for estimating mean for a lognormal distribution (Parzen
1960; Hilborn 1985; Quinn and Deriso 1999). The negative
biases may contribute to the differences between estimates de-
rived from the stepwise approach and common VPA. How-
ever, because the magnitude of the difference in estimated co-
hort sizes using these two methods differs greatly among age
groups, the anti-log used in equation (5) is unlikely to be the
main cause for large differences between the two approaches.

The objective function of the simultaneous method was
described in equation (1). The equation does not, however,
consider the potential curvilinear relationship between abun-
dance index and stock abundance. To consider this relation-
ship, equation (1) for the simultaneous method can be modified

Y A

as minimizing Y, Y, [In(la,) — In(q.N},)1?, where y, is a
y=1a=1

density-dependent factor describing possible curvilinear rela-

tionship between the abundance index and stock abundance. In

a limited analysis we did which considered this relationship,
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the simultaneous estimation of all the parameters across all the
ages and years made the poor estimation of y,. A simulation
suggests that the relationship between ¢ and vy, is almost lin-
ear for a given age class, suggesting that the estimation of these
two parameters are highly correlated. This implies that y, and
q cannot be well estimated.

The stepwise fashion in estimating stock sizes for incom-
plete cohorts implies that errors occur in the old age groups
may propagate in a series individual regression predictions for
cohort sizes in younger ages. However, the propagation errors
can be quantified. Because the stepwise procedure utilizes a
standard statistical method, the error of the estimate generated
by equation (5) can be readily quantified (e.g., using boost-
rap method). The sizes of incomplete cohorts at any age could
be written as a recursive relationship between the cohort sizes
at younger ages and their respective indices. For example, by
substituting equation (5) into equation (3), the numbers at age
a-1in year y-1 would be written as

ln(Ia,y) - bO,a

M
}eM + Ca_1yy_]€2 .
bl,a

Na_1yy_] = exXp [

Then, it is just a matter of continuing this process for all ages.
Thus the propagation of errors can be quantified as a func-
tion of the sequential population process. For the simultane-
ous method, it is, however, much more difficult to address the
issues of error propagation because of complex estimation pro-
cess.

For many fisheries, multiple abundance indices are often
available. If the stepwise procedure is used, there will be mul-
tiple sets of parameters b, and b, jestimates and the back cal-
culated cohort sizes in equation (5) will not be the same for a
given age group. In this case, we have to either combine the
abundance indices into one or apply the stepwise procedure to
each set of abundance index and then develop a decision rule
or a joint estimation technique for selection of the best esti-
mates. More work needs to be done to address this potential
problem.

Xiao and Wang (2007) found that using equation (3) as a
dynamic model might be problematic. The integral of F, over
the time interval of sampling is well defined whereas F; itself
at the point of actual sampling approaches to infinity as the in-
terval of sampling goes to zero. Equation (3) corresponds to
the case where catch is taken from the fish population instan-
taneously in the middle of the year, which makes the interpre-
tation of F; difficult (Xiao 2007). Thus, this work represents
an approximation. This issue needs to be addressed in future
research.

This study found no apparent retrospective problem for the
stepwise estimator in the presence of curvilinear relationship
between abundance index and stock abundance. This may sug-
gest that the stepwise approach is more desirable than the com-
mon VPA for analyzing catch-at-age data. For many fisheries,
because of high costs of obtaining a fishery-independent abun-
dance index, CPUE or other fishery-dependent abundance in-
dex data have to be used in tuning VPA. The indices derived
from fishery-dependent data are more likely to have curvilin-
ear relationship in indexing stock abundance (Salthang and
Anes 2003), making the stepwise procedure more desirable.
The common VPA method can, however, provide background

comparisons for the estimated stock biomass. We suggest that
both the stepwise approach and common VPA method be used
and the difference be identified and evaluated. Such a compar-
ative approach may help us better understand the retrospective
problem associated with a virtual population analysis of age-
structured data, thus improving fisheries stock assessment and
management.
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