
Not to be cited without permission of the author(s1 

New Zealand Fisheries Assessment Research Document 99/2 

Moving towards B M ~ Y  

R. I. C. C. Francis 

NIWA 
PO Box 14-901 
Kilbirnie 
Wellington 

February1999 

Ministry of Fisheries, Wellington 

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 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. 



Moving towards BMSY 

R.1.C.C Francis 

N.Z. Fisheries Assessment Research Document 9912.23 p. 

1 Executive Summary 

This document is a final report for work carried out under Objective 1 of Ministry of 
Fisheries project SAM9701: To develop and evaluate the performance of alternative 
sustainability indicators for fish resources consistent with the Fisheries Act 1996. 

This evaluation requires the development of an operational definition of what it means 
to say that a fish stock will move towards BMsY . (The term BMsY is used here as a 
shorthand for the phrase "the ... level that can produce the maximum sustainable yield" 
which occurs repeatedly in Section 13 of the Act). A definition is developed, and is 
then evaluated by considering management strategies that achieve MSY and seeing 
whether, according to the definition, they also achieve what the Act requires with 
respect to BMsY. In this regard the definition is shown to perform reasonably well. 

An important assumption in this work is that the Act's requirement to move a stock 
towards BMSY should be interpreted simply as a means towards the end of achieving the 
MSY (maximum sustainable yield), rather than as an end in itself 

A problem in the implementation of the Act is that it implicitly assumes that each 
stock has its own unique MSY. It is shown that the MSY for a stock is not uniquely 
defined, but depends on the chosen harvesting strategy. For the vast majority of New 
Zealand fishstocks no harvesting strategy has been specified. Thus, unless a harvesting 
strategy is assumed, it is not possible to say whether a TAC will move a stock towards 
its BMsY (because the BMsY cannot be calculated). It is of concern that there is no 
consistent approach to this problem amongst stock assessment working groups. 

Ideally, harvesting strategies should be developed by the Ministry, in consultation 
with stakeholders. These strategies provide a means of expressing management 
objectives such as: the effect on co-occurring stocks; the information principles in 
Section 10 of the Act; the Ministry's (and stakeholders') attitude to risk; and any 
concerns about rapid fluctuations in TACs. 

A new harvesting strategy is developed that incorporates a sustainability indicator 
designed to be consistent with the Act. This strategy is evaluated and shown to 
produce, for some species, yields higher than are achieved by either MCY (maximum 
constant yield) or MAY (maximum average yield), although it causes the biomass to 
fluctuate more widely than does MAY. 

2 Introduction 

Total allowable catch (TAC) is a major management tool in New Zealand's quota 
management system. A TAC is set for each fish stock, and is supposed to determine 



the maximum annual catch from that stock. Each year, selected stocks are assessed to 
determine whether there are grounds to change their TACs. The approach to these 
assessments is largely determined by Section 13(2) of the Fisheries Act 1996, which 
refers to "the stock ... level that can produce the maximum sustainable yield". This is 
usually interpreted as referring to a level of biomass, and is denoted BMSY. 

The significance of BMsY in this section of the Act is that: 

(a) the TAC should maintain the stock "at or above" BMsy ; 
(b) if a stock is below BMsY the TAC should enable it to be "restored to or above" 

that level; and 
(c) if it is above BMsy the TAC should "result in the stock moving towards or 

above" that level. 

Management advice for major stocks is often expressed in terms of certain "performance 
measures' . The idea is to show fishery mmagers (and other in-erested parties) what the 
performance of the fishery is likely to be under each of a set of alternative TACs. Most 
of the performance measures in use are intended to show how sustainable the fishery is, 
and so may be called "sustainability indicators". It is clearly important that the 
definitions of sustainability that are inherent in these indicators should be consistent 
with the above-quoted section of the Act. Thus there is a need for clear operational 
definitions of concepts such as BMsy . 

In this report I develop and then evaluate such definitions. The evaluation is in terms of 
two accepted versions of MSY (MAY and MCY - see below) plus a new version. The 
latter is based on a sustainability indicator that arises naturally from these definitions. 
Thus this work addresses Objective 1 of Ministry of Fisheries project SAM9701: To 
develop and evaluate the pe$omnce  of alternative sustainability indicators for fish 
resources consistent with the Fisheries Act 1996. 

Before beginning,.I will make two comments about the scope of this report. First, it is 
intended to deal with the Act as it is, and not to suggest how it could be modified. 
Thus I will not describe or evaluate the scientific debate over whether MSY is a 
sensible target for fisheries management (see Larkin 1977, Barber 1988, Hilborn 
1997, Kesteven 1997). Second, the definitions given below are intended for the use of 
stock assessment scientists who are involved in implementing the Act. They are not 
intended to be legal interpretations. Such interpretations, and how they might relate to 
the above definitions, are beyond the scope of this report and the skills of its author. 

3 Some operational definitions and an assumption 

Before formulating operational definitions for concepts relating to BMsY it is useful to 
consider what appears to underpin the use of this term in the Act. 

3.1 A simple model 

The concept of BMsy, as referred to in the Act, appears to derive from a simple 
deterministic model of a fishery such as is shown in Figure 1. In this model, each level 



of biomass is associated with a sustainable 
yield level. Sustained fishing at that yield 
will maintain the population precisely at the 
associated biomass level. The shape of the 
yield curve may not be precisely as in Figure 
1 but it must have a maximum because it 
falls to zero at both ends (when the biomass 
is at zero or at Bo, the virgin (unfished) 
biomass) and takes non-zero values in 
between. The yield and biomass associated 
with this maximum are clearly the 
maximum sustainable yield (MSY) and the 
BMSY. 

Figure 1: The relationship between biomass and yield in 
a simple deterministic fisheries model. Population biomass 

The above-quoted references to BMsY in the Fisheries Act are easily understandable in 
the context of the model underlying Figure 1. It seems obvious that the biomass should 
be kept at BMsY because it is only at this level that the MSY can be caught sustainably. 
At higher or lower levels of biomass the sustainable yield is less than MSY. Also, the 
model shows how to manipulate the population biomass. This can be made to increase 
(or decrease) by setting the TAC to be below (or above) the sustainable yield for the 

' current biomass. Thus it is understandable that BMsY should be seen as a reference level 
in setting TACs. ' 

3.2 The effect of natural variability 

Unfortunately, although the basic ideas underlying it are useful, this model is 
demonstrably inadequate for practical fisheries management. The main reason for this is 
that it ignores the high degree of year-to-year variability that is characteristic of fish 
populations (even in the absence of fishing). This variability occurs in all four of the 
non-fishery factors that control population biomass: recruitment, growth, migration, and 
natural mortality. Factors causing this variability may be biotic or abiotic. For example, 
the dynamics of the predator-prey relationship may cause substantial fluctuations in the 
abundance of both predator and prey, even in the absence of abiotic variability. 
Variations in the rate and location of ocean currents strongly influence primary 
productivity and thus the availability of food. 

The time scale of this variability is important in the context of MSY. Much of the 
obvious environmental variability is at time scales of the order of a few years or less. 
There are strong daily and seasonal cycles, and much of the variability of major 
environmental oscillations (e.g., the Southern Oscillation, which causes El Nifio) occurs 
over time periods of several years or less. For the moment we will assume that all 
variability occurs at these time scales and consider how this affects MSY and BMsy. 
(The effect of longer-term variability is considered in Section 3.6). 



3.3 Defining MSY 

A major effect of this variability is that there is no single interpretation of MSY. What 
constitutes the MSY for a particular stock depends on how it is managed. This is made 
clear in the definitions of MCY (Maximum Constant Yield) and MAY (Maximum 
Average Yield) in the Guide to Biological Reference Points (pp. 14-15 in Annala et al. 
1998). If the management strategy is one in which the TAC is kept constant, then 
MSY = MCY; if the fishing mortality, F ,  is kept constant then MSY = MAY. These are 
only two of a large array of possible harvesting strategies. For example, in the interests 
of stability for fishers the constant-F strategy may be modified to prevent year-to-year 
changes in TAC from exceeding some threshold level. This modification will affect the 
MSY to a greater or lesser extent, depending on the size of the threshold, and whether it 
is expressed in tonnes.or as a percentage. Other variants of MCY and CAY are possible 
because the phrase "an acceptable level of risk" (included in their definitions, but not 
defined itself) may be interpreted in many ways (one interpretation was given by Francis 
1992, 1993). Another group of possible harvest strategies are the threshold strategies of 
Quinn et aI. (1990). 

It is useful at this point to distinguish between what I will call harvesting strate.-:es and 
harvesting rules. The idea is that a harvesting rule should be a specific instance of a 
harvesting strategy. For example, one harvesting strategy is to set the TAC each year so 
that the resulting fishing mortality is equal to some fixed number F; a related harvesting 
rule is to set the TAC so that the resulting fishing mortality is always 0.1. Thus we can 
think of a harvesting strategy as a family of harvesting rules, parameterised by one or 
more parameters. To  define a harvesting rule we must give specific values to the 
parameters. 

This leads to a natural general definition of MSY. For a given fish stock and a given 
harvesting strategy, the maximum long-term average catch that can be achieved from 
that stock by applying one of the harvesting rules that make up that strategy is an MSY. 
The rule that achieves that maximum is then called an MSY rule for that stock. For 
example, if we denote the constant-exploitation-rate strategy by HEE , then table 3 on p. 
224 of Annala et al. (1998) says that is an MSY rule for Chatham Rise orange 
roughy and the associated MSY is 1.99% Bo. Quinn et al, (1990) and Francis (1992, 
1993) illustrated the type of simulation procedure that is typically used to determine an 
MSY rule (and the associated MSY) for a given stock and a given harvesting strategy. 
A key point here is that it is not possible to say what the MSY is for any stock, without 
first specifying a harvesting strategy. Note also that the MSY is defined as a long-term 
average catch. This means that when a stock is fished using an MSY rule the TAC will 
be greater than the MSY in some years and less in others. 

Note that this definition of MSY makes sense only if a fishery operating under an MSY 
rule may be thought of as a stationary process. That is, it oscillates about some long- 
term mean value. This may not be true if the natural variability that drives oscillations 
in the fishery has long time scales (see Section 3.6). 

The role of the harvesting strategy in this definition is to give fishery managers the 
ability to introduce constraints. The MSY is only a maximum within those constraints. 



For example, the constraint that a fish stock should not fall below 20% of its mean 
virgin level more than 10% of the time was suggested by Francis (1992, 1993) as an 
interpretation of the phrase "an acceptable level of risk" in the Guide to Biological 
Reference Points. Without this constraint the MCY and MAY for a fish stock would 
take different values. Another type of constraint that managers may want to impose is a 
limit on how fast a TAC may be allowed to change. Of course, not all harvesting 
strategies include MSY rules. For example, a strategy that included the proviso that no 
more than 1% of the standing stock could be caught in any year would not usually be 
considered to contain an MSY rule. However, the issue of which types of constraint are 
inconsistent with MSY is a policy question, and thus beyond the scope of this paper. 

3.4 Defining BMsu 

The above definition of MSY has three consequences for BMSY. First, it is clear that the 
value of BMsY for a particular fish stock will depend on the chosen harvesting strategy. 
Second, under almost all MSY rules the population biomass can be expected to vary 
from year to year. The usual, and natural, way to define BMsy in these circumstances is 
as the average population biomass under the given MSY rule. In other words the effect 
of applying an MSY rule is not to fix the biomass at BMsy, but to cause it to fluctuate 
about BMSY. The thi- .' copiequence is that the status of a stock cannot be determined 
simply by establishing whether the current biomass is above or below BMsY. 

All this means that the use of BMsY as a management target, as expressed in Section 
13(2) of the Fisheries Act, is much more problematical than would appear from the 

( 4  simple model of Figure 1. Neither the Fisheries Act nor any policy document of which I 
$ 8  am aware specifies which harvesting strategy should be used for any particular stock. 

The Guide to Biological Reference Points gives special prominence to constant-catch 
and constant-F strategies but makes it clear that this is not because either is the official 
strategy. Calculated MCYs and CAYS are simply "reference points used to evaluate 

" whether the current stock size can support the current TAC and/or TACC" (Annala et al. 
1998, p. 15). Even if we decide on a preferred harvesting strategy, and are thus able to 
define and calculate MSY and BMsY, there is a problem in deciding, for example, what it 
means to say that a TAC will enable a stock to move towards B ~ s y .  

3.5 Defining "moving towards BMSy9' 

The first point to make about statements concerning moving towards BMsY is that they 
should be probabilistic. In terms of the requirements of the Fisheries Act, it would be 
useful to be able to say, for a particular stock that is believed to be (say) below BMsy, that 
any TAC below x t will enable the stock to move towards BMsy, and any TAC above x t 
will not. However, such a statement would always be misleading because it would fail 
to acknowledge the uncertainties that are inevitable in stock assessments. A better 
approach is to state the probability that the stock will move in the right direction, given a 
particular TAC. This gives a decision maker some measure of the uncertainty about 
what might happen if the TAC is set at that level. 

Another important issue is the question of a time frame. That is, how soon will the 
stock move towards BMSY? This question is motivated by the realisation that, with an 
MSY rule, the stock is not fixed at BMsy, it oscillates about BMsy. When the stock moves 



away from BMSY we know that the MSY rule will eventually move it back towards BMsu, 
but we don't necessarily expect this to happen immediately. 

This suggests that a reasonable operational definition of "the probability that the stock 
will move towards BMsy" may be Pk, where 

P(Bi+k > Bi) if Bi c B,, 

P(B,+, c Bi ) if Bi > B,, 

Bi is the current biomass, and Bi+k is the biomass k years later.. This leads naturally to 
the definition that a stock "will move towards BMs? if and only if Pk is greater than 
some threshold value. The lowest sensible value for this threshold is 0.5 (it seems 
contradictory to say that something will happen if the probability of that occurring is less 
than 0.5). Thus we make the definition that a stock "will move towards BMsy" if and 
only if Pk > 0.5. In what follows we will explore the consequences of adopting this 
definition, and evaluate the effect of using various values of k (i.e., various time frames). 
Before doing so I will briefly address the issue of long time scales in natural variation 
and state an important assumption. 

3.6 The effect of variation at long time scales 

There is clear evidence of significant environmental variation on time scales much 
greater than a few years. Two examples are the slow increase in global temperatures 
that has occurred throughout this century and the Pacific Decadal Oscillation (PDO) 
(Mantua et al. 1997, Zhang et al. 1997). Assuming that these changes will affect the 
productivity of fish stocks (and this seems well established for the PDO) they imply that, 
in the long term, there can be no such thing as an MSY for a stock. What is sustainable 
in one decade may not be in the next. However, it does not seem unreasonable to retain 
the idea of MSY, as long as the MSY for any stock is subject to periodic (but infrequent) 
revision as conditions change. 

3.7 An assumption 

Before evaluating the effect of the above operational definitions we must make an 
assumption. This is that the intention of the Act is that fish stocks should be harvested 
at the MSY, and that Section 13(2) was devised solely to achieve that aim. (For the 
moment we will ignore a number of qualifying phrases in this part of the Act; these are 
discussed in Section 5 below). Further, all references in the 'Act to the "level that can 
produce the maximum sustainable yield" (which we have called BMSY) are there simply 
to help achieve that end. Thus, when a TAC is set with the intention of moving the 
stock towards B~,yy this is done in the belief that this will help to achieve the MSY; and 
not because moving towards the BMSY is considered an important end in itself. This 
means that we can evaluate the above definitions simply by seeing how consistent they 
are with the Act's aim of achieving MSY. 



4 Evaluating the definitions 

simulations 
Hoplostethus 

atlanticus 
ORH 

M F 
L- (crn) 36.4 38.0 
k (yr-') 0.070 0.061 
to (yd -0.4 -0.6 

We will make this evaluation in two ways. First, we consider the two MSY rules that 
are given special prominence in the Guide to Biological Reference Points. Then we will 
define a new harvesting strategy and consider MSY rules derived from it. 

In both cases our aim is to see whether Pk > 0.5 when a stock is fished using an MSY 
rule. We will consider Pk as a function of biomass and say that it is "acceptable" 
wherever it is greater than 0.5. We would also like to know whether Pk is more often 
acceptable with some values of k than with others. 

4.1 MCY and CAY hawesting rules 

A simulation experiment was carried out using methods similar to those of Francis 
(1992). The idea was to simulate fishing using an MCY or CAY rule, and calculate Pk 
as a function of biomass for each of a range of values of k. 

To ensure the generality of the results the simulations were carried out for each of five 
New Zealand species (Table 1). These were those chosen by Francis (1992) to cover the 
range of life history perameter values found in this country's commercial species. [Most 
parameter values in Table 1 are either the same as those in Francis (1992) or are more 
recent values from Annala et al. (1998). Exceptions are the ogive parameters (AJ Sj A, 
S,) for TAR (from Annala et al. 1990), SBW (from S.M. Hanchet, pers. comm.), and 
HOK (P.L. Cordue, pers. comm.). Where no estimate was available for the recruitment 

.. variability parameter, OR (the standard deviation of log recruitment), it was set to 0.6, the 
median value from the tabulation of Beddington & Cooke (1983).] 

. . 
Table 1: Scientific names, species codes, and life history parameters for the five species used in the 

Nemadac@lus 
macroptern 

TAR 
M F 

42.1 44.6 
0.21 0.20 
-1.4 -1.1 

Micromesistius 
australis 

SBW 
M F 

47.6 51.5 
0.35 0.32 
-0.9 -1.0 

0.20 

0.515 0.407 
3.09 3.15 

3 
1 

3 
1 

0.6 

Beryx 
splendens 
BYX 

M F 
51.1 57.5 
0.11 0.08 
-3.6 -4.1 

0.23 

2.26 
3.02 

5 
0 

4 
0 

0.6 

Macruronus 
novaezealandiae 

HOK 
M F 

92.6 104.0 
0.26 0.21 
-0.5 -0.6 

0.30 0.25 

0.60 
2.85 

4 5 
1 

4 5 
1 

1 .o 

Because of the strong influence of recruitment steepness, h, on results, and because so 
little is known about this parameter, all simulations were repeated with three values of h 



(0.5, 0.75, and 0.95) which were chosen to cover the plausible range. These were the 
values used by Francis (1992), who explained the rationale for their choice. 

The model and initialisation procedures were the same as those of Francis (1992, 1993) 
except for the following minor changes. The catch equation used assumed that the catch 
was taken instantaneously, after natural mortality had occurred, and the maximum 
possible exploitation rate was set at 0.67 (i.e., catches were not allowed to exceed 67% 
of the biomass). In simulating constant-catch strategies the target catch was multiplied 
by B / ( 0 . 2 ~ ~ )  when the estimated biomass. B , was below 0 . 2 ~ ~  (see section 4.5 of 
Francis 1992). As in Francis (1992, 1993) it was assumed that B and Bo were estimated 
with a c. v. of 0.2 and that all these estimates were independent. 

The first step was to determine the MSY harvest rates for each combination of species 
and steepness following the procedures of Francis (1992). This is the harvest rate that 
maximises the mean catch, subject to the constraint that the spawning biomass should be 
maintained above 20% of its mean virgin level at least 90% of the time. As was found 
by Francis (1992), MSY values were strongly dependent on the biological parameters 
(particularly natural mortality, M) and to a lesser extent on h, and values of BmY were 
always much lower than those for B M ~ Y  (Figure 2). 

(O=ORH T=TAR S =SEW B =  BYX H = HOK) 

Bnnsy (%Bd MSY (%B& 
Figure 2: Characteristics of MSY rules for MCY (upper panels) and CAY (lower panels). Left panels show 
B M S ,  right panels show MSY. The 15 points in each panel correspond to the five species of Table 1 at each of 
three levels of recruitment steepness. 

The next step was to calculate Pk. Simulations were carried out for each of the 30 MSY 
rules (5 species x 3 h values x 2 harvesting strategies) and the sequences of biomass 
values from each simulation were used to calculate and plot the relationship between 
biomass and Pk (Figures 3,4). 



Biomass (%So) 
Figure 3: The relationship between biomass and Pk under an MCY hawesting rule. Results are  given for all 
combinations of the five species of Table 1, three values of recruitment steepness (0.5, 0.75, 0.95), and three 
values of k. The vertical dotted line indicates BMcY. and the horizontal extent of the curves indicates the range 
within which the biomass occurs 95% of the time (truncated at Bo). Pk is the probability that the biomass will 
move towards BMSY, as defined in equation (1).  



Biomass (%So) 

Figure 4: As for Figure 3 but for a CAY harvesting rule. 



For both MCY and CAY, Pk was always acceptable (greater than 0.5) when the biomass 
exceeded BMsy, and Pk almost always increased with both increasing k and increasing h. 
For MCY and B c BMsn PI was often unacceptable; Plo was almost always acceptable 
when h was 0.75 or 0.95, but often unacceptable when h = 0.5. For CAY and B < BMsy, 
PI was sometimes unacceptable, particularly when o~ was high (ORH and HOK), but P5 
and Plo were always acceptable. 

4.2 A new harvesting strategy 

The second way in which we will evaluate the definitions in Section 3 is by considering 
a new type of harvesting strategy that is related to the definition of Pk. We first define 
the strategy, and then evaluate it using an approach similar to that for MCY and CAY 
above. 

4.2.1 Defining the new strategy 

It is difficult to use definition (1) directly in the harvesting strategy because it refers to 
BMsY, which is not defined until the strategy, and the fish stock to which it is to be 
applied, are defined. However, suppose we denote the probability that the biomass will 
increase over k years as Ik [i.e., I, = P(Bi+, > Bi)]. We may think of Ik as being a 
sustainability indicator. To achieve sustainability (i.e., to keep Pk large) we will want 
this indicator to be: large when Bi is small; small when Bi is large; and near 0.5 when Bi 
= BMsY. This suggests a harvesting strategy in which we have a target level for Ik at each 
level of biomass, with the TAC being set each year so as to achieve that target. In other 

words, q ,  the TAC in year i, should be set so that i, (T,) = t(Bi I h o )  , where (T,) is the 

estimated value of Ik given Z ,  Bi and go are estimates of the current and virgin biomass, 
and t is the function defining the target level for Ik. 

An obvious constraint on t is that it should be a decreasing (or at least non-increasing) 
function (in other words, the higher the estimated biomass is, the lower Ik should be). 
Also, it seems reasonable that when the biomass is close to zero, Ik should be near 1; and 
when the biomass is at (or above) Bo, then Ik should be zero [i.e., t(0) = 1, and t(1) = 01. 
A simple family of functions that satisfies these constraints is 

Note that the parameter b50 defines the level of biomass (expressed as a fraction of Bo) 
at which the target value of Ik is 0.5 (Figure 5). 



Figure 5: The family of target functions indexed 
0.0 J- 

0.0 0.2 0.4 0.6 0.8 1 .O 
by b50 and defined by equation (2). 

b, estimated biomass, as a fraction of 6, 

One further thing needs to be specified. When k > 1, Ik will depend not just on T,, but 
also on T.+, for j= I,.. ,k-1. Although the harvesting strategy decides on a TAC for just 
one year ahead, it projects k years ahead to make that decision. There are two obvious 
possibilities for the Ti+,: either Ti+,=Ti or z+j = (T, /Ti-,). I adopted the latter, on the 
basis that it is likely to have the desirable property of leading to smaller year-to-year 
changes in TAC than would the former. Thus when considering, say, an increase of 5% 
in the TAC the harvesting strategy will calculate the likely value of Ik under the 
assumption that the same increase will be applied for each of the next k years. 

It was decided to constrain the harvesting rule by not allowing the TAC to change more 
than 20% each year. This was done for two reasons. First, it should make the strategy 
more appealing in a New Zealand setting; the history of the Quota Management System 
has shown that there is a great resistance to large year-to-year changes in TAC. Second, 
it is computationally simpler if the search for the best value for Z can be restricted to a 
specified range (i.e., 0.8Z1~ to 1.2Z-1). 

This almost completes the definition of the new harvesting strategy, which we shall 
denote HK,~SO. It has two parameters, K and b50, and it sets the TAC, Z ,  so that 

i, ( T )  =  taw(^; 14) , subject to the constraint in the preceding paragraph. The 
remaining technical details of the specification of HKSbSO (e.g., how IK is to be estimated) 
are given in Appendix 1. (Notational note: The K in HKpbs0 is related to, but different 
from, the k in Pk. Different symbols have been used because in what follows we will be 
calculating, for example, PI ,  P5, and Plo for the rule H1,b50 .) 



4.2.2 Evaluating the new strategy 

The aim in evaluating HKbSO was similar to that for MCY and CAY in Section 4.1. 
We want to know whether an MSY rule derived from HK,b50 produces "acceptable" 
values of Pk (i.e., Pk > 0.5) at all (or at least most) levels of biomass. The procedures 
followed were similar to those for MCY and CAY (for full details see Appendix 1). 
First an MSY rule was found for each "species" (set of biological parameters) and 
value of K. Then, management with that value of b50 was simulated and the 
relationship between Pk and biomass was determined. To make the results 
comparable to those above, an MSY rule derived from HK,b50 was required to 
maximise long-term mean catch, subject to the constraint that the spawning biomass 
should be maintained above 20% of its mean virgin level at least 90% of the time. 

A total of 30 MSY rules were evaluated - all combinations of five species (as in Table 
I) ,  three levels of h (0.5, 0.75, and 0.95), and two values of K (1 y and 5 y). Because a 
simpler population model was used for &,650 than for MCY and CAY (see Appendix 1) 
some of the biological parameters in Table 1 were ignored (these are those not occurring 
in Table A1 and, for HOK, the female parameters). Note that this approach effectively 
considers two 1-parameter harvesting strategies, and H5,bso, rather than one 2- 

7 * parameter strategy, . :,;s~ . This was done partly to reduce computing time and partly 
because it is useful to see how the behaviour of an HKbs0 rule varies with K. 

The characteristics of the MSY rules varied widely (Figure 6). The optimum value of 
b50 (which varied from 0.14 to 0.61) depended strongly on both species and the value 
&f K, and only slightly on steepness. BMsy (which ranged from 35% Bo to 64% BO) 
deijended mainly on species, and only relatively slightly on K and steepness. 
variation in MSY (from 1% Bo to 11% Bo) depended strongly on species, less strongly 

i 

( 0  =ORH T=TAR S =  SBW B =  BYX H = HOK) 

Figure 6: Characteristics of MSY rules derived from (upper panels) and HsW (lower panels) harvesting 
strategies: left panels show optimum 650 values; middle panels show BMSY, right panels show MSY. The 15 
points in each panel correspond to the five species of Table 1 at each of three levels of recruitment steepness. 
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on steepness, and very little on K. MSY was typically about 8% higher (and Bmv was 
lower by about 4% Bo) with than with H5,b50. The MSY with was always 
greater than MAY for three species (TAR, SBW, BYX); was similar to it for one 
(ORH); and less for one (HOK). 

It would be reasonable to assume that the average biomass under an HK,b50 strategy 
would be 100b50% Bo. This is the stock level at which there is supposed to be an even 
chance of the biomass increasing or decreasing. However, BMsy was always higher than 
this. For example, with K = 1 the MSY rule for southern blue whiting with steepness 
0.95 occurred when b50 = 0.29, but the associated BMSY was at 42% Bo. On average 
BMsY exceeded 100b5Wo Bo by 17% Bo for rules, but only 5% Bo for H5b50 rules. 

For the MSY rules, Pk was always satisfactory (i.e., > 0.5) for k = 5 and k = 10; 
and for k = 1 was always satisfactory when B > BMsY (Figure 7). As with MCY and 
CAY, Pk increased with increasing k. However, the acceptability of Pk did not depend 
on steepness, h. Similar patterns were seen with the H5,b50 MSY rules (Figure 8). For a 
given stock and value of k, the value of Pk for an rule was typically similar to or 
better (i.e., higher) than that for an H.,b50 rule. 
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Figure 7: The relationship between biomass and Pk under MSY rules derived from Results are given for 
all combinations of the five species of Table 1, three values of recruitment steepness (0.5, 0.75, 0.9% and three 
values of k. The vertical dotted line indicates BMsy and the horizontal extent of the curves indicates the range 
within which the biomass occurs 95% of the time (truncated at  Bo). Pk is the probability that the biomass will 
move towards B M S ,  as defined in Equation (1). 



Figure 8: As for Figure 7 but with HSs0. 
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5. Some qualifying phrases in the Fisheries Act 

I have so far ignored several relevant qualifying phrases in Section 13 of the Fisheries 
Act. Most references to BMsY include the phrases "or above" and "having regard to the 
interdependence of stocks". I take this to refer to the idea that relationships between 
stocks may be such that it is not possible to fish all stocks at MSY. For example, if two 
species occur in the same places it may be practically impossible to harvest one species 
at its MSY without catching more of the other species than is consistent with its MSY. 
The implication is that harvest rates for one stock should be lower than would be 
dictated by an MSY rule.  his presents no difficulty to the above framework (at least in 
theory). It simply means that when an optimum harvesting rule is sought within a 
harvesting strategy one constraint on the optimisation should be the effect of harvesting 
on other species. 

In Section 13(2)(b) there are two further relevant qualifying phrases. This section is 
concerned with stocks that are below BMsr. It says that the Minister should have regard 
to "any environmental conditions affecting the stock" and also that the stock level 
should be altered "Within a period appropriate to the stock and its biological 
characteristics". I take these both to mean that time frame in Equation (1) (i.e., the 
chosen value of k) is to some extent flexible. One might expect it to be longer for long- 
lived species and in adverse environmental conditions and shorter for short-lived species 
and favourable conditions. 

. Finally, Section 13(3) of the Act says that "In considering the way in which and rate at 
which a stock is moved towards [its target level] ... the Minister shall have regard to 
such social, cultural, and economic factors as he or she considers relevant.". This 
seems, to a great extent, to be beyond the scope of fisheries stock assessments. 
However, some of these factors can be dealt with in the formulation of harvesting 
strategies. For example, many harvesting strategies will sometimes cause very large 
year-to-year changes in a TAC, or levels of TAC that are unacceptably low. Here there 
are economic factors that could be invoked, using this section of the Act, to avoid such 
TACs. A far more sensible path would be to consider these factors in the development 
of the harvesting strategy. If there is a minimum acceptable TAC (or a maximum 
acceptable rate of change for the TAC) this could (and should) be built into the strategy. 

6. Discussion 

This report addresses Objective 1 of the Ministry of Fisheries project SAM9801: To 
develop and evaluate the performance of alternative sustainability indicators for fish 
resources consistent with the Fisheries Act 1996. It does so by first considering what 
might be meant by being consistent with this Act. 

The Act says that a TAC for a fishstock should be set so as to move the stock towards 
"the ... level that can produce the maximum sustainable yield" (this level is commonly 
denoted by BMSY). One focus of this report has been the development and evaluation of 
a definition of what it means to say that a fish stock will move towards BMsy. The 
definition states that a fish stock will be said to move towards MSY if Pk [as defined in 



equation (I)] is greater than 0.5. The value of k (which defines a time scale for the 
definition) was not specified. Thus there is actually a family of definitions (one 
definition says PI > 0.5, another says that P2 > 0.5, etc). Part of the evaluation of the 
definition was to investigate the effect of using different values of k. 

An important assumption underlying this work has been that BMsy appears in the Act 
simply as a means towards the end of achieving the maximum sustainable yield (MSY), 
rather than as an end in itself (Section 3.7). Thus the definition has been evaluated by 
considering management strategies that achieve MSY and seeing whether, according to 
our definition, they also achieve what the Act requires with respect to BMsY. 

In this regard our chosen definition appears reasonably good. It was shown to be 
acceptable, for all values of k and all the MSY rules considered, when the stock 
biomass, B, was above BMsy. For B < BMSY the definition was often unacceptable when 
k = 1, but was usually acceptable for k = 5 or k = 10 (the main exception being for MCY 
when the stock-recruitment steepness is low). This means tLat when a stock is below 
BMsY it is not necessary that the TAC be adjusted so that the biomass increases 
immediately. 

The work described in the three preceding paragraphs all presupposes a definition of 
MSY. This definition is problematical. The Act appears to be written under the 
assumption that each fishstock has its own unique MSY. The view put forward above 
(and supported by official documents such as Annala et al. 1998) is that there are many 
different possible MSYs for each stock. What distinguishes one MSY from another is 
the harvesting strategy that is used in the fishery. The chosen strategy is effectively a set 
of constraints within which the yield is to be maximised. For example, if the strategy is 
to hold the TAC fixed then the MSY is equal to the MCY; if it is to hold the fishing 
mortality fixed then the MSY is equal to the MAY. These are but two examples of 
harvesting strategies that fishery managers could choose to apply to a fishstock. Once 
the chosen strategy is specified it is straightforward to calculate MSY (and BMsY). The 
problem is that, for the vast majority of New Zealand fishstocks, no strategy has been 
specified. One species for which a harvesting strategy has been at least partially defined 
(in the form of a decision rule) is rock lobster (Breen & Kendrick 1998). However, 
MSYs for this species are not calculated in the context of the strategy. 

There is no consistent approach towards the calculation of MSY and B M ~ ~  in New 
Zealand stock assessments. For some species (e.g., rock lobster, snapper) a 
deterministic MSY is calculated. For others (e.g., hoki, orange roughy, southern blue 
whiting) MAY and BMAY are calculated, following Francis (1992). The major difference 
between these two approaches (in terms of the value of BMsY they calculate for a 
particular stock) is not that between deterministic and stochastic recruitment. It is the 
"safety" condition (that the biomass should not fall below 20% Bo more than 10% of the 
time) used in the latter method (and this paper) but not the former. For example, 
without this condition, BMAY and BMCY for southern blue whiting are 15% Bo and 17% 
Bo, respectively - close to the value of 17% Bo with deterministic recruitment; with the 
safety condition they are 29% Bo and 49% Bo (all assuming a steepness of 0.95). Also, 
given that the approach to quota setting in New Zealand is more like a constant-catch 
strategy than a constant-F strategy it might be argued that it would be more appropriate 
to estimate B ~ s y  as BMcy than as BMA Y . 



The performance of sustainability indicators (or indeed any performance measure) can 
only be evaluated in the context of a harvesting rule or strategy. In other words, how 
useful an indicator is in managing a fishery depends on how it is used. With that in 
mind the sustainability indicator Ik was used to construct the new harvesting strategy, 
H K , ~ ~ ~ .  MSY rules derived from this strategy performed better with K = 1 than with K = 
5 in that they produced a slightly higher MSY (by 7%. on average) and more often 
produced satisfactory values of Pk. The MSY for rules was, on average, 10% 
higher than MAY, but the biomass typically fluctuated more widely with the former 
strategy (compare the horizontal extent of the lines in Figure 4 & 7) 

Some of the assumptions underlying the above simulations were unrealistic. For 
example, estimates of current biomass in successive years will almost always be 
correlated, but no such correlation was included above (also, many estimates of 
biomass would have c.v.s higher than 0.2). For this reason the results given here 
should be seen as indicadve, rather than definitive. More realistic assumptions would 
be desirable when results for specific stocks are required. These should include, 
where possible, structure reflecting the assessment methods used on those stocks. 
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Appendix 1 : Evaluation procedure for H K b 5 ~  

In this Appendix the simulation experiment that was used to evaluate the harvesting 
strategy HK,bSO is described in detail. This description includes some technical aspects 
of the definition of HKbSO that depend on the simulation framework. 

The experiment was similar to that used in Section 4.1, which was a slight 
modification of the procedures of Francis (1992, 1993). The first and major 
difference between the experiments is that a simpler population model was needed 
with HKb50 than with the MCY and CAY strategies because the former strategy is 
more computationally intensive. 

A. 1 The population model 

The model is non-age structured and has five parameters (Table Al).  Its dynamics are 
described by the following four equations 

q if I B,' <Em, Ci = (A3) and 
E,,,,,B,' if q / B1: 2 Em,, 

where 
i indexes the year 
Bi is the biomass (t) of recruited (= mature) fish at the start of the year; 
B,' is that biomass after natural mortality and recruitment have occurred; 
Ri is the recruitment (t) at age 0 produced by the adult biomass Bi; 
C; is the catch (t); 
Ti is the TAC (t); 
Em, is the maximum possible exploitation rate (always assumed = 0.67); and 
the c are i.i.d. lognormal variates with mean 1 and s.d.(log(q)) = OR 

and the Beverton and Holt recruitment parameters a a n d  P a r e  calculated as 
(1 - h)  (5h - 1) 

a =  and p= 
4h(l- e-") 4hB0(1- e-")  

Table A l :  Parameters of the population model 
Symbol Meaning 
Bo Virgin biomass (t) 
M Instantaneous rate of natural mortality (y-') 

Am Age at maturity (y) 
h Recruitment steepness (no units) 

(TQ Standard deviation of log recruitment (no units) 

An obvious difference between this model and that used for evaluating MCY and 
CAY rules is that there is no gradual-recruitment parameter, S, , so that recruitment is 



always knife-edge. It would not be difficult to include such a parameter in this model. 
However, this was not done because it makes recruitment autocorrelated, and this 
cannot easily be dealt with in the stock assessment stage (see below) of each 
simulated years' fishing. 

A.2 Simulating fishing with HK,bSO 

Each simulation run (for a given set of biological parameters and values of K and b50) 
covered a period of 100 years and was replicated 100 times. To initialise the 

population, BI was set equal to b50B0 (the estimated level at which Ik = O.5), and T1 
was set equal to the catch that would maintain the biomass at B1 if recruitment were 
deterministic: 

Recruitment from the A, years preceding year 1 were generated using equation (A4) 

with Bi set equal to b50B0. 

Output from the first 50 year& of each run was discarded to ensure that the resclts were 
independent of the initial values. 

A.3 Simulating a stock assessment 

The calculations for each simulated year of fishing were carried out in two stages: the 
stock assessment stage, in which was calculated; and the iteration stage, in which 
equations (A1)-(A4) were evaluated. 

In the stock assessment stage, jK (T) was evaluated for some or all of T = C T ~ - ~ ,  where c 
= 0.8, 0.9, 1, 1.1, and 1.2. was then calculated by interpolation to satisfy 

f ( = t O i  1 ) . When it was not possible to find such. a value, Ti was set to 
whichever of 0.8T,-, and 1.2T,4 came closer to satisfying the equation. As with the 

MCY and CAY evaluations in Section 4.1, one value of was generated for each 

simulation run, and one value of Bi was generated for each year, each with a c v .  of 0.2. 

To evaluate fK (T) , the population was projected forward K yean from Bi with the 

appropriate TACs. This was repeated 100 times and f,(T) was set equal to the 
A A 

proportion of these projections in which Bi+, > Bi. These projections used the true 

values of all biological parameters except Bo. [Technical note: For a given year, i, the 
same set of random numbers E was used for the set of projections for each value of T. 

This simplifies the calculation of T, by ensuring that fK (T) is a non-increasing function 
of T.] 

It became desirable to make a small modification to the strategy after initial simulations 
revealed a problem. With some combinations of parameters (particularly when OR was 
high and h was low) the TAC sometimes became trapped for many years at a very low 



level. This could happen because when Eel is very small, i ,(~) is evaluated over a 
very narrow range of values of T (from 0.8Ti-1 to 1.2F-1) and is constant over that range. 
To overcome this problem a threshold TAC value, Tthmh, was introduced and when T,J 

fell below this, j , ( ~ )  was evaluated at cTlhreh for c = 0.8, 0.9, 1, 1.1, 1.2. This meant 
that when ZJ < Tthresh, Z would always be constrained to lie between 0.8Tthresh and 

,, 
l.2Trhresh (rather than between and 1 . 2 Z ~ ) .  Trhresh was calculated from Boas 
being one quarter of the TAC that would be required to maintain the biomass at 

bsogo with deterministic recruitment. This value was judged to be low enough that it 
would be invoked rarely for MSY rules for most stocks, but high enough to reduce the 
trapping problem. 


