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APPENDIX 4c. PROGRESS ON THE DEVELOPMENT OF CANDIDATE MANAGEMENT
PROCEDURES FOR THE CANADIAN POLLOCK IN THE WESTERN COMPONENT
(4Xopqrs+5Zc)

Rebecca A Rademeyer and Doug S Butterworth

ABSTRACT
Four alternative virtual population analysis (VPA)-based assessments of the Western
Component of Canadian pollock are used to provide a Reference Set of Operating Models for
an illustrative application of Management Strategy Evaluation (MSE) approach to the
associated fishery. Results for future total allowable catches (TACs) and resource trends are
shown for a variety of Candidate Management Procedures (feedback catch control rules), which
are all based on the direct use on an annual survey-based index of abundance. These results
are compared to anticipated outcomes under a constant TAC approach. Suggestions are made
regarding aspects that need discussion and further refinement if this approach is to be taken
further.

INTRODUCTION
One of the problems for the conventional “best assessment” approach to the provision of
management advice (e.g., for a total allowable catch (TAC)) is making a choice between
different assessment methods and/or assumptions which can be equally defensible, yet lead to
recommendations that differ substantially. For example, Fig. 4 of Rademeyer and Butterworth
(2010) show results for four different virtual population analysis (VPA)-based assessments of
the Western Component of Canadian pollock which differ appreciably in terms of their estimates
of recent abundance.
One advantage of the Management Procedure Approach (or Management Strategy Evaluation
– MSE) is that it directly addresses this issue. Feedback control rules that make use of future
resource monitoring data (e.g., if abundance indices trend up/down, the TAC is
increased/decreased) are simulation tested to ensure that outcomes in terms of catches and
risks to the resource remain acceptable across a plausible range of uncertainties in the
assessment.
This paper provides an initial illustration of how such a MSE might be applied to the Western
Component of Canadian pollock.

METHODOLOGY
MSE is based on the simulated application of the some (feedback) harvest control rule to
different Operating Models (OMs) of the resource. These OMs are provided by conventional
assessments, and are intended to reflect plausible representations of the underlying dynamics
of the actual resource. Often the results of this application are reported integrated over a
“Reference Set” (RS) of OMs, which is intended to span a few (typically 2-3) of the major
uncertainty “axes” associated with the assessment of the resource. For this illustration for the
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Western Component of Canadian pollock, the RS is provided by four VPA-based assessments
of the resource (Appendix 4b) which are equally weighted when integrating their results.
MSE requires projections of the resource’s dynamics into the future, so as to be able to simulate
the impact of alternative series of future catches on the resource. Details of the projection
methodology applied are provided in Appendix 4c-A. Of particular importance here is the stockrecruitment relationship assumed for the four OMs that comprise the RS (see Step 4 of that
Appendix). Fig. 1 shows results for the somewhat conservative approach, based on the most
recent 10 years of spawning biomass and recruitment estimates, that has been used to provide
these relationships for projections (“conservative” because generally higher values of
recruitment for earlier years are being ignored). The values of the standard deviation of the
logged residuals, σR, and their auto-correlation, ρ , that characterise the variability about these
relationships (see Appendix 4c-A, equations A7 to A10) range from 0.26 to 0.72 and from 0.20
to 0.80, respectively, across the four OMs.
A variety of Candidate Management Procedures (CMPs) have been considered. Appendix 4c-B
provides detailed technical specifications. These CMPs are all of the type that is known as
“empirical” – they use the resource monitoring data directly as input to simple formulae to
provide TAC recommendations, rather than the “model-based” type which first filter these data
through a usually relatively simple population dynamics model. The CMPs explored (see Table
1) range from:
• Constant catch (this is included not to imply any serious consideration for adoption, as a
feedback-free CMP offers no protection against undue resource depletion, but rather to
provide a convenient basis for comparison of performance against other CMPs).
• CMPs based on the slope of the trend in the available index of abundance over recent
years (here the survey aggregated weight/tow), such that positive slopes lead to TAC
increases and negative slopes to TAC decreases.
• CMPs also based on a target value for the abundance index, such that values above this
target will lead to TAC increases, and vice versa.
• CMPs that incorporate constraints on the maximum TAC change between years, or
place an upper bound (“cap”) on the TAC.
Target based CMPs tend to yield more stable TACs over time, though the choice for the target
level may raise difficulties. In this case the average value of the index over the 1984 to 1994
period (see Appendix 4c-B) has been used for illustrative purposes.
For ease of comparison of different forms of CMPs, given the ever-present trade-off between
larger short term catches and greater medium term resource recovery, it is conventional to
“tune” different CMPs to correspond to a common achieved average catch or resource depletion
level over a specified time period. This involves adjusting the values of the CMPs control
parameters to achieve a pre-specified common goal – in this case the median anticipated catch
averaged over the next 10 years has been used for this purpose. The resultant tuning
parameter values are reported in Table 1.
The primary objective of the MSE approach is to find the CMP which offers what is considered
to be the best trade-off in anticipated performance over the conflicting objectives of:
• maximising future catches (in both the short and the longer term),
• minimising the risk of unintended resource depletion or (where pertinent) inadequate
resource recovery, and
• minimising the extent of inter-annual TAC changes in the interests of Industry stability.
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The CMP eventually chosen should not only be able to demonstrate this desired performance
when tested under the RS of OMs, but also not show appreciable deviations from that
performance for other “robustness test” OMs reflecting alternative plausible models of resource
dynamics (i.e., one seeks “robust” anticipated performance across the range of plausible OMs).
RESULTS
Projections results for a series of CMPs under the RS are given in Table 2. The CMPs have
been tuned (i.e., had their control parameters adjusted) to achieve a median 2011-2020 catch of
either 5,000 t, 6,000 t, or 7,000 t. Medians and lower 2.5%iles catch and biomass “trajectories”
are compared in Figs. 2 and 3. An example of some actual trajectory realisations is shown in
Fig. 4. Note that the “trajectories” shown in Figs. 2 and 3 are not true trajectories but rather
lines joining percentiles of the distributions of the various statistics for each future year, so that
upper and lower 2.5%iles, for example, would encompass the 95% envelope for future
projections.
Shade plots, showing medians and 50%, 75%, and 95% probability intervals (PIs) of a series of
Performance Statistics, are shown in Fig. 5 for CMPC5b under the RS.
ROBUSTNESS TESTS
It is important to check that the performance of a CMP is reasonably robust to plausible
variations of the OMs that constitute the RS. Three such “robustness tests” have been run for
CMPC5b:
Rob1: Recruitment over the first four years of projections is assumed to be at the level of the
lowest recruitment over the 2000-2009 period.
Rob2: The stock-recruitment relationship is derived from the last 5 years data rather than the
last 10 years (equations A8-A10) (see Fig. 1).
Rob3: Recruitment over the first eight years of projections is assumed to be at the level of the
lowest recruitment over the 2000-2009 period.
Results for these three robustness tests for CMPC5b are given in Table 3 and plotted in Fig. 6.

DISCUSSION
Although projections have been taken through to 2031 in this exercise, the focus has been on
achieving reasonable performance over the next 10 years. Thus projection results beyond 2021
should not receive much attention – any Management Procedure that might be adopted in the
immediate future is likely to have been reviewed and revised before 2021.
Fig. 2 illustrates the enhanced performance that feedback control approaches achieve over a
constant catch strategy. Given feedback, resource risk (quantified by the lower 2.5%ile
probability envelope for future relative to present abundances) is less (at least in the short to
medium term) for the feedback compared to the constant catch approaches.
The trade-off that is typical between greater catches vs. additional resource risk is evident from
Fig. 3.
While recovery of the resource seems guaranteed under the RS trials, this does not follow for
the robustness tests considered (Fig. 6). Although CMPC5b (the CMP for which results are
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reported there) achieves the desired feedback response of reducing TACs in the face of poorer
resource circumstances than anticipated under the RS, this is inadequate to prevent slight
downward trends in resource levels for the three robustness tests considered at the lower
2.5%ile level.
Fig. 7 provides a convenient (and commonly used) basis to summarise Performance Statistics
and compare them under different operating OMs for the same CMP, or different CMPs under
the same OM. This suggests that on the basis of trials to date, there is little to choose amongst
the alternative feedback control MP formulations that have been considered in this paper.
ASPECTS FOR POSSIBLE FURTHER INVESTIGATION
There are a number of aspects of the work presented here that warrant discussion in the
context of possible future refinement of this MSE approach.
• Appropriate assumptions for projections, including in particular alternative assumptions
that might be used in the development of alternative stock-recruitment relationships.
• Variation of features of the CMP not considered thus far, e.g., the period over which the
abundance index slope is calculated (currently 9 years – see Appendix 4c-B and Table
1), and the number of years over which abundance index average is taken for
comparison with the target value in target-based CMPs (currently 3 years – see
Appendix 4c-B).
• Refinement of the medium term objectives which management should seek to achieve
for the resource and fishery. This includes consideration of desirable constraints on the
maximum extent of the TAC change allowed from year to year, and also perhaps an
upper bound on the TAC.
•

Extension of the present small set of plausible robustness test OMs of this paper to
include other plausible hypotheses for resource dynamics for which CMP robustness
should be checked.

With such extensions and refinements, it is likely that greater differences will emerge amongst
the anticipated performances of alternative forms of CMP such as those in Table 1. For
example, if the extent of resource recovery is deemed inadequate for some robustness tests
(see Fig. 7), this can be improved by increasing the value of the λdown control parameter that
multiplies the slope of the abundance index in the CMP formula (see Appendix 4c-B, equation
B1), but there will be an associated risk of a larger TAC reduction in the short term. Such
further results will provide a clearer basis to choose amongst alternative CMPs.

119
Table 1. Tuning parameter values for each CMP presented (see Appendix 4c-B for definitions
of the symbols used).

*wy changes linearly from the first value in 2010 to the second value in 2020 and then stays
constant thereafter.
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Table 2. Projections results (median and 95% PI) for a series of Performance Statistics for different CMPs under the RS. For each
CMP tuning parameters were adjusted to meet the performance criterion shown in bold.
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Table 3. Projections results (median and 95% PI) for a series of Performance Statistics for
CMPC5b under the RS and three robustness tests: Rob1 (next 4 years have poor recruitment),
Rob2 (future recruitment from average 2005-2009), and Rob3 (next 8 years have poor
recruitment). Note that the CMPC5b tuning parameters remained unchanged for its application
to the three robustness tests shown. Consequently there are changes to ability to meet the
target value to which this CMP was tuned for the RS (see values shown in bold).
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Fig. 1. Stock-recruitment relationships based on the 2000-2009 period and assumed for future
projections for each of the four OMs in the RS. The past "data" are also shown. The stockrecruitment curve, based on the 2005-2009 recruitment geometric average, is shown by the
dashed line. With reference to Rademeyer and Butterworth (2010), and Fig. 4 thereof, these
plots correspond respectively to:
VPA1: St1_BC_withBias: Stone Base Case;
VPA2: St2_BC_withBias_no2010: Stone, excluding the 2010 survey biomass estimates;
VPA3: R1_sig001: Rademeyer Base Case;
VPA4: R3_sig03: Rademeyer, with more flexibility on age 9 fishing mortality.

123

Fig. 2. Median (full lines) and lower 2.5%iles (dashed lines) TAC, spawning biomass, and exploitable (ages 4 to 8) biomass (both in
terms of 2011 level) for a series of CMPs (all tuned to a median 2011-2020 catch of 6,000 t under the RS). The bottom row repeats
the top row, but with different scales for improved discrimination.
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Fig. 3. Median (full lines) and lower 2.5%iles (dashed lines) TAC, spawning biomass, and exploitable (ages 4 to 8) biomass (both in
terms of 2011 level) for a constant catch (6,000 t) and three variants of CMPC5, tuned to three different level of median 2011-2020
catch, under the RS. The bottom row repeats the top row but with different scales for improved discrimination.

Fig. 4. Ten "worm" trajectories for TAC, spawning biomass and exploitable (ages 4 to 8) biomass (both in terms of 2011 level) for
CMPC5b under the RS. The 95% PI are shown by the light shading.
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Fig. 5a. 95%, 75%, 50% PIs and median for a series of Performance Statistics for CMPC5b.

Fig. 5b. As Fig. 5a but with different scales for improved discrimination.
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Fig. 6. Median (full lines) and lower 2.5%iles (dashed lines) TAC, spawning biomass, and exploitable (ages 4 to 8) biomass (both in
terms of 2010 level) for CMPC5b under the RS and three robustness tests: Rob1 (4 years of poor recruitment), Rob2 (future
recruitment from average 2005-2009), and Rob3 (8 years of poor recruitment). The bottom row repeats the top row but with different
scales for improved discrimination.
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Fig. 7. Medians and 95% PI (probability intervals) for a series of Performance Statistics for
different CMPs applied to the RS, followed by the application of CMPC5b to three robustness
tests.

128
APPENDIX 4C-A. CANDIDATE MANAGEMENT PROCEDURES TESTING METHODOLOGY
FOR CANADIAN POLLOCK IN THE WESTERN COMPONENT (4XOPQRS+5ZC)
PROJECTION METHODOLOGY
Projections into the future under a specific Candidate Management Procedure (CMP) are
evaluated using the following steps.
Step 1: Begin-year numbers at age
The components of the numbers-at-age vector at the start of 2010 ( N 2010, a : a = 2,…, m) are
obtained from an assessment of the resource using VPA. The 2010 recruitment ( N 2010 , 2 ) is
generated deterministically from the estimated stock-recruitment relationship (see below). Error
is included for ages 2 to 7 because these are poorly estimated in the assessment given limited
information on these year-classes, i.e.:

N 2010, a → N 2010, a eε a

(

ε a from N 0, (σ R )

2

)

(A1)

where σR is estimated in the process of fitting a stock-recruitment relationship to the outputs
from that assessment as described below. Equation A1 is approximate in that it omits to adjust
for past catches from the year-class concerned, but these are so small that the differential effect
is negligible.
Step 2: Catch
These numbers-at-age are projected one year forward at a time given a catch for the year
concerned.
For 2010:
A catch of 4,200 t is assumed.
From 2011 onwards:

C y is as specified by the CMP.
This requires specification of how the catch is disaggregated by age to obtain C y ,a , and how
future recruitments are specified.
Step 3: Catch-at-age
The selectivity each year is selected randomly from the selectivity vectors for the last 10 years
(2000 to 2009) estimated in the assessment. The selectivity vectors for 2000 to 2009 are
computed as follows:

S y ,a = Fy ,a max(Fy ,a )

(A2)

where the maximum is taken across the ages for that year.
From this it follows that:
−M a / 2
Fy = C y / ∑ w mid
S y ,a
y , a N y ,a e

(A3)

a

where w mid
y ,a is each year selected randomly from the weight-at-age vectors for the last 10 years
(2000 to 2009) used in the assessment (Table A1), and hence that:
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C y , a = N y , a e − M a / 2 S y ,a F y

(A4)

The numbers-at-age can then be computed for the beginning of the following year (y+1):

N y +1, 2 = R y +1

(A5)

(

)

N y +1,a +1 = N y ,a e − M a / 2 − C y ,a e − M a / 2

for 2 ≤ a ≤ m – 1

(A6)

These equations reflect Pope’s approximation.
The maximum age m is 13 (not a plus-group).
Step 4: Recruitment
Future recruitments (age 2) are provided by a ‘hockey-stick’ stock-recruitment relationship with
autocorrelation in the stock-recruitment residuals:
( ε −σ 2 )
⎧
αe y R
⎪
Ry = ⎨ α
( ε ySR −σ R2
sp
B
e
y
−
2
sp
⎪B
⎩ min
SR

2

sp
if B ysp−2 ≥ Bmin
2)

sp
if B ysp−2 < Bmin

(A7)

where

ε ySR = ρε ySR−1 + 1 − ρ 2 ζ y

(

)

with ζ y from N 0, σ R2 ,

⎛

α = exp⎜⎜

2009

∑ ln R

⎝ y =2000

y

⎞
10 ⎟⎟ and
⎠

(A8)

sp
Bmin
= min (B ysp ) for the 1998-2007 period.

ρ is obtained by minimising the following negative log-likelihood function:
2
⎡
⎤
⎛ ε ySR − ρε ySR−1 ⎞
2⎥
⎜
⎟
⎢
= ∑ ln σ R +
2σ R
⎜ 1− ρ2 ⎟
⎥
2000 ⎢
⎝
⎠
⎣
⎦
2009

− ln L

SR

(A9)

with

σ R = 1 10

∑ (ε )

2009

SR 2
y

(A10)

y = 2000

m

B ysp = ∑ f a w y ,a N y ,a

(A11)

a =1

where w y ,a is each year selected randomly from the weight-at-age vectors for the last 10 years
(2000 to 2009) used in the assessment (Table A2), and

f a is the maturity-at-age, taken to be 0 to age 3 and 1 from age 4 and above.
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Step 5:
The information obtained in Step 1 is used to generate a value of the abundance index I 2011
(summer survey, in terms of biomass). Indices of abundance in future years will not be exactly
proportional to true abundance, as they are subject to observation error. Log-normal
observation error is therefore added to the expected value of the abundance index evaluated:

I iy = q i B iy e

ε iy

ε iy

(A12)

(

( ))

from N 0, σ i

2

(A13)

where

B iy

is the biomass (or numbers) available to the survey:

−M a / 2
surv
(1 − S y,a Fy 2)
B ysummer = ∑ w mid
y ,a S y , a N y , a e
m

(A14)

a =1

i

The survey selectivities are taken as the catchabilities ( qa ) estimated in that assessment,
renormalised so that max(qa ) = 1 . The survey selectivity is assumed to be zero for age 2, and
for ages 9 and above the selectivity is assumed to remain flat at the age 8 level.
i

The constant of proportionality q i is as estimated for the assessment in question by:

ln qˆ i = 1 27

σˆ i = 1 27

∑ (ln I

2010

y =1984

i
y

− ln Bˆ yi

)

∑ (ε )

2010

i 2
y

(A15)

(A16)

y =1984

)

ε iy = ln( I iy ) − ln( q i B yi )

(A17)

where the survey index of biomass I yi is given in Table A3.
Step 6:
Given the new survey indices I iy +1 compute TAC y +1 using the CMP.
Step 7:
Steps 1-6 are repeated for each future year in turn for as long a period as desired, and, at the
end of that period, the performance of the candidate MP under review is assessed by
considering statistics such as the average catch taken over the period and the final spawning
biomass of the resource.
PERFORMANCE STATISTICS
A number of mathematical expressions (Performance Statistics) are used to measure
achievement of the competing aims of avoiding undue depletion of the resource, maximising
catch on average over time, and minimising the extent of inter-annual catch variation in the
interests of Industry stability.
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Resource depletion/recovery

P2021
, where Py is the population size in year y, and Ptarget is pre-defined recovery
Ptarget

(a)

target population size, for which the 1984-1994 average is used
(b)

P2016
;
P2011

(c)

P2021
P2011

(d)

P2031
;
P2011

For each of these, population can be measured as the exploitable biomass ( B y4−8 ), spawning
biomass ( B ysp ), or survey biomass ( B ysurv ), where:
8

B y4−8 = ∑ w mid
y ,a N y ,a

(A18)

Bysp = ∑ f y ,a wymid
,a N y ,a

(A19)

a =4
m

a =1
m

−M a / 2
surv
(1 − S y,a Fy 2)
B ysurv = ∑ w mid
y ,a S y , a N y , a e

(A20)

a =1

Catches over time
(Average) annual catch over short, medium, and long terms:
2015

2020

2020

2030

y = 2011

y = 2016

y = 2011

y = 2011

C2011 , C2012 ,

∑Cy 5 ,

∑Cy 5 ,

∑ C y 5 and

Catch variation
Average annual variation in catch over short and long terms:

AAV2011−2015 =

1 2015
∑ C y − C y −1 / C y −1 and
5 y =2011

AAV2011−2030 =

1
20

2030

∑C

y = 2011

y

− C y −1 / C y −1

∑C

y

20

132
Table A1. Mid-year weights-at-age (kg) matrix for Canadian pollock in the Western Component
(4Xopqrs+5Zc). Note: a missing value for age 12 in 2008 has been replaced by the average of
the five previous years, while missing values for age 13 have been replaced by 11.

Table A2. Begin-year weights-at-age (kg) matrix for Canadian pollock in the Western
Component (4Xopqrs+5Zc).
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Table A3. Stratified mean catch per tow (kg) of pollock from the DFO summer research vessel
survey in 4X strata corresponding to the Western Component.

134
APPENDIX 4C-B. TECHNICAL SPECIFICATIONS OF CANDIDATE MANAGEMENT
PROCEDURES
The Candidate Management Procedures (CMPs) formula for computing the TAC each year is
as follows:

C y +1 = w y C y [1 + λup / down s y ] + (1 − w y )[a + b(J y − 1)]

(B1)

where

Cy

is the total TAC recommended for year y,

wy

is a year-dependent tuning parameter,

λup / down are tuning parameters; λup is used if s y ≥ 0 and λdown is used if s y < 0 ,
sy

is a measure of the immediate past trend in the survey abundance index (see details
below) as available to use for calculations for year y,

a and b are tuning parameters, and
J y is a measure of the immediate past level in the survey abundance index relative to a target
level as available to use for calculations for year y:
y

Jy =

∑I

y −2
1994

∑I

y

3

y

11

1984

where I y is the survey abundance index in year y.
The trend measure s y is computed by linearly regressing ln I y vs. year y’ for y ' = y − p to

y' = y .
where p is a tuning parameter.
Constraints on the interannual TAC change have also been introduced and in some cases a cap
(upper bound) on the TAC has been imposed.

