
Not to be cited without wrnrission of the authods) 

New Zealand Fisheries Assessment Research Document 94/12 

Assessments of the stock of southern blue whiting (Micromesistius australis) from the 
Campbell Island Rise 

L 

A. E. Punt 
Fisheries Research l[lrstitute 
School of Fisheries WH-10 
University of Washington 
Seattle WA 98195 
USA 

July 1994 

MAF Fisheries, N.2. Ministry of Agriculture and Fisheries 

This series documents the scientific basis for stock assessments and fisheries 
management advice in New Zealand. It addresses the issues of the day in the current 
legislative context and in the time frames required. The documents it contains are not 
intended as definitive statements on the subjects addressed but rather as progress 
reports on ongoing investigations. 



Assessments of the stock of southern blue whiting (Micromesistius australis) from 
the Campbell Island Rise 

A.E. Punt 

School of Fisheries WH-10 
University of Washington 

Seattle WA 98195 
USA 

EXECUTIVE SUMMARY 

Assessments of the stock of southern blue whiting from the Campbell Island 
Rise using data up to 1993 are conducted using Laurec-Shepherd ad hoc tuned 
Virtual Population Analysis (VPA) and the sensitivity of the results to several of 
the specifications of the base-case is examined. 

The fits of the models are very poor - well below the levels which should 
provide reliable results. The precision of the estimates is poor, but not as poor as 
some of the diagnostics of the VPA would suggest. 

The results obtained using the "Lowestoft" variant of ad hoc tuned VPA were 
discarded because this variant predicts that more fish in the plus-group die than 
is expected given the estimates of natural and fishing mortality. 

Some of the management related quantities are very sensitive to the value 
assumed for the rate of natural mortality. The estimates of the F,,,,, strategy 
TAC on the other hand, are fairly insensitive to this value. These estimates are, 
however, sensitive to the catch for 1994 and the number of years used to define 
'stam-quo ' 

Another age-structured assessment method, ADAPT, suggests that the fully 
selected fishing mortality in 1993 was very low (0.01 yr-I), whereas the base 
case ad hoc tuned VPA assessment suggests that this mortality is about 0.1 yr-'. 

The base case estimate of Maximum Sustainable Yield (MSY) is 15 200 t. 

The base case estimate of the F,,,,, strategy TAC for 1994 is 8 400 t and the 
estimate of the F,, strategy TAC for 1994 is 26 300 t. 

The base-case estimates of the F-, strategy TAC for 1995 range between 
7 800 and 15 700 t, and the estimates of the F,., strategy TAC for 1995 range 
between 25 600 and 27 200 t. 

The quality of VPA-based assessments will improve once the catch rate time 
series increases, and if other sources of relative abundance information become 
available. 



1. INTRODUCTION 

Hanchet (1993) assessed the three stocks of southern blue whiting off New Zealand 
(Campbell Rise, Pukaki Rise, and Bounty Platform) using data up to 1992. Due to the 
paucity of catch age-composition data, it was impossible to apply virtual population 
analysis (VPA) to assess the Pukaki Rise and Bounty Platform stocks. 

The most recent year (1992) terminal fishing mortalities for the Campbell Rise stock 
VPA were tuned using the Laurec-Shepherd tuning algorithm (Pope & Shepherd 1985). 
Unfortunately, the relationship between fishing mortality and fishing effort for this 
stock is weak, and the catch rate for 1992 (which was derived from data for Soviet 
super-Atlantic vessels) is questionable (Hanchet 1993). These factors resulted in the 
1993 Fishery Assessment Plenary (Annala 1993) rejecting the results of the VPA 
analyses and suggesting instead an analysis based on examining the sensitivity of back- 
projection results over a plausible range for the fully selected fishing mortality for 1992 
(Hanchet 1993). 

Ad hoc tuned W A  is based on several assumptions. Hanchet (1993) examined the 
sensitivity of the W A  results to alternative prescriptions for the placement of the plus- 
group and the length of the catch rate time series. This paper examines sensitivity 
further by considering the implications of changes to these specifications in addition to 
changes to the method used to tune the oldest-age terminal fishing mortalities, the 
effect of systematic changes in selectivity over older ages, and changes to the number 
of ages used when tuning the oldest-age terminal fishing mortalities. The sensitivity of 
the results to the choice of assessment method is examined by applying ADAPT as well 
as ad hoc tuned WA. 

The catch-at-age and relative abundance information used in the analyses are listed in 
Table 1, and Table 2 provides information on mass-at-age. Note that the fishing effort 
information in Table 1 is based on the results of a general linear model standardisation 
(e.g. Gavaris 1980, Kimura 1981) unlike the fishing effort information considered by 
Hanchet (1993). Table 3 lists the specifications of the base case analysis and the 13 
sensitivity tests. The base case assessment is identical to that of Hanchet (1993) except 
that fishing mortality is assumed to occur over the final 5% of the year only. 

2. METHODS 

Hanchet (1993) noted that the relationship between fishing effort and fishing mortality 
is weak, but did not estimate the variances of the estimated quantities. In this paper, a 
(conditioned) parametric bootstrap approach (see Appendix I) is applied for this 
purpose. The ad hoc tuned VPA and ADAPT methods, as applied here, are described in 
Appendices I1 and LU. Apart from some small modifications, they are identical to the 
methods applied routinely at ICES, CAFSAC, and ICCAT (amongst others). The 
following sections list these modifications. 

2.1 Population dynamics model 

The population dynamics and TAC determination formulae have been adjusted to take 
account of the assumption that fishing mortality occurs over the final 5% of the year 
only. The sensitivity of the results to two assumptions regarding the dynamics of the 



plus-group (see Equations 11.2 to 11.4) is examined. The difference between the two 
methods is that the first (the Lowestoft method) is based on the assumption that the 
fishing mortality on the plus-group is equal to that on the next lowest age-class, 
whereas the other (the ICCAT method) is based on ensuring that the historic plus-group 
dynamics follow the rules used when projecting the population forward (i-e., the 
number in the plus-group in year y+l must equal the number in the plus-group in year y 
plus the number in the next lowest age-class in that year, less the fishing and natural 
mortality during year y). 

2.2 Estimation of recruitment 

The estimates of recruitment, particularly those for the most recent years, produced by 
VPA are often very imprecise. In order to reduce the variance of some of the 
recruitment estimates for the most recent years, they have been "shrunk by pooling the 
VPA estimates and the estimate of the geometric mean recruitment using inverse- 
variance-weighting (see Equation 11.10). The geometric mean recruitment (also used to 
predict the strength of the 2 year old age class in all future (i.e., 1994, 1995, etc.) years) 
is calculated over the years 1982 to 1990. The recruitments for years 1991 to 1993 are 
"shrunk to the geometric mean recruitment (i.e., k = 3 when applying Equation II. 10). 
The selection of k = 3 is based on an examination of the variances of the VPA estimates 
of recruitment. 

2.3 TAC determination 

Information on catch-at-age is available until 1993. Unfortunately, estimates of TAC 
according to the F,,, and FnW,, strategies are needed for 1995 as well as 1994. In 
order to estimate TACs for 1995, it is necessary to specify the fishing mortalities for 
1994 (the VPA produces estimates of the numbers at the start of 1994: see Equation 
II.15 and surrounding text). Four alternative prescriptions have been considered in 
order to capture the range of possibilities. 

a) The fishing mortalities-at-age for 1994 are the same as those for 1993 
(the F&-,, assumption). The numbers-at-age at the start of 1995 (year 
t+2) are thus given by Equation II. 16. 

b) The 1994 catch is set to 7 000 t and the catch equation (see Equation 
11.17) is solved for the fully selected fishing mortality during 1994 (see 
Equation II. 18). 

c) As for b) except that the 1994 catch is assumed to be 11 000 t. 
d) , As for b) except that the 1994 catch is assumed to be 15 000 t. 

A further problem arises when estimating Fa--, strategy TACs for 1995 because it is 
not obvious what fishing mortalities-at-age to use for 1995. The two possibilities are: 
those for 1993 (option I), and those for 1994 (option 2). Naturally, if option a) above is 
used to specify the fishing mortalities for 1994, the two options are identical. 

In summary, therefore, 2 TACs are estimated for 1994 (1 for each harvesting strategy) 
and 12 TACs for 1995 (4 for the F,., strategy - 1 for each of prescriptions a) - d), and 8 
for the Fa--, strategy - 1 for each combination of prescriptions a) - d) and options 
1) and 2)). The 4 F,., strategy TACs for 1995 are distinguished by adding the letter of 



the prescription used to specify the 1994 fishing mortality to the acronym for the TAC. 
The 8 F--,, strategy TACs for 1995 are distinguished by adding the letter of the 
prescription used to specify the 1994 fishing mortalities and the number of the option 
used to specify Fm,-,, to the acronym for the TAC. 

3. RESULTS 

Table 4 provides the two base case (one for the ICCAT method and one for the 
Lowestoft method) estimates of the numbers and fishing mortality-at-age matrices and 
also gives the standard deviations of the residuals of the fishing mortality vs. effort 
relationships (aa - see Equation II.6) for each base case assessment. Results are shown 
for both methods of handling the plus-group to indicate the sensitivity of the point 
estimates and the measures of uncertainty to this specification. 

Table 5 lists point estimates, bootstrap means, standard errors of logarithms (SELs), and 
percentile method 90% confidence intervals for 22 management related quantities 
(acronyms in parenthesis) for the ICCAT method ad hoc tuned VPA basecase 
assessment. 

The exploitable biomass during 1982 (B,',,,). 
The exploitable biomass during 1986 (BAS,). 
The exploitable biomass during 1993 (B,',,). 
The exploitable biomass during 1993 expressed as a fraction of that in 1982 

( B&93 B;982 )' 
The exploitable biomass during 1993 expressed as a fraction of the 
corresponding unexploited equilibrium level (Bf,, I K'). 
The exploitable biomass during 1993 expressed as a fraction of the 
exploitable biomass at which MSY is achieved (B,',, / B&). 
The exploitable biomass at which MSY is achieved (B,,). 
The average fishing mortality on ages 4-10 in the most-recent-year (Fh). 
MSY - the maximum sustainable yield (MSY). 
The F,, strategy TAC for 1994 (94 F,, TAC). 

The 'satus-, strategy TAC for 1994 (94 F, TAC). 
The four F,,, strategy TACs for 1995 (95 F,,, TAC). 
The eight Fa-, strategy TACs for 1995 (95 F, TAC). 

[SELs are provided instead of CVs because they are less sensitive to skew distributions, 
and because the SEL of an estimate is approximately equal to its CV if the distribution 
of the estimate is log-normal - another reason for considering SELs is the inherent 
positivity of the estimates of the management related quantities.] Table 6 indicates the 
sensitivity of the estimates of the F,,, and Fm-, TACs for 1995 to doubling the 
estimate of the number of 2-year-olds at the start of 1993. This year-class was selected 
as information from acoustic surveys (S.M. Hatchet, MAF Fisheries Greta Point, pers. 
comm.) suggests that the 1991 year class will be strong even though this is not yet 
evident in the VPA. Table 7 examines the sensitivity of the Fa,, strategy TACs for 



1995 to the definition of F,,,, . Results are shown for definitions of Fm-quo of the 

form: 

The results in Tables 5 and 6 correspond to the choice w = 1; Table 7 examines the 
sensitivity of the results to the choices w = 2 and w = 3. 

Table 8 shows the sensitivity of the results of the ad hoc tuned VPA to changes to the 
specifications of the stock assessment, in the form of percentage changes in the values 
of 8 of the 22 management related quantities. The F,., TAC in this Table is "95 F,,, 
TAC (c)" and the FS1 TAC in this Table is "95 FIq TAC (1,~)". The sensitivities of the 
other TAC estimates are qualitatively similar to those for the two presented. 

Figure 1 shows the base case estimates of exploitable biomass and their 90% 
confidence intervals, as well as the corresponding estimates for the two sensitivity tests 
which involve changing the number of years in the assessment. Results are shown in 
Figures l(a) and (b) for the Lowestoft and ICCAT methods of handling the plus-group 
respectively. 

4. DISCUSSION 

4.1 The reliability of the results 

Almost all of the estimates obtained in these analyses are very poorly determined. The 
estimates of the standard deviations of the residuals of the fishing mortality vs. fishing 
effort relationships (a,, - see Table 4 and Equation 11.6) are often used as indicators of 
reliability. Conventional wisdom suggests that reliable estimation should occur when 
o, is less than 0.4 and that the estimates provided by ad hoc tuned VPA should be 
interpreted with considerable caution when a number of the 0,s are greater than 0.6. 
None of the estimates of a, in Table 4 are less than 0.4 and the bulk are greater than 0.6 
(all for the ICCAT method and all but three for the Lowestoft method). This means that 
the estimates of fishing mortality-at-age for the most recent year are very poorly 
determined. The estimates of the numbers-at-age at the start of 1993, and hence the 
biomass during 1993, are poorly determined as they are related inversely to the fishing 
mortalities-at-age for 1993. 

The estimated SELs in Table 5 are not as high as might have been expected from the 
values of a, given in Table 4. However, the 90% confidence intervals are extremely 
skewed (see Figure 1). The variances reported in this document are negatively biased 
because age correlation effects are ignored when generating the pseudo fishing 
mortality matrices: see Butterworth et al. (1990) for details. It is unclear whether this 
bias is substantial. Butterworth et al. (1990) attempted to take age correlation effects 
into account in the assessment of the northern Namibian stock of Cape horse mackerel 
and found them to be small. 



A further cause for concern are the retrospective patterns in exploitable biomass evident 
in Figure 1. It is clear from this figure that the results are extremely dependent upon the 
effort for the most recent year. 

The results for ADAPT are not presented here as this assessment method suggests that 
the fishing mortality during 1993 was very small and that the changes in catch rate are 
attributable to fluctuations in year class strength only. Note, however, that the fit of the 
ADAPT model, as measured by the standard deviation of the log-residuals, is as good 
as that of the ad hoc tuned VPA. 

Bearing in mind the caveats raised in this section, the results in Tables 4 to 8 will now 
be discussed. The base case results will be discussed first, followed by those for the 
various sensitivity tests. 

4.2 Base case assessments 

Qualitatively, the results of the ICCAT and Lowestoft methods are similar (see Table 
4), but there are some important differences between them. As expected, the differences 
are associated with the dynamics of the plus-group. The Lowestoft method results (see 
Table 4a) suggest that the number in the plus-group dropped markedly between 1982 
and 1984. However, this appears to be an artifact of the method used to handle the plus- 
group because the combination of fishing and natural mortality is unable to reduce the 
numbers in the plus-group by the extent indicated by the assessment. This suggests that 
the results for the Lowestoft method should be accorded less weight than those for the 
ICCAT method. All the remaining results in this paper were computed using the 
ICCAT method. 

The base case assessment suggests that the 1988 year class is extremely strong, that the 
number in the plus-group has dropped markedly, and that fishing mortality in the most- 
recent-year is small (< 0.1 yr"). The resource is estimated currently to be almost equal 
to its 1982 size. The primary reason for this is that the strong 1988 year class is now 6 
years old and is counter balancing the reduction in the numbers of 11+ animals. There 
appears to be almost no chance that the resource has been depleted to below the 
biomass at which MSY is achieved (the lower 90% confidence limit for the ratio 
B,',, 1 BLSy exceeds 4). Note that this last conclusion is dependent on the assumption 
that recruitment is independent of spawner biomass. 

The point estimate of MSY is 15 200 t. The point estimate of the F,,, strategy TAC for 
1994 is 24 600 t, although its 90% confidence interval includes all values between 15 
600 and 54 300 t. The F,,, strategy TAC for 1994 is much lower at 8 400 t. The 
F,., strategy TAC for 1995 ranges between 25 600 and 27 200 t depending on the 
method used to handle the plus-group and the prescription used to specify the fishing 
mortalities for 1994. All of these estimates have SELs about 0.4 which is large by 
fisheries standards. The F,,,-, strategy TACs for 1995 range between 7 800 and 
15 700 t. If the fishing mortalities for 1993 are used to estimate the F,,,,,, strategy 
TAC for 1995, this TAC is largely independent of the prescription used to specify the 
fishing mortalities for 1994. However, this is not so if the fishing mortalities for 1994 
are used to calculate the F--, strategy TACs for 1995. The latter TACs are 



determined with considerably lower SELs than the former, because the catch for 1994 is 
fixed. This leads to less variability in the estimates of Fa-,, by age. 

4.3 Sensitivity analyses 

The effect of the 1991 year class being twice as large as the VPA estimate is to increase 
the F,,, strategy TAC for 1995 by roughly 3 000 t. The effect on the F,,,-,, strategy 
TAC for 1995 is small if the fishing mortalities for 1994 are used to calculate the 
Fstarrcs-quo strategy TACs for 1995, and roughly 900 t if the fishing mortalities for 1993 
are used to calculate the F,,,-, strategy TACs for 1995 (see Table 6). The SELs in 
Table 6 are marginally smaller than the corresponding values in Table 5. 

The effect on the F,,,, strategy TACs for 1995 of changing the value of w (see 
Equation 1) is quite marked. As the value of w is increased from 1 to 3, the F,,,-quo 
strategy TACs for 1995 virtually double. This suggests that the F,,,-quo strategy TACs 

are sensitive to this specification. 

The point estimate of the F,,,-,, strategy TAC is least sensitive to the changes to the 

specifications of the VPA (see Table 8). On the other hand, the estimates of B,',,, 
B,',, I Ke , B,',, I Bis,, Fh, and the F,,, strategy TAC for 1995 are all extremely 
sensitive to the value assumed for the rate of natural mortality. 

5. CONCLUDING REMARKS 

The results of this assessment must be treated with considerable caution. The ad hoc 
tuned VPA method is based on the assumption that the effort for the most recent year is 
exact. The effort for 1993 is markedly lower than that for 1991 and 1992. This leads the 
ad hoc tuned VPA to the conclusion that fishing mortality was very low during 1993. 

The fit of the model to the data is poor and the SELs for all the estimated quantities 
high. Furthermore, except for the F,,,-, strategy TACs, these estimates are all 
sensitive to the value assumed for the rate of natural mortality. The F,,,-,, strategy 
TAC for 1994 is reasonably well defined at around 8 500 t. However, this quantity is 
sensitive to the number of years included when calculating Fs,aru-quo . Including the most 

recent 3 years when estimating F,,,,, leads to a doubling of the TAC. The Fsra,-quo 
strategy TAC for 1995 is sensitive to the catch during 1994 as well as to the number of 
years included when calculating F,,-,, . 

The reliability of the results of analyses such as those conducted in this document will 
be improved as the length of the catch rate time series increases and if other sources of 
information on relative abundance (perhaps based on trawl 1 acoustic surveys) become 
available. 
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Effort 
base case 

Effort 
delta-log 

Catch-at-age and fishing effort data for the Campbell Island Rise stock 
of southern blue whiting (source, Hanchet 1994). Catch units are '000 
fish 

Year 



Table 2 : 

Table 3 : 

Mass-at-age data for the Campbell Island Rise stock of southern blue 
whiting (source, Hanchet 1994). The mass for a fish in the plus-group 
(when this group is not 19+) in year y, is a weighted mean of the masses- 
at-age for all ages represented by the plus-group. The weight assigned to 
each age when calculating this weighted mean is equal to the catch of 
the age concerned 

Mass (kg) 
0.193 

Specifications of the base case assessment and the sensitivity tests 

Acronym 
base-case 

M = 0.1yr-' 
M = 0.15yr-' 
M = 0.25yr-' 
M = 0 . 3 ~ ~ - '  

m = 8  
m =  16 
y=  0.1 
y=  -0.1 
p = 2  
p = 4  

Delta-lognormal 
1982-92 
1982-9 1 

Natural 
mortality (yi') 

Plus-group 
age (m) 

Selectivity 
slope (y)  

Tuning 
parameter @) 



Table 4 : Base case estimates of the number- and fishing mortality-at-age 
matrices, and of the values of & obtained from the & hoc tuned VPA. 
Results are shown for the two alternative methods of handling the plus- 
group 

a) Lou 

Year - 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 - 

iishing 

Year - 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 - 
' a  - 

stoft method - numbers-at-age 



(Table 4 Continued) 

>) ICC 

Year - 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 - 

'ishing 

Year - 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 - 
60 - 

T method - numbers-at-age 

mortality-at-age 



Table 5 : Base case management variable estimates, bootstrap means, standard 
errors of logarithms and percentile method 90% confidence intervals 
obtained from the ICCAT method ad hoc tuned VPA 

MSY 
94 FO., TAC 
94 Fs9 TAC 

95 F,,, TAC (a) 
95 F0.1 TAC (b) 
95 F,, TAC (c) 
95 F,, TAC (d) 

95 Fs9 TAC (1,a) 
95 Fs9 TAC (1,b) 
95 Fs9 TAC (1,c) 
95 Fs9 TAC (1,d) 
95 Fs9 TAC (2,a) 
95 Fs9 TAC (2,b) 
95 Fs9 TAC (2c) 
95 Fs9 TAC (2,d) 

Estimate 
84247 
63916 
82869 
0.984 
0.712 
5.667 
14622 
0.079 
15230 
24645 
8413 

26937 
27217 
26426 
25636 
9255 
9352 
9079 
8806 
9255 
7785 
1 1859 
15662 

Bootstrap 
mean 
82377 
63428 
96701 
1.174 
0.805 
6.402 
15105 
0.106 
15733 
28641 
12958 

SEL 
0.040 
0.074 
0.386 
0.375 
0.28 1 
0.28 1 
0.141 
0.4 14 
0.141 
0.372 
0.39 1 

90% confidence 
interval 

77786 88485 



Table 6 : Base case F,,, and F--, strategy TAC estimates for 1995, bootstrap 

means, standard errors of logarithms and percentile method 90% 
confidence intervals obtained from the ICCAT method ad hoc tuned 
VPA. These TACs were calculated by doubling the strength of the 1991 
year-class 

Estimate 
&%+E- 

Bootstrap 
mean 
32822 
34474 
33619 
32761 
14396 
15016 
14646 
14274 
14396 
7502 
11486 
15248 

90% confidence 
SEL interval 

0.386 17404 609 1 1 
0.382 18386 63499 
0.392 17618 62736 



Table 7 : The sensitivity of the base case Fs--, strategy TACs for 1995 to the 

catch assumed for 1994, and the number of years used when calculating 
F.tl,s-qul fishing mortalities-at-age (w). The figures given in parenthesis 
are the standard errors of the logarithms of the estimates 

1994 Catch (t) Number of years used to calculate F,,,-,,o (w) I 

Table 8 : Relative changes in the point estimates of eight of the 22 management 
related quantities (expressed as percentages) for 11 of the sensitivity 
tests for the ICCAT method ad hoc tuned VPA assessment. Figures with 
an absolute value larger than 20% are shown in bold type and those with 
an absolute value larger than 10% are shown in italics 

-- - 

Acronym 

M = O.lyr-' 
M = 0.1 5yr -' 
M = 0.25yr-I 
M = 0.3yr-I 

y= -0.1 
y= 0.1 
p = 2  
p = 4  
m = 8  
m =  16 

delta lognormal 

MSY 

-20.70 
-14.33 
26.05 
73.88 
-0.71 
0.07 
-2.07 
-3.50 
-15.34 
-10.85 
-1.47 

4 . 1  

TAC 
-55.28 
-31.62 
47.23 
127.01 
6.43 
-5.34 
-1.79 
-4.73 
-7.77 
-6.04 
-4.31 



Appendix I : Estimating CVs and confidence intervals 

The estimates of standard error (SE) and thence coefficient of variation (CV) are 
obtained by means of the (conditioned) parametric bootstrap procedure (Efron 1982, 
1985), and estimates of 90% confidence intervals by applying the percentile method 
(Efron 1981, Buckland 1984). 

Estimation of standard errors and coefficients of variation 

The (conditioned) parametric bootstrap variance-estimation procedure is illustrated by 
an example: estimating the standard error of the quantity { a  + pxl ), where a and P are 
obtained by means of a linear regression of { y,: i  = 1,. . . , k } on {x i :  i  = 1,. . . , k ) . There is 
little need to use a bootstrap procedure in this instance because, under the assumption 
that errors are independent and identically normally distributed, the variance required 
can be estimated analytically using normal distribution theory. This particular example 
has been chosen purely to simplify explanations. 

More generally, let Q be the quantity for which an estimate of standard error is 
required. Assume that Q is calculated from the set of estimated model parameters t ,  
using the function 4 ,  i.e. 

where, for the linear regression example, = (6, ), and 4 (a , p ) is {a + $x, } . 

Now, let e be the estimator of e, given a set of data X, i.e.: 

In the example under consideration, X is the 
estimator 8 is: 

Finally, let &x) be an estimate of the distribution of the observed data points X. The 
various forms of the bootstrap (Efron 198 1, 1982, 1985, 1987) differ as to how 6 ( ~ )  
is constructed. The (conditioned) parametric bootstrap is "conditioned" in the sense that 
the values of the independent variables (i.e. {x i  : i  = 1, .. ,k} in the example 
considered) are assumed to be fixed. The procedure is "parametric" because, in 
order to construct 6 ( ~ ) ,  it is assumed that the distributions of the dependent variables 
are identical to those assumed when fitting the model. For the regression example 
considered here, these distributions are: 

Note that the conditioning is equivalently written: xi - N(xi ; 0).  



The (conditioned) parametric bootstrap varianceestimation procedure then estimates 
the standard error of Q as follows: a large number (U,, - taken here to be 500) of 

random bootstrap samples {xu: U = 1,. . . , U, } are generated, and the set 

{Q' , Q' , . . . ,Q'- )where bU = @ [&(XU)] is computed. For the regression example, the 
random bootstrap samples are generated as follows: 

The variance of Q is then estimated by: 

where Q(., is the mean of the a's. 

In order to implement the (conditioned) parametric bootstrap, it is necessary to specify 
the functions @, 9 and the distribution 6 ( ~ ) .  As + is usually trivially defined, and 8 
is the estimator itself, the descriptions of the implementations of the (conditioned) 
parametric bootstrap for each approach detail only the distribution B(x), i.e., how the 
random bootstrap samples are generated. 

Confidence intervals 

The percentile method (Efron 1981, Buckland 1984) is used to estimate confidence 
intervals. The estimate of the confidence interval is computed from the set of bootstrap 
estimates after sorting them into ascending order. If N Monte-Carlo trials are 
performed, the 90% confidence interval for Q is estimated (to sufficient accuracy for 
the purposes required here) by [ & & N , & ) 5 N ] ,  with and @,,5N obtained by 
linear interpolation within the ordered set. 



Appendix I1 : The ad hoc tuned VPA estimator 
(Butterworth et aL 1990, Punt and Butterworth 1991, Punt 1994) 

To obtain the estimates of the fishing mortality (Fy,a) and numbers-at-age 

matrices required to compute Fflm-, catches (see below), the standard VPA back- 
calculations for each cohort, together with the selected tuning algorithms, are applied 
iteratively until convergence takes place. The techniques used to tune the terminal 
fishing mortalities are described first, followed by the methods used to estimate the 
management related quantities. Finally, the method of generating the bootstrap 
replicates is detailed. 

The VPA back-calculations 

The VPA back-calculation process is used to calculate the entire numbers-at-age matrix 
(N) from the numbers-at-age for the oldest-age (age m, taken to be a plus-group) and 
the most-recent-year (year t). Fishing mortality is assumed to take place in the final 5% 
of the year only (V. Haist, Pacific Biological Station, Nanaimo, pen. comm.) so that 
the number of animals of age a caught during year y (C,,) is given by the equation: 

where F,, is the fishing mortality on animals of age a during year y, and 

M, is the instantaneous rate of natural mortality on animals of age a 
(assumed to independent of year). 

For a < m - 1, N,, is calculated from Ny+,,+, using the equation: 

Two alternative approaches (the Lowestoft method and the ICCAT method) are used to 
calculate the number of animals in the plus-group. The Lowestoft method involves 
assuming that the fishing mortality on the plus-group is equal to that on the next lowest 
age so that, given values for C,, and Fy,, ( = F,,,,), Equation (II.1) can be solved for 
the number in the plus-group (N,,,). 

The ICCAT method is based on the equation governing the dynamics of the plus-group: 

Given values for F,,,, F,., and the catch-at-age matrix, values for N,,,-, and N,,, 
can be calculated using the formulae: 



To calculate N ,,, and N ,, for y c t , Equation (Il.3) is solved for F,,, given a value 
of Ny+,,m. A value for N,,, will either have been calculated from the results of the 
previous iteration of the most recent year tuning algorithm (for y = t - 1) or estimated 
by applying the algorithm described below to year y + 1. The calculation procedure is 
as follows. 

i) Guess F,,,. 
ii) Calculate F,, (see Equations IL5a and IISb). If p > 1, the values of Fy,,-, to 

Fy,m, will already have been calculated. 
iii) Calculate N,, and N,,, from Equation (II.4). 
iv) Substitute all four values (F,,,,F,,, N,, and N,,,) into the right hand side 

of Equation (II.3), and compare the result to the left hand side, which is known. 
V) Iterate (i) - (iv) until Equation (II.3) is satisfied. 

Values for F,,, and F,, (and hence for N, ,, and N,,) are obtained from the tuning 
algorithm for the most recent year (see Equations II.6), followed by application of 
Equations II.4a and II.4b 

Tuning procedure 

The algorithm used to tune the oldest-age terminal fishing mortalities is based on the 
assumption that the age-specific selectivity function changes over the oldest p + 1 ages 
at a rate y per year. Two alternative error structures are considered. 

The equation specifying the fishing mortality on the plus-group as a function of those 
on the p younger ages is: 

if the error about the relationship is assumed to be log-normal, or 

if this error is assumed to be normal. 

Note that fixing y = 0 corresponds to the special case where age-specific selectivity is 
assumed to be flat (constant) at large ages. Note also that age m is replaced by age m-1 
when applying the Lowestoft Method for calculating the number of animals in the plus- 
group (because F,, is set equal to F,,, for this method). 



The method applied to tune the most recent year terminal fishing mortalities is the 
Laurec-Shepherd tuning algorithm (Pope & Shepherd 1985): 

r 11(t-1) - 
where 4.  zLn (FY,a I Ey I] 

y=l 

- 
4a is the catchability coefficient for age a, and 

E,  is the effort for year y. 

F0.n and F&-, ,  strategy estimation 

In the estimation of quantities for the F0., and F,,,, harvesting strategies, the overall 
calculation involves the following three steps: specification of the selectivity pattern, 
estimation of F,, , and prediction of recent and future recruitments. Each of these steps 
is described in turn. 

SPECIFICATION OF THE SELECTIVITY PATTERN Sa 

Specification of the Ss  is achieved using the formula (see Equation II.6): 

ESTIMATION OF F,, 

The equilibrium yield-per-recruit to fishing mortality (F) relationship is given by the 
equation: 

where wa+m is the mass of a fish of age a in the middle of the fishing season, 
N2 = 1  (animals aged 0 and 1 years are ignored because they are not 

taken by the fishery : for convenience therefore only ages of 2 
and above are considered), and 

The value of F,, is obtained numerically by solving the equation: 



The F,,, strategy (sometimes referred to as F,, or I;,) corresponds to setting n=O. 

PREDICTION OF RECENT AND FUTURE RECRUITMENTS 

The variances of the recruitment estimates provided by VPA are usually very large for 
the last few years of a time series (see, for example, Butterworth et al. 1990). 
Therefore, methods of TAC estimation which use such estimates are likely to provide 
relatively imprecise results. Thus, the last k recruitment values (i.e., corresponding to 
years t - k + 1 to t) are replaced with inverse-variance-weighted averages of the VPA- 
estimated recruitment for that year and the estimated mean recruitment. 

where W! is the inverse of the variance of ~II(I?~,,~), 

This approach, suggested to the author by J.G. Shepherd (Fisheries Laboratory, 
Lowestoft, pers. comm. to D.S. Butterworth) is commonly referred to as "shrinkage". In 
general, it results in estimates of recruitment for the last few years of the series which 
are similar to the geometric mean recruitment. The balance of the numbers-at-age 
matrix is then computed by forward-projecting these alternative recruitment estimates 
under the historic catches-at-age. 

This method of specifying recent recruitments requires estimates of the variances of 
tn(Gt-i,2). These are obtained by a MonteCarlo bootstrap variance-estimation 
procedure. This procedure involves the generation of a large number of bootstrap 
replicate fishing-mortality matrices, which are conditioned on the assumption that the 
catch-at-age matrix and the estimates of natural mortality-at-age are exact. These 
matrices follow from the standard VPA back-calculations given alternative sets of 
terminal fishing mortalities, which are defined as follows. The symbol U is used to 
denote the Uth bootstrap replicate assessment. 

MOST RECENT YEAR 

where 6; =[A + 11 6: 
(the formula for 6: is given under Equation II.6) 



OLDEST-AGE 

if a log-normal error structure is assumed, or 

(II. 12a) 

if a normal error structure is assumed. 

where 6"2=[$+1]&2, and 

The recruitments for years y = t + 1, t + 2 are estimated to be the geometric mean of past 
recruitments: 

(II. 14) 

Note that the complete period y = 1 to t - k has been used to estimate mean 
recruitment, which assumes no relationship between recruitment and spawning 
biomass. No such relationship is immediately evident for the stock considered here over 
the period for which catch-at-age data are available. Therefore the approach seems 
appropriate here. 

Using this estimate (a) for Gt, ,, and the formula: 

the numbers-at-age present at the start of year t + 1 can be estimated. 

To estimate a TAC for year t + 2, it is necessary to project the age-structure at the start 
of year t + 1 (see Equation II. 15) to the start of year t + 2. Two alternative methods are 
considered to achieve this. The first method involves assuming that the fishing 
mortalities-at-age during year t + 1 are the same as those during year t, i.e. the numbers- 
at-age at the start of year t + 2 are given by the formula: 



- (" a = 2  
-(~,A+4.,-1) 

N t + 2 p  = Nt+l , -1  3 1 a I m - 1  (II. 16) 

Nt+,,, e - ( " d ' L l '  A - w r n + e m )  a = m  
+ N t + l , m  

The second method for projecting the numbers-at-age at the start of year t + 1 to the 
start of year t + 2 involves specifying the catch (rather than the fishing mortality) for 
year t + 1. This method thus involves solving the following equation for the fully 
selected fishing mortality during year t + 1: 

2 -0.95 M ,  1 - exp{-(0.05 Ma + S, F,,,)} 
c t + ~  = W a + m  ' a  F,+l  ' t+ l ,a  (II. 17) 

a=2 0.05 Ma + Sa F,+, 

where Ct+, is the specified catch for year t + 1. 

The numbers-at-age at the start of year t + 2 are then given by the formula: 

The F,., harvesting strategy TAC for year t + 2 is given by: 

The version of the F--,, harvesting strategy (Pope 1983, Pope & Gray 1983) 
considered here aims to keep fishing mortality at its current level. A problem arises 
here because it is not obvious what the "current level" is in this case. The two options 
considered here are: the fishing mortalities-at-age for year t and those for year t + 1, i.e.: 

Other management quantities 

THE F,, HARVESTING STRATEGY TARGET BIOMASS LEVEL 

The F,, harvesting strategy target biomass level (taken as a midseason value) is given 
by the formula: 



The resource's average unexploited equilibrium biomass, Kc, is obtained from Equation 
(II.21) by replacing F,, by 0. 

THE Fo., HARVESTING STRATEGY TARGET CATCH LEVEL 

The F,, harvesting strategy target catch level is given by the formula: 

The maximum sustainable yield, MSY, is obtained from Equation (11.22) by setting F,,, 
to FMs,. This evaluation of MSY assumes recruitment to be independent of spawning 
biomass. 

THE EXPLOITABLE BIOMASS SERIES 

The exploitable biomass during year y (taken as the midseason value) is defined as: 

Generating the bootstrap replicates of the management quantities 

Each bootstrap simulation involves generating pseudo fishing mortality matrices, 
applying the VPA back-calculation procedure and calculating the estimates of the 
quantities of interest. Equations (II.11) and (II.12) are used to generate the pseudo 
fishing mortality matrices. 

When estimating the variance of F,,,-,, and F,, harvesting strategy TACs, only the 
estimates of future recruitment and numbers-at-age in the final year are assumed to be 
stochastic. The numbers-at-age data are generated as a by-product of the variance 
estimation procedures described above, while the alternative future recruitments are 
obtained from the equation: 

lV(r-k) 
where R' =[ fi N12 

y=l 

Note that 6; (see Equation 11.10) has not been adjusted to allow for error in the 
estimation of the mean in the same way that, for example, 8, is amended to 6: in 
Equation (II.11). The reason is that the Monte Carlo variation in the N:, used to 

calculate R' allows for this source of variability. 



The bootstrap values for the revised estimates of historical recruitment are generated as 
foI1ows: 

where W: is the inverse of the variance of ln(fi,,,2), 

w, is (&:)-I, and 
E" from N(o;&~). 

The inclusion of the E' factor in Equation (II.25) is motivated by an appeal to the 
limiting case of w r  + 0. Although the estimate of N E i ,  is then given by R", because 
no other information is available, the variance calculations must take account of the 
fact that this is just the geometric mean of the distribution from which the actual 
recruitment in year (t - i )  would eventuate. The E' factor is included to account for this 
additional variability. 



Appendix III: The ADAPT Methodology 
(Gavaris 1988, Butterworth and Punt 1992, Punt 1994) 

The ADAPT assessment method involves estimating the numbers-at-age matrix 
by maximizing a likelihood function involving observed and model-predicted indices of 
abundance. The model parameters are (usually) a subset of the numbers-at-age at the 
start of year t + 1, where t is the most recent year for which catch-at-age data are 
available. 

This appendix details first the process of calculating the N-matrix from the vector of 
parameters. It then specifies the likelihood function to be maximised. Finally, the 
manner in which the bootstrap N-matrices are generated is described. Once the N- 
matrix has been estimated, the management quantities are calculated as for ad hoc 
tuned VPA (Appendix II), except that the recent recruitments are not replaced by the 
inverse-variance-weighted average of the estimate and the geometric mean recruitment. 

Calculation of the N-matrix from the vector of parameters 

The numbers-at-age at the start of year t are calculated from the parameter vector, 
which contains estimates of some of the numbers-at-age at the start of year t + 1. If 
N,+l,a+l is one of the parameters, then the standard VPA back-calculation procedure 
(suitably modified if age a + 1 is the plus-group) is used to calculate N,, . 

If Nt+l,a+l is not one of the parameters, then the selectivity function for all fleets and 
gears combined, and the fishing mortality for a "reference" age a = ref, is used to 
calculate F,,a, from which N , ,  and N,+,,+, are obtained. F, ,  is calculated using the 
equation: 

where S: is the selectivity of the gear (all fleets combined) on fish of age a, 

ref is the reference age, and 

F has been obtained from input parameter Nt+l,rd+, using the VPA back- 

calculation procedure. 

The remainder of the N-matrix (i.e. N,, : 1 5 y < t ; 2  5 a I m) is calculated using the 
standard VPA back-calculation procedure, together with a prescription to define fishing 
mortalities for the oldest age (see Equation IIS), modified to handle a plus-group. 

The likelihood function 

In addition to CPUE data, the estimator can also use biomass survey data to estimate 
the model parameters. The approach here assumes that the biomass survey estimates are 
relative indices of abundance, and that they are log-normally distributed about their 
expected values. Estimates of the parameter values are then obtained by maximizing the 
appropriate likelihood function: 



where the frrst product is over all years (y) for which CPUE data are available, 
the second product is over all available biomass survey estimates (j), 
$ = tnBs -tn(f i;), 
x is a constant of proportionality (the relative bias of the biomass survey 

estimates - assumed to be the same for 1991 and 1992), 

B: is thejth biomass survey estimate, 

B; is the exploitable biomass during year y: 

s N e-0.95M, -(0.05M,+Fy, 112 
B: = Cwa+l,* a=l y,a ,,a e 

S, ,  = F,, I max(Fy,. :a1= 1,2 ,... ,m) 

cY = ~ ( C I  E), -l?n(CT E), 

(C'j E), = 4 i; 
q is the catchability coefficient, 

6; = z C: I 1 . No attempt is made to adjust this estimate for bias, and 

(5')' = x\i: I z 1  . NO attempt is made to adjust this estimate for bias. 

By taking natural logarithms, changing signs and eliminating constants, maximising 
Equation (III.2) can be shown to be equivalent to minimizing: 

where the first summation is over all years (y) for which CPUE data are available, and 
the second summation is over all available biomass survey estimates (j). 

Generating the bootstrap replicates of the management quantities 

Each bootstrap simulation involves generating "pseudo" (bootstrap replicate) catch rate 
and biomass survey data based on the fit of the model (III.4) to the actual data, and then 
fitting the model to these pseudo-data. The pseudo-data are generated as follows: 

where (C 7 E),  is the estimate of catch rate in year y obtained by applying the 
estimator to the actual data, 

(cl is the catch rate for year y in artificial data set U, 

q is the model estimate corresponding to the jth survey biomass 
estimate, obtained by applying the estimator to the actual data, 

ii is the model estimate of the bias of survey biomass estimates, 
and 
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is the jth survey biomass estimate in artificial data set U. 

It is necessary to allow for the fact that selectivity for the oldest-age will fluctuate about 
its predicted value. The formula used for ad hoc tuned VPA (Equation 11.12) is applied 
for this purpose. 



Figure 1 : Base case trajectories of exploitable biomass, with bootstrap 90% 
confidence intervals using (a) the Lowestoft and (b) the ICCAT methods 
of handling the plus-group. The exploitable biomass trajectories 
obtained from assessments based on data up to 1991 and 1992 
respectively arc also shown 


