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INTRODUCTION

Analyses of catch-at-age data have been carried out routinely

for stock assessment studies of many of the tuna and billfish
stocks under the purview of ICCAT, vVirtual population analysis
(VPA) has been the primary method employed in these analyses. In
recent years, considerable attention within IccAT working groups
(particularly the Bluefin Tuna and Swordfish Working Groups) has
been focused on methods of 'tuning' VPAs to ensure that vpA
population size estimates are in concordance with available indices
of abundance. The tuning method that has been used for bluefin
(and more recently swordfish) assessments (CAL) falls into a
category of methods called ad hoc tuning methods. These methods
often lack a formal statistical basis but generally perform well
in practice.

Another category «f @acch-at-age analysis methc _, known as
integrated tuning methods, has emerged recently. These methods
have a more formal statistical basis than the ad hoc methods and
provide a good deal of flexibility as well. However, they are
relatively new and few have been fully exercised in an assessment
environment.

Conser (1989) examined the utility of the integrated approach
for catch-at-age analysis of bluefin tuna stocks. With regard. to
bluefin, and more generally to most of the tunas and billfish under
the purview of ICCAT, it is not practical to use many of the
integrated methods. The number of parameters that need to be
estimated is large, while the number of available age/year specific
indices of abundance is quite small (e.g. 23 age/year observations
were used in the 1987 bluefin assessment). The ADAPT method
(Gavaris 1988), however, was recommended as a potentially useful
tool for the ICCAT assessments. Largely due to its flexibility,
this integrated method can be applied even when only a few
parameters are estimable. :

ADAPT is a flexible framework which can be used to construct
a least squares objective function using any observed variable
that is a function of the population matrix. It serves as a
bridge between the ad hoc tuning methoGs and the integrated
methods, as it incorporates some of the best features of both
approaches. ADAPT has been employed routinely for the Canadian
Atlantic Fisheries Scientific Advisory Committee  (CAFSAC)
assessments during the past two years, e.g. haddock (0'Boyle et al.
1988); cod (Chouinard and Sinclair 1988); and many others. The
method is also being used for assessments carried out by the
Northwest Atlantic Fisheries Organization (NAFO), e.g. on cod
(Baird and Bishop 1989).

ADAPT was used, largely as an auxiliary tuning method and for
its stock size variance estimates, by the Bluefin Tuna Working
Group during the 1988 ICCAT meeting (ICCAT 1989). Nelson et al.
(S5CRS/89/33) enmployed ADAPT as the principal tuning method for a
series of Atlantic swordfish assessments. The method has also
been used in king mackerel assessments for the Gulf of Mexico and
South Atlantic Bight stocks (SEFC 1989).
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“gguations,

The application of ADAPT by CAFSAC and NAFO hasg been primarily
for groundfish stocks. wWnile the overall approach to these catgh—
at-age analyses is similar to that used by ICCAT for tuna/swordfish
assessments, many important differences in the both the primary
data (e.g. the catch—~at—age) and aux}llgry dqta (e.g. the indices
of abundance) are manifest. Two principal differences affect the

tuning process most critically:

(1) differences in the kinds of exogenous information that are
available for weighting indices Pf abundance, and more
- generally individual observations, in the objective function

(2y differences in the re}iability of the ageing information,
especially for older fish.

These differences have made it desirable to augment the ADAPT
as describad by Gavaris (1988), in order to handle the
tuna/swordfish peculiarities in a more satisfactory manner. These
extensions are entirely consistent with the ADAPT framework and,
in fact, provide a good example of the inherent fleglblllty of this
tuning method. They have been discussed by various assessment
working groups, but heretofore the equgtlons nqve not bgen
documented formally. The purpose of this paper 1s to provide
these equations as well as the rationale for their development and
use in tuna/swordfish assessments.

THE EXTENDED MODEL

With a few minor differences, the eguations described’ in
Gavaris (19288) have been employed in the ADAPT tuning model used
for the tuna and swordfish stocks. The equations and options used
to extend the model are provided below. The notation used here
is consistent with that of Gavaris, whenever possible. The
extended model has been implemented in two programming languages:
APL and BASIC. Portions of the APL output from a sample run are
used to illustrate some of the extensions.

Weighting Observations

Gavaris (1988) initially describes the ADAPT objective
function in general terms, i.e. to minimize

j%le(er'e\j)z (1)

where €; is the jth observation

;= £(1,0) {(user defined)

I is the population matrix

1 are other parameters which may be required
W, is the weight for the jth observation

n is the number of observations
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He then proceeds to discuss two typical "scenarios" and provides
more specific objective functions tihat would apply in each case.
The primary difference in Scenario A and Scenario B is that error
in the catch-at-age is incorporated in the Scenario A objective
function. In Scenario B, it is assumed that the error in the
catch-at-age data is negligible relative to error in the indices
of abundance. In practice, the Scenarioc B assumption appears to
be reasonable and this objective function has been used almost
exclusively in the CAFSAC and NAFO assessments that have enployed
ADAPT (Gavaris, pers. comm.). The same is true for the tuna,
swordfish, and mackerel assessments, described above.

In this section, discussion will focus on the Scenario B
obijective function. We will use a more general form of the
shisctive function than Gavaris' eguation (6). Namely to ninimize

jpwin

N
2
W, d;, L) (2)
or toc minimize
/\’ 2
E‘,EWW( (log, I, )~ (log ;) ] (3)
where i is the index for the abundance indices

y is the index for year
IW are the observed indices of abundance

N
Iiy are the predicted indices of abundance

\VW are weights associated with the observations
Departing from Gavaris, no distinction is made within the objective
function (Equation 2 or 3) between indices of abundance from
research surveys and those from catch-effort data, larval surveys,
etc. 1Indices may represent a single age or a group of ages. The
weights associated with each observation-are not limited to the
1/& type weights from research surveys, but may include such
weighfting in addition to other weighting factors. Weighting in
addition to log transformation is allowed (equation 3), if the log
transformation fails to stabilize variance among the observations.
Three types of weighting contribute multiplicatively to the weight
assigned to each observation.

Wiy = oy % & (4)

Y

where w;, are the 1/& type weights from research surveys,
multiplicative models using catch-effort data, or other
exogenous information.

X; are weights designed to stabilize the variance across
the various indices of abundance.
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§, are weights designed to stabilize the variance across

years to counteract the convergence properties of VPA

The raw weights calculated by egquation (4) are further adjusted
prior to use in the objective function, such that

T =

Fach of the three types of weighting are described more fully
below. For any given assessment, all of these weights, some subset
of them, or none of them may be employed depending on the available
data and the structure of the heteroscedasticity.

(1) INVERSE VARINACE WEIGHTS FROM EXOGENOUS DATA (w;,)

These weights are the type suggested by Gavaris (1988). Their
use is intended to discount the effect of less reliable
observations on the parameter estimates and to better satisfy the
usual regression assumption of homogeneity of variance among all
observations. vhen all observed indices of abundance are based
on research surveys that have been carried out in a consistent
manner, these weights alone may be sufficient to stabilize
variance, both across years and across indices. However, when
indices of abundance are derived from different data sources (e.g-
research surveys and catch-effort data), it is unlikely that
variances computed from the respective data sources will stabilize
the variance across indices.

This is especially true for tuna and swordfish assessments,
for which research survey data are not available. Most of the
indices are developed from catch-effort data using multiplicative
models to standardize effort with respect to time, space, and other
factors. Separate indices are generally developed for each
component of the fishery for vwhich appropriate data arae available.
The various indices generally represent different ages or age
groups. For example, the 1987 bluefin tuna assessment was tuned
using three indices of abundance:

i) from catch-effort data of the Japanese longline fishery
operating from the northeast U.S. coast to the Grand Banks;
cmtch and effort data aggregated by month and by 5°x5° area;
index represented ages 3-6

from catch-effort data from the U.S. rod and reel fishery in
southern New England; catch and effort aggregated by 5-day
periocd over the entire region; index represented ages 10+
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iii) from larval survey data from annual research surveys in the
Culf of Mexicec; data used in disaggregated form, i.e. tow oy
tow; index represented ages 10+

vVariance estimates can be obtained for each of these indices.
These estimates may help to stabilize variance across years within



an index. However, given the different levels of disaggregation
of the basic data and the disparate units of measurement and scale’
among these three indices, it seems unlikely that these variance
estimates would be useful for stabilizing the variance across

indices.

Rivard (1989) examined the effect of tuning to research survey
and commercial catch—effort indices simultaneously for the cod
stock in NAFO Divisions 2J, 3X, and 3L. He reported that
modifying the weights assigned to the two types of indices had a
pronounced effect on the parameter estimates and their standard
errors. Although it was not the intention of his paper to weight
the indices in a manner that would stabilize variance among all
observations (i.e. across years and across indices), his study
provides a good example of the effect of hetercscedasticity in the
ADAPT framework.

(2) INVERSE VARIANCE WEIGHTS FROM ITERATIVE RE-WEIGHTING (X”

Collie (1988) examined the tuning method used for bluefin tuna
(cAL) and recommended weighting the indices of abundance in the
objective function. Vaughan et al. (1989) used Monte Carlo
simulation to investigate the effect of weighting on the fishing
mortality rates (F) estimated in tuning the bluefin VPA. They
found that the F estimates were unbiased only when the indices were
weighted. The ICCAT Bluefin Tuna Working Group adopted the
following weighting procedure during its 1988 meeting (ICCAT 1989):

i) Run the tuning procedure separately for each index of
abundance (i.e. tune the VPA using a single index)

ii) Estimate the welght for index of abundance i as follows

n; = op;
X = TEs; (%)
where
n; = number of observations in index i
p; = number of parameters estimated when tuning
to index i separately
55; = residual sum of sguares after tuning to

index i separately

iii) Further adjust the raw weights calculated from equation (5),
such that

A similar iterative weighting procedure was suggested by Cook
(1987} .

(3) DOWN-WEIGHTING TO COUNTERBALANCE VPA CONVERGENCE (&)

‘A§suming that error in the catch-at-age estimates is
negligible relative to error in the indices of abundance (Gavaris®
Scenario B}, the residuals from any VPA-based tuning method will
tend to be smaller in the more recent years. In earlier years
wherg the YPA has converged, the differences between observed a;é
pgedlcted indices will not be affected greatly by various choices
of the parameters in the terminal year. 1In contrast, the residuals
from more riceit years can be reduced appreciably by the tuning
process. oo 1987 suggests t i—

B omting functioéz ) gg he Cleveland tri-cube as a

o[- ()]

;here Ay is the difference (in years) between the terminal year and
ear y.

Tri-cubic Qan—weighting is a recommended procedure for all
assessmegt working groups of the International Council for the
Explora@lon of the Sea (ICES 1989). Other down-weighting functions
(e.qg. l}near down-weights) may also be appropriate, depending on
the residual pattern in earlier years.

In practice, the \Vw are calculated as follows:

(a) define the w;, based on available data and information that is
independent of the tuning process

(b) define the & based on the number of years needed to achieve
VPA convergence (generally based on the level of fishing mortality
rates thought to be appropriate)

(c) estimate the X; by the procedure outline in (2), above

(d} calculate \VW from Equation (4),~ including the adjustment so
that they sum to 1.0

(e) run ADAPT and examine diagnostics, such as those provided in
Table 1. If variance appears to be reasonably homogeneous and
other ADAPT diagnostics are satisfactory, then tuning is complete.
(£} otherwise, if it is necessary to better stabilize variance,

i) calculate the partial variance for each index
¥

a0y = H= (7)



55 = residual sum of squares from the ADAPT tuning run
v; = degrees of freedom associated with index i

n; = number of cbservations in index i

p = number of parameters estimated in the ADAPT run

¥ = number of indices used in the ADAPT run

ii) re-estimate weights for each index as

o

(8)

Y]
A

and adjust so that the x; sum to 1.0

Go to (d)

Ageing Problems For Older Fish

The catch-~at-age analyses that have been conducted on tunas
and billfishes in the Atlantic, pacific, and Indian Oceans have
generally been carried out without the benefit of annual age-length
keys. Catch-at-age data are estimated by converting fish lengths
to ages using an age-length relationship. These aged fish are then
classified into age classes. Similar procedures are being used
for multispecies, multifleet fisheries interaction studies in the
ICES arena (B. Mesnil, pers. comm.). Majkowski (1983) exanined
this procedure for southern bluefin tuna using Monte Carlo
simulation and first order theory. He found the procedure to ke
relatively good for age 2 through age 12 fish, with coefficients
of variation less than 12%. However, the procedure was not
reliable for the very young (< age 2) or the older fish (> age 12).

Although the range of acceptable ages in the catch-at-age data
will vary by species, it is clear that the older ages, where growth
slows appreciably, will always be troublesome. Since several of
the tuna/billfish species are putative long-lived animals (e.g.
life expectancy of 30 years), the catch at ages too old to age
reliably will often be quite important. With this difficulty in
mind, ADAPT was extended to fully incorporate a plus group into the
tuning process, and to provide several options for dealing with
species and fisheries specific situations that might arise in the
tuning process.

In theory ADAPT can be used to estimate population si

hence F's) for the oldest true age. However, p?actical Z;;Z:ié:gi
indicates that such estimates are imprecise, and that some
structure must be imposed (S. Gavaris, pers. comm.). Similar
conclgsions have been reached with regard to the ad hoc tuning
mgthods (Pope and Shepherd 1985}). Consequently these population
sizes (and F's) are not estimated formally, but by assuming some
structure and calculating the necessary parameters with more
heuristic methods.

The appropriate equations governing the calculations on the
oldest true age, as well as those on the plus group, differ
depending upon whether the partial recruitment curve is thought to
be flat-topped or dcme shaped.

(1) FLAT-TOPPED PARTIAL RECRUITMENT CURVE

The fishing mortality rate on the oldest true age is given by

Fiy = log| —x—— - M (9)

where = age index

= year index

= oldest true age (not in the plus group)
¢ = first fully recruited age

ay = population size at age a in year y

M = instantaneous natural mortality rate (constant)

a
Y
A
a
P

The fishing mortality rate on the plus group is given by
FMLy = ayF)‘,y (10)

where M+1 = index for the plus group
a, = year specific constant (user specified)

Population size of the plus group is then given by

_ Cret,y (a,F, , + M)
Aty - - -
ayFMY[l exp (-a,F, M)]

P (11)

where €.y, = catch of the plus group in year y
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(2) DOME-SHAPED PARTIAL RECRUITMENT CURVE

When partial recruitment is thought to be dome-shaped,
estimatingpfishing mortality rates on the oldest true age, as weall
as the plus group, is inherently more difficult. Equation (9) or
similar averaging procedures are not appropriate because they
assume that all ages a, through A are fully recruited. However,

this type of partial recruitment appears to be most app?opriatg for
some txgas (e?g. bluefin tuna, where regulations prohibit fishing
on the spawning stock, but are less restrictive on younger ages).

In the extended model, the relationship between popglation
sizes and F’s on the oldest true age and the plus group is used to
impose the necessary structure. Namely

Pot,ye1 = P)‘Yexp(-—Fw—M) + P“,'yexp(-—myli‘W - M) (12)
substituting the catch equation we have

CW(FWH@) CXH.Y(QYFWHVI)

= + (13)
Ayt F,, [exp(F,+H) - 1] a,Fy, [exp(ayFy, M) - 1]

P

Given the ADAPT population size estimates at the peginning of the
year following the terminal year, the user specified a’s (equation
10), and the catch of the plus group in the terminal year, Equation
13 can be solve iteratively for the F, 's. Then using the catch

equation, the P,,, P, and F,,,, can be calculated
for each year.

Tn most situations, it can be assumed that a,=1 for all years.

With this mild restriction and using Pope’s agproximation rather
than the catch equation, we can solve for F,, in closed

form. Nanely

c, +C .
= Ay Tatty 14
F,, = log, l:%lrmr + 1] (14)

Generally the use of Equation (14) will lead to shorter run times
than Egquation (13). The use of Pope's approximation is a}so
consistent with the Gavaris equations for population size
calculations.

DISCUSBION

The extended model has been implemented in APL and in BASIC
for IBM-compatible microcomputers. Run times vary with the size
of the catch-at-age matrix, the number of indices of abundance, and
the number of parameters estimated. For the tuna/swordfish
assessments, run times have been generally less than five minutes
on 80386 machines (with math coprocessor), and less than fifteen
minutes on 80286 machines (with math coprocessor). The APL
version uses the general purpose Marquardt function (written by
Gavaris) for parameter estimation. Most other functions have been
re-written to implement the extended model. The BASIC version was
written from scratch. In addition to the major extensions
described herein, numercus more minor adaptations have been
implemented to promote ease of use for the tuna/swordfish
assessments. A small portion of the output diagnostics (from the
APL version) is shown in Table 1.

The Table 1 weighting diagnostics are from a sample run using
ten years of catch~at-age data and six indices of abundance. The
objective function to be minimize was Equation (2). oOnly X
weights were used. Neaither weighting with exogenous information
(w;y) nor downweighting (&) were used. The output represents
a single weighting run. No iterative re-weighting was attempted.
The residuals tend to be larger in the earlier years (Table 1la),
indicating that downwelghting might be useful. The distribution
of residual sums of squares (SS) over the observations (Table 1b)
is not unreasonable, but indices 1 and 6 have larger SS, while
index 2 is low. The partial variance estimates (Table 1c¢), which
are merely the total $S for each index adjusted for the number of
years in the index, bring index 6 more in line, but index 1 is
still high and index 2 is low. This sample run might benefit from
re~-weighting as described in step (f) of the weighting algorithm.

The full weighting model proposed here (equaticn 4) is
conceptually similar to Bard’s (1974) "Weighting by Experiment and
Variable" model. It has yet to be fully implemented in any of the
assessments, discussed in the introductory section, in which ADAPT
has been employed. The CAFSAC and NAFO working groups have used
only the w;, weighting or log transformation without additional
welghting. The ICCAT working groups have used only the %;
weilghting. The ICES working groups (tuning with the Laurec—
Shepherd or similar methods) have used only log transformation plus
the § weighting. It would appear that all three of these weighting
procedures have utility in stabilizing variance in the ronlinear
regression setting. However, it does not appear that any one of
them can do it alone. The full weighting model has the flexibility
to handle both the disparate nature of the observed data as well
the structure imposed upon residuals from the VPA convergence
properties.
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Table 1.

Sample output from an ADAPT run illustrating some of the

diagnostics available for examining the homogeneity of variance.
only x;, weights were used in this sample run, and no iterative
re-weighting was carried out.

a) Standardized residuals by index and by year.
grand means are also provided.

Row, column, and

Missing values indicate that

an observation was not available for that index in the missing

year.
INDEX YEAR

NUMBER

1978 1979 1880 13981 1882 1883 1984 1985 1¢86 1987

1 - -1.3351 ©0.0020 -0.0119 -1.5822 -0.0700 0.4918 1.7796
2 = 1.1375 0.5034 -0.3604 -0.5227 ~0.3943 0.4431 -0.4352
3 = 1.9180 0.9109 -0.2559 -0.3606 -0.1782 ~0.5558 -~0.8448
4 = 1.7334 1.0269 -0.3456 -0.4367 -~0.4885 -0.7469 -0.5392
5 = 1.5945 0.8062 -0.5004  -0.7541 -0.5024 -0.9782 -0.6268
6 = 1.7312 -0.9021 -0.7442 -0.0588 1.0680 -0.2947 0.8935 ~0.5050 -0.5321 ~-1.2875

maan 1.7312 -0.9021 -0.7442 0.8483 0.7201 -0.2948 -~0.4705 -0.3564 -0.3130 ~0.3257

~¥F
o

+hn

il

m
L5
Row and column sums are also provided.

i3l

[ORE S UL N

Mean

-0.1037
0.0531
0.0905
0.0205

-0.1226

~0.0632

-0.0237

sun of sguares by index and by year.

INDEX YEAR
NUMBER .
1978 1979 1880 1981 1982 1983 1984 1985 1886 1887 TOTAL
1= 4.95 0.00 0.00 6.95 0.01 0.67 8.80 21.38
2 = 3.58 0.70 0.36 0.76 0.43 0.55 0.53 6.92
3 = 10.22 2.30 0.18 0.36 0.09 O0.86 1.98 16.00
4 = 8.35 2.93 0.33 0.68 0.86 1.55 0.81 15.31
5 = 7.98 1.82 0.70 1.58 ©0.70 2.66 1.08 16.52
6 = 8.33 2.26 1.54 c.01 3.17 Q.24 2.22 0.71 0.78 4 .60 23.86
TOTAL 8.33 2.26 1.54 35.10 10.93 1.81 12.56 2.61 7.07 17.81 100.00
c) Partial variance for each index of abundance used in the ADAPT

run. Percent of the total is also given.
7) for the definition of partial variance.

INDEX NUMBER

1 2 3 4
0.006393 0.002088 0.004781 0.084577
23.4% 7.67 17.52 16.71

0.00

4938

18.0%

0.004615

See text (equation



