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I. INTRODUCTION 

The Fisheries Research Centre (FRC) of the Ministry of 
Agriculture and Fisheries provides advice that serves as the 
scientific basis for setting total allowable catch (TAC) 
levels. In some cases catch data are the only information 
available to estimate TACs. These data have generally been 
used subjectively to estimate sustainable yield without 
considering the population dynamics of the exploited species. 
When more detailed information on production rates and biomass 
levels is available, it is used to estimate either the maximum 
sustainable yield (MSY) or the present sustainable yield 
(PSY). 

MSY and PSY are "biological reference points". Fisheries 
management institutions throughout the world use the term 
biological reference points to mean biological targets that 
should protect the long-term production potential of the 
resource. Biological reference points can be expressed in 
terms of biomass, yield, fishing mortality (F) or fishing 
effort (f). They are most commonly formulated as constant 
yield strategies (e.g. MSY) or constant fishing mortality 
strategies (e. g. F,,,) . 

The purpose of this report is to develop a framework for 
the formulation and computation of biological reference points 
that is in accord with the New Zealand fisheries legislation, 
consistent yet flexible, and based on sound scientific 
knowledge. The report discusses the legislative requirements 
for formulating TACs, reviews the relevant literature on MSY 
and other biological reference points, outlines the approaches 
taken by other stock assessment agencies, critically examines 
FRC's approach, evaluates the fisheries management 
implications of various harvest strategies using simulation 
models, and discusses future directions that FRC could 
consider. It is intended that the paper be a focus for 
discussion during the 1988 FRC Fisheries Assessment Meetings 
(FAMs). 

11. WHAT IS REQUIRED OF FRC? 

The New Zealand fisheries legislation (Fisheries Act 
1983) states (Paragraph 2) that ""Total allowable catch" with 
respect to the yield from a fishery, means the amount of fish 
or seaweed that will produce from that fishery the maximum 
sustainable yield, as qualified by any relevant economic or 
environmental factors, fishing patterns, the interdependence 
of stocks of fish, and any generally recommended sub-regional 
or regional or global standards". 

The phrase "maximum sustainable yield", commonly 
abbreviated to MSY, is the focus of the legislation. 
Interpreted literally, MSY is a static or constant level of 
catch that can be achieved ad infinitum from a fishery (see 
below). But the legislation is sufficiently general to allow 



a dynamic interpretation of MSY that is far more realistic. 
Any number of management strategies and biological reference 
points can be perceived tosatisfy the legislation, provided 
that they have a firm basis in fisheries science theory and 
practice. For example FQ,,, a reference level of fishing 
mortality derived from yield per recruit analysis, can be 
considered a globally accepted standard that approximates the 
maximum sustainable yield as a long-term average (see Mace 
1988). 

Thus, the main requirement for FRC is to develop a 
structured, internally consistent framework for the 
formulation and computation of biological reference points 
that can be directly related to the'concept of MSY. This 
framework must also be sufficiently flexible to be able to 
take account of the wide disparity in the amount and quality 
of data available for different fish stocks. 

111. WHAT IS MSY? 

There are four fundamentally different methods for 
defining and computing MSY, depending on assumptions about 
fish populations and harvest strategies. Fish populations can 
be perceived as static (i.e. in equilibrium) or dynamic. 
Similarily, harvest strategies can be defined as static (i.e. 
constant yield) or variable. 

When the term "MSY" is used without qualification, it is 
often interpreted as a static harvest from a static 
population. This will be referred to as the deterministic 
interpretation of MSY. The deterministic MSY is often 
calculated from simple stock production models such as those 
of Schaefer (1954). Prior to the 1970s, most of the 
literature on MSY was concerned with this deterministic 
interpretation. Subsequent modelling studies have revealed 
that the deterministic MSY is not sustainable in a stochastic 
environment (e.g. Doubleday 1976, Beddington and May 1977, 
Horwood et al. 1979, Kirkwood 1981). This and other factors 
(e.g. exclusion of economic considerations) led Larkin (1977) 
to propose that the MSY concept be abandoned. This has not 
happened, partly because it is now firmly entrenched in many 
pieces of fisheries legislation worldwide, and partly because 
it has no operational rival. However, its use in the 
fisheries literature may be declining (Barber 1980) as 
increasingly more alternative management policies are being 
investigated. 

Fisheries scientists now recognise the necessity of 
taking environmental variability and the consequent dynamic 
nature of fish populations into account. If MSY is to be 
interpreted strictly as a static harvest, the term should be 
taken to mean the maximum level of constant yield (MCY) that 
satisfies the constraint that stock size will not fall below 
some minimum acceptable level even if production is poor 
during a series of years (Sissenwine 1978). A more liberal 



definition recognises that average yields can often be 
increased substantially if short-term harvest levels are 
allowed to vary in accordance with fluctuations in stock size. 
In this case, MSY is equated with the maximum long-term 
averase yield (MAY, Ricker 1975, Doubleday 1976, Sissenwine 
1978) or the maximum expected sustainable yield (MESY, Getz et 
al. 1987, Swartzman et al. 1987). Choice between the two 
definitions of MSY (i.e. MCY and MAY) depends on the 
management system in place and the data collection facilities 
available for stock assessments. 

IV. EFFECTS OF ENVIRONMENTAL VARIABILITY ON OPTIMAL HARVEST 
STRATEGIES AND BIOLOGICAL REFERENCE POINTS 

Three primary optimal harvest strategies have been 
proposed for dealing with environmental variability: 

(i) A strategy that applies a constant fishing 
mortality (or constant fishing effort) to a 
fish stock, thereby tracking fluctuations in 
stock size. This will be referred to as a 
target constant fishing mortality (TCF) 
strategy. 

(ii) A strategy that applies a constant catch to a 
fish stock, therefore minimising variance in 
yield. This will be referred to as a target 
constant catch (TCC) strategy. 

(iii) A strategy that allows the surplus population 
above a specified biomass to be caught (and 
closes the fishery if biomass falls below this 
level), therefore minimising variance in stock 
size. This will be referred to as a target 
constant biomass (TCB) strategy. It has also 
been called a constant escapement policy (Gatto 
and Rinaldi 1976) or a base stock policy (Getz 
et al. 1987). 

Numerous biological reference points have been associated 
with each of these three types of harvest strategies. 
Biological reference points associated with TCF strategies 
include Fy , Fo,j, (the latter two being derived from yield 
per recru~z ana ysls , F,, (Sissenwine and Shepherd 1987) and 
F = M, where M is the instantaneous rate of natural mortality. 
MSY is the main reference point that has been associated with 
TCC strategies, while BeSy, or BPegy (Getz et al. 1987), the 
target biomass that maxlmlses ong-term average yields, has 
been used for TCB strategies. 

TCF stratesies 

The literature on TCF strategies is by far the most 
diverse. Numerous versions of stochastic production models 
have been used to investigate the effects of fishing mortality 



rate and environmental variability on long-term average yield 
and variability of yield (e.g. Doubleday 1976, Beddington and 
May 1977, Sissenwine 1977, May et al. 1978, Ludwig 1980). A 
summary of the general conclusions regarding these models has 
been compiled by Sissenwine et al. (1988): yield becomes more 
variable as fishing mortality increases, the coefficient of 
variation of yield increases as the deterministic F,, level is 
surpassed, tha maximum average yield is often lower $or the 
stochastic case than for the corresponding deterministic model 
and is generally reached at a lower level of fishing 
mortality, and the probability of extinction increases with 
increasing environmental variation. 

Results from age-structured models are similar, but tend 
to be less pronounced due to the buffering effect of multiple 
age classes and the time lag between the production of a year 
class and its entry to the fishery. Average yields are less 
affected by environmental variability and the probability of 
extinction tends to be much reduced. Maximum average yield is 
often similar for stochastic and deterministic versions of 
age-structured models. The difference between deterministic 
and stochastic results is greatest when there are few age 
classes in the fishable population (i.e. when natural 
mortality is high) (Laurec et al. 1980). Results are 
sometimes contradictory. Hightower and Grossman (1985) found 
that an increase in effort of 25% above F,,, did not 
significantly reduce average yields. Laurec et al. (1980) 
demonstrated that moderate increases in fishing effort could 
substantially increase the risk of stock collapse. In general 
there is a trade-off between yield and stability of yield 
(Horwood and Shepherd 1981, Ruppert et al. 1985, Getz et al. 
1987, Swartzman et a1 1987). 

TCF strategies are the most common strategies used to 
manage fish populations. Since F,,, is difficult to estimate 
for natural populations, alternative reference points that are 
assumed to approximate Fm,, may be substituted. Such reference 
points include F,,, and F,,, which are readily derived from 
yield per recruit analysis. FQ,, is probably the most widely 
used and accepted reference polnt of TCF strategies (Mace 
1988). 

TCC stratesies 

The effects of fishing near the deterministic MSY are 
usually found to be more pronounced for TCC strategies based 
on MSY than they are for TCF strategies based on the 
corresponding F,, (Doubleday 1976, Beddington and May 1977, 
Beddington and eooke 1983). Doubleday (1976) demonstrated 
that in the presence of fluctuations in production, attempts 
to take the deterministic MSY catch each year would result in 
extreme instability. Beddington and May (1977) showed that 
return times became indefinitely large as yield tended to the 
deterministic MSY level, and that such populations were doomed 
to eventual extinction. These results are supported by 
simulation studies conducted by Horwood et al. (1979) and 



Kirkwood (1981). Kirkwood's analysis of whale stocks showed 
that extinction was certain if a constant yield greater than 
the deterministc MSY was taken, and that the risk of 
extinction diminished with decreasing yields below MSY. In 
light of such results, management policies based on the 
deterministic MSY generally set quotas as some fraction of 
MSY, with the value of the fraction depending on the 
variability of recruitment to the fish stock or the degree of 
uncertainty in the estimate of MSY. For example, the 
International Whaling Commission (IWC) allowed catch limits to 
be set at not more than 90% of the deterministic MSY (May et 
al. 1978, Kirkwood 1981). 

There have been relatively few modelling studies on TCC 
strategies using reference points other than the deterministic 
MSY. TCC strategies are often judged to be unsuitable for the 
management of fish stocks that have high recruitment 
variability (e.g. Atlantic menhaden, Ruppert et al. 1985). 
They tend to be wasteful of the surplus stock biomass when 
environmental conditions are favourable and dangerous to stock 
survival when conditions are unfavourable (Swartzman et al. 
1983). But such strategies may be reasonable for species such 
as haddock and surf clams that have moderate rates of natural 
mortality (Murawski and Idoine in press). Even so, it is 
unusual for scientists to conclude that TCC strategies are 
better than corresponding TCF strategies. An exception is a 
simulation study by Reeves (1974), who found that the best 
management strategy was dependent on the shape of the 
production curve and the accuracy of estimation of quotas. 
When the production curve was flat-topped, constant catch 
quotas generally gave higher catch per unit effort; when it 
was peaked, constant effort quotas generally performed better. 
The performance of constant effort quotas increased relative 
to constant catch quotas as recruitment variability increased. 

TCC strategies should probably be given greater 
consideration, since many of the world's fisheries are 
effectively managed on this basis for prolonged periods of 
time. Often there are inadequate data to change a quota once 
it has been set, and even when this is not the case it may not 
be feasible or desirable to make substantial changes to the 
quota. 

TCB stratesies 

TCB strategies have often been found to produce higher 
long-term average yields than other strategies (Ricker 1958, 
Larkin and Ricker 1964, Reed 1979, Ruppert et al. 1985). But 
there is a two-fold cost to these strategies. First, annual 
catch can be extremely variable (Gatto and Rinaldi 1976) and 
fisheries may be closed if biomass falls below the optimal 
level. Second, they may be prohibitively expensive to 
implement. TCB strategies necessitate real-time management, 
since estimates of stock biomass and the surplus available to 
be fished must be updated periodically throughout the fishing 
season. The major fisheries in which TCB strategies have been 



applied are those for Pacific salmon (Walters 1975). Pacific 
salmon are ideal candidates for TCB strategies because 
individual spawning stocks can be readily estimated by 
counting the number of adults that have entered a river 
system. 

Comparison between stratesies 

In the absence of environmental variability there is 
often little or no difference in the performance of 
alternative strategies. Differences in performance may also 
be slight for small levels of fluctuation in stock size, but 
they can be substantial for high levels of fluctuation (Ludwig 
1980). Comparisons of performance Should involve 
consideration of variance minimisation (in yield, fishing 
mortality, fishing effort and stock size) as well as yield 
maximisation (Aron 1979, Ludwig 1980, Deriso 1985, Ruppert et 
al. 1985, Getz et al. 1987). Alternative strategies may 
result in similar long-term average yields, but radical 
differences in the variance of yield, fishing effort and 
biomass (Getz et al. 1987). Generally, TCF strategies give 
moderate variance in yield and biomass, and low variance in 
fishing effort; TCC strategies give low variance in yield, and 
high variance in biomass and fishing effort; and TCB 
strategies give high variance in yield and fishing effort, and 
low variance in biomass. The question becomes one of whether 
environmental variability should be absorbed by the fishery or 
the fish stock. 

TCF strategies have several advantages over the others 
(Deriso 1985). They split the natural stochasticity of the 
system between the fish stock and the fishery. TCC strategies 
force most of the variability into the stock and TCB 
strategies force it into the fishery. TCC and TCB strategies 
both involve discontinuities; i.e. when the target catch is 
less than the recruited biomass, or the recruited biomass is 
less than the target biomass. The former case results in 
stock collapses, while the latter results in fishery 
collapses. In addition, TCC and TCB strategies are more 
sensitive to errors in the methods used to estimate optimal 
levels, measurement errors, and delays in implementation of 
assessment advice. 

Combination stratesies 

It has often been found that small sacrifices in yield 
can result in appreciable reductions in the variance of yield 
(Allen 1973, Walters.1975). Strategies for reducing the 
variance of harvests should also lead to higher and more 
predictable stock sizes (Walters 1975). There may also be 
other reasons for fishing at reduced levels, particularly when 
stocks are low. Cautious management strategies permit quicker 
recovery of depleted stocks and allow more latitude for errors 
in stock assessments (Shepherd 1981). Much of the recent 
literature is now concerned with the trade-off between yield 
maximisation and variance minimisation (Walters 1975, Hilborn 



1979, Mendelssohn 1979, 1980, Ludwig 1980, Swartzman et al. 
1983, 1987, Deriso 1985, Ruppert et al. 1985, Getz et al. 
1987). Use of a logarithmic utility function (where the 
objective is to maximimise the expected value of the geometric 
mean of catch, rather than maximimising absolute catch) may 
also produce a smoother sequence of catches (Mendelssohn 1982, 
Deriso 1985, Ruppert et al. 1985). 

Combination strategies that switch between two or more of 
the primary strategies can sometimes be used to increase 
average yield and/or reduce variance in yield, fishing effort 
or biomass. Aron (1979) showed that a harvesting policy that 
combined a TCF strategy with a TCB strategy (by applying 
constant effort as long as stock size was above the optimal 
level, and closing the fishery otherwise) achieved almost 
optimal mean yields without the penalty of vast fluctuations 
in yield. This mixed policy was also relatively more robust 
to misestimation of stock levels. Swartzman et al. (1983) 
devised a complex algorithm that specified upper and lower 
limits on stock size, allowing large catches to be taken when 
stocks were high and spreading reduced yields over several 
years when stocks were low. They found that this policy 
produced lower variability in stock size and higher average 
catch per unit effort than constant effort and constant quota 
policies. Similarily, Swartzman et al. (1987) developed an 
optimisation algorithm that included a minimum stock size and 
a maximum level of fishing effort. This algorithm produced 
yields that exceeded those of TCF strategies, although it also 
resulted in high variability in fishing effort with occasional 
fishery closures. 

For combination strategies to be successful, it is 
necessary to have appropriate research facilities to provide 
frequent and accurate updates of stock status, and a 
management system that can respond to changes in a timely 
fashion. 

V. EVALUATION OF PREVIOUS APPROACHES USED BY FRC 

The two biological reference points most commonly used by 
FRC are PSY (present sustainable yield) and MSY. They are 
often calculated from the equations: 

PSY = pB 

where p = production rate (productivity) as a 
fraction of biomass 

B = biomass 

and MSY = 0. 5MB0 

where M = instantaneous rate of natural mortality 
B, = virgin biomass 

(Hurst 1985). 



PSY does not have a rigorous definition. It is unclear 
whether PSY is a reference point for a TCF strategy, a TCC 
strategy, or a TCB strategy. In contrast to equation 1 which 
suggests that PSY is a constant proportion of stock biomass 
(loosely equivalent to a TCF strategy for low levels of F and 
M), PSY has also been defined as the "maximum yield which the 
present stock can sustain" (in the Introduction to Colman et 
al. 1985) and the "amount of fish that can be captured each 
year without altering the stock biomass". In this respect it 
is functionally equivalent to a reference point for a TCB 
policy. (The definitions given in quotes imply that yield 
should be zero for a virgin fish stock). Often PSY may be an 
educated guess based on examination of landings data. Other 
methods for estimating PSY have also been used (e.g. for 
snapper, Sullivan et al. 1988). In all cases, unless the 
stock is at equilibrium or increasing, PSY may only be 
"sustainable" for one year. The remainder of this discussion 
will be restricted to estimates of PSY based on equation 1. 

Equation 1 is used for stocks with a long history of 
exploitation. It is analogous to the approximation: 

Yield = F,,,B 

where Fret is a reference fishing mortality 
B is mid-season recruited biomass (the average 
recruited biomass) 

(This is an approximation to the Baranov catch equation (see 
Section VII). It is valid as long as the sum of F and M is 
less than about 0.8). Productivity, p, in equation 1 has 
usually been assigned values of 0.05, 0.10 or 0.15 per year, 
depending on whether a stock is expected to have low, medium 
or high productivity, respectively (Hurst 1985). Most stock 
assessment agencies would consider that low, medium and high 
productivity correspond to natural mortality (M) estimates of 
0.1 (or less), 0.2, and 0.3 (or higher), respectively. This 
seems to be FRC's approach as well although the connection is 
rarely made explicitly (but see Patchell and Hurst 1985). By 
analogy with equation 3 it would appear that F = p = 0.5M. 

Equation 2 is used for newly developed fisheries. It is 
based on a symmetrical surplus production model (e.g. Schafer 
1954) in which productivity is maximised when biomass has been 
reduced to 0.5B0. At this stock size, the production rate is 
assumed to be equal to M (Gulland 1971). 

FRC's methods for estimating PSY and MSY from equations 1 
and 2 are not consistent. The estimates of p used in equation 
1 equate with fishing at a level of F = 0.5M. If B = 0.5B 
(the optimum level based on a Schafer production model), tie 
estimate of MSY from equation 2 will be double the estimate of 
PSY from equation 1. 



Because the definition and interpretation of the term PSY 
is ambiguous, it should probably not be used. In so far as 
possible, FRC should adopt the approaches used by other stock 
assessment agencies with a long history of development of 
appropriate methodology (see Mace 1988), and modify these 
methods to its own requirements. In particular, FRC should 
consider use of the biological reference point, Fq,,, which is 
calculated from yield per recruit analysis. F,,,,ls the most 
widely accepted reference point for managing varlable 
fisheries. Estimates of F , are usually slightly higher than 
M (Tables 1-3 of Mace 19887'. This suggests that the approach 
implied by equation 1 (roughly equivalent to fishing at a 
level of 0.5M) may be overly conservative. Harvest strategies 
based on this approach will be compared with those based on 
F,,, in simulation studies outlined in a subsequent section. 

VI. CONSTRAINTS ON ASSESSMENT AND MANAGEMENT IN NEW ZEALAND 

The main constraint on the assessment and management of 
New Zealand fisheries is the lack of sufficient assessment 
databases. Prior to 1985 and the advent of the ITQ system, 
FRC was not required to provide regular stock assessment 
advice in a formal, structured manner. There were few time 
series of fishery-independent data, basic demographic 
parameters had not been estimated for many species, the 
commercial statistics system was still in its infancy, and 
computer and research facilities were limited (particularly 
the lack of an adequate research vessel for sampling deepwater 
species). Not surprisingly, the stock assessment process has 
been in a continual state of.evolution since 1985 when 
preliminary estimates of TACs were first calculated. 
Considerable progress has been made in subsequent years but 
facilities are still inadequate for the task at hand. 

FRC is now required to provide annual advice on the 
management of 31 species, comprising about 170 "stocks" or 
management units. It is impossible to allocate adequate 
resources to all 170 units. Therefore, FRC has taken the 
approach of allocating priority to those fisheries deemed to 
be of the greatest importance. Even for these few fisheries, 
it may not be feasible to use expensive management strategies 
such as target constant biomass (TCB) strategies. And while 
it may be possible to develop reasonable harvest strategies 
for the high priority fisheries, it will be necessary to adopt 
a simpler approach for the vast majority of the stocks. 
Regardless of whether constant catch strategies result in sub- 
optimal average yields, the management strategy for most 
stocks must effectively be one of constant catch because of 
the impossibility of providing frequent updates of stock 
status. 

In addition, the Individual Transferable Quota (ITQ) 
system introduced in 1986 has in practice implied a constant 
catch strategy. The decision to issue most quota in 
perpetuity, to specify quota in absolute terms instead of as a 



proportion of the TAC, and the lack of sufficient dedicated 
funds to buy back quota all make it difficult to continually 
adjust TACs. This situation may change if a system of 
percentage ITQs is implemented in the future. 

VII. EVALUATION OF HARVEST STRATEGIES BY SIMULATION 

Since target constant biomass (TCB) strategies are 
probably not feasible for FRC at the present time, this 
analysis is restricted to target constant fishing mortality 
(TCF) and target constant catch (TCC) strategies. For TCF 
strategies, the biological reference points that will be 
considered here are F,, , F,,, ,and F ,, (defined as F = 0.5M, 
Section V) . For TCC szrategles, the biological reference 
points that will be considered are the deterministic 
equilibrium yield levels corresponding to the reference 
fishing mortality levels of the TCF strategies. These will be 
denoted as MSY, Yo,, and Y,,, respectively. 

Simulation model structure 

I used an age structured simulation model similar to 
those developed in Mace and Doonan (1988) and Robertson et al. 
(1988). The initial stable equilibrium unfished state was 
defined by the equations: 



where R, = initial equilibrium recruitment in numbers 
- 

BPo I initial total population biomass (tonnes) 

Era - - initial recruited (spawning) biomass (tonnes) 
- age 

A, = age at recruitment (=age at maturity, A,) 
M = natural mortality 
W, = weight of fish of age t (tonnes) 
N, = number of fish of age t 

Weights at age were calculated from the von-Bertalanffy growth 
function: 

where w, = maximum average weight in kg 
K = Brody growth coefficient 

Subsequent recruitment was modelled using a Beverton-Holt 
stock-recruitment relationship: 

where R = recruitment in numbers 
S = beginning-of-year spawning biomass 
a,B = parameters 

The parameters a and B were defined by the equations: 

where h is defined such that 

R = hR, when S = 0.2Bro 

Thus h determines the steepness (extent of compensation 
or density dependence) of the stock-recruitment relationship. 



In the stochastic version of the model recruitment was 
treated as a log-normally distributed random variable. The 
lognormal distribution was chosen because Hennemuth et al. 
(1980) have demonstrated that it usually provides the best 
description of recruitment data. The standard deviation, a, 
was specified as input to the model and the mean, p,, was 
calculated from: 

= I n  (R) - 0.5 oZ 

where R is derived from the Beverton-Holt stock-recruitment 
relationship above. 

Each cohort of recruits was subjected to natural 
mortality M) and fishing mortality (F) using 

and the Baranov catch equation: 

where C = catch biomass (tonnes) 
and Z =  F + M  

Model parameters 

Four hypothetical species were defined on the basis of 
low or high productivity, and low or high compensation in the 
stock-recruitment relationship. The four species were 
assigned the following parameters: 



Species A Species B Species C Species D 

Recruited virgin (Bra) 100 000 100 000 100 000 100 000 
biomass 

Maximum weight (w,) 2 2 2 2 

Brody growth (0 0.1 0.1 0.3 0.3 
coefficient 

Natural mortality (M) 0.1 0.1 0.3 0.3 

Age of recruitment (A,) 10 10 3 3 

Age of maturity (A,) 10 10 3 3 

Fraction of (h) 0.4 0.8 0.4 0.8 
virgin recruitment 
achieved when 
B = 0.20 Br0 

Thus, all four species had the same recruited virgin 
biomass (B,,) and maximum weight (w,). They differed only in 
the parameters related to productivity (K, M, A, and h) and 
compensation in recruitment (h). The parameters of 
productivity were selected to encompass the range that is 
usually found in New Zealand fish species. The ages of 
recruitment and maturity were selected to coincide 
approximately with the age at which average weight was 25% of 
the maximum (w*). Recruitment and maturity were both assumed 
to be knife-edged. The two values used for compensation in 
recruitment (h) probably represent the extremes of likely 
degrees of compensation in fish stocks (Figure 1): h = 0 . 4  
gives an almost linear relationship between recruitment and 
spawning stock size (i.e. extremely low compensation), while h 
= 0.8 gives recruitment close to virgin levels until the 
spawning stock drops below 2 0 %  of its virgin size (i.e. 
moderately-high compensation). 

Variable recruitment was simulated using either: 

o = 0 . 5  (low variability) 

or o = 1 . 0  (moderately-high variability) 

These values of the variance of recruitment were derived from 
a list of estimates compiled by Beddington and Cooke (1983) 
covering a wide range of fish stocks (their Table 2). 



Methods 

Each simulation was run using either a target constant 
fishing mortality (F,, , F,,, or F,,,) or a target constant catch 
(MSY, Yo. or YSRC) in h e  Baranov catch equation (equation 4). 
MSY was determmed by iteration. F,,,, (and F,,) values were 
derived from yield per recruit analysis. F,,, was set to 0.5M. 
Corresponding deterministic equilibrium values of catch, 
fishing mortality and biomass were derived by running the 
model without stochastic recruitment for several hundred time 
steps (Table 1). 

The appropriate TCF or TCC value was used as input to the 
stochastic version of the model. The model was first run to 
the deterministic equilibrium. Stochastic recruitment was 
then introduced and the model was allowed to run one iteration 
for each year-class of pre-recruits (to override the stable 
age distribution for most of the population, particularly the 
pre-recruits). These latter results were discarded; i.e. the 
simulation proper began A years after the introduction of 
stochastic recruitment. f~his practice of discarding the first 
few years of stochastic simulation results is a commonplace 
method for minimising the effects of initial conditions -- see 
Law and Kelton 1982, Hightower and Grossman 1985). Each 
simulation was then run for 25 years. A set of runs comprised 
50 simulations, each of 25 years duration. The same sequence 
of random numbers was used for each set of runs. 

MSY and F,,, strategies were simulated for each of the 
four hypothetical species at both levels of recruitment 
variability (a = 0.5 and o = 1.0). Simulations for the other 
strategies were restricted to the case of moderately-high 
recruitment variability (a = 1.0). Additional runs were made 
at both levels of recruitment variability for TCC levels 
corresponding to a constant fraction of MSY, using Species D 
as an example. Simulations were not conducted in those cases 
where the target level of catch or fishing mortality was not 
sustainable in the deterministic version of the model. 

A liberal definition of "stock collapse" was adopted. 
Stock collapse was said to have occurred whenever the TCC 
exceeded the beginning-of-year recruited biomass. When this 
happened the entire recruited biomass was caught (i.e. there 
were no limits put on the maximum fishing mortality that could 
be exerted). This did not lead to total extinction because 
there were always A, unrecruited age classes waiting to enter 
the fishery and, by chance, within a few years at least one of 
them would be larger than the TCC. A more realistic model 
would set an upper bound (less than stock size) on catch, 
perhaps by including a relationship between catch rate and 
biomass or by estimating the maximum fishing mortality a 
particular fishing fleet is capable of exerting. Under the 
liberal definition, TCF strategies never resulted in stock 
collapse. 



Modellinq results and discussion 

Although all four hypothetical species have the same 
recruited virgin biomass, equilibrium yields differ markedly 
(Table 1). Two factors contribute to the differences: 
productivity (low for Species A and B; high for Species C and 
D) and the degree of compensation in recruitment (weak for 
Species A and C; strong for Species B and D). Species C and D 
can be exploited more heavily than their counterparts, Species 
A and B respectively, because growth (K) and natural mortality 
(M) are higher. Species B and D can be exploited more heavily 
than their counterparts, Species A and C respectively, because 
recruitment is more strongly compensatory (h = 0.8 vs. h = 
0.4). The differences in the degrees of compensation are such 
that Fmsy is less than F,,, , for Species A and C, whereas FmSY is 
greater than F,,, for Specles B and D (Table 1). Fo,J was not 
sustainable for Species A. The deterministic MSY yleld for 
Species D was twice as large as that for Species C, and 5.4 
times larger than that for Species A. 

These differences in productivity and compensation in 
recruitment have a greater effect on long-term yields than 
does the introduction of environmental variability or the use 
of alternative TCF and TCC strategies (Tables 2-5). Horwood 
and Shepherd (1981) and Getz et al. (1987) have reached a 
similar conclusion. They found that the most important source 
of uncertainty in estimating long-term productivity was the 
degree of density dependence (compensation) in the stock- 
recruitment relationship and not the environmental factors 
that influence annual recruitment rates. 

Tables 2-5 contain numerous instances where the target 
constant catch (TCC) could not be attained, despite the 
relative lack of restrictions on catch (the only limitation 
being that catch could not exceed recruited biomass). The 
deterministic MSY was often not sustainable under conditions 
of variable recruitment (Tables 2 and 3). A sample of typical 
runs is shown in Figure 2. The occurrence of "stock 
collapses" increased at the higher level of recruitment 
variability. Higher levels of recruitment variability also 
resulted in somewhat lower mean catch and biomass for TCF 
strategies, and substantially higher relative variability (CV) 
of catch and biomass for both TCF and TCC strategies. Species 
A was the only species where no collapses occurred when 
fishing at the deterministic MSY. This was probably due to 
the extremely low rate of exploitation that produced MSY 
(Table I), and the buffering effect produced by having many 
age classes in the recruited population, and a long time lag 
between the production of a poor year class and its entry into 
the fishery. 

Mean yields from TCF strategies approximated the 
corresponding target constant catch (Tables 1-5). Mean yields 
from TCC strategies diverged from those of the corresponding 
TCF strategies in accordance with the percentage of stock 
collapses that occurred. Thus, there was little difference in 



mean catches under corresponding TCF and TCC strategies for 
Species A and B because these species had relatively low 
probabilities of stock collapse. In contrast, mean catches 
for TCF strategies were up to 66% higher than those for 
corresponding TCC strategies for Species C and D (Tables 2-5 
and Figure 3). Mean biomass differed little between the two 
strategies, but the CV of biomass was always considerably 
greater under TCC strategies (Tables 2-5 and Figure 3). Mean 
fishing mortality (F) was also much greater for TCC 
strategies. (Results are not shown because absolute means 
have little meaning for those cases where stock collapses 
occurred). CVs of catch and F cannot be compared between 
strategies because the CV is always zero for one strategy and 
high for the other. 

Increasing TCF and TCC resulted in decreasing mean 
biomass and increasing CV of biomass (Tables 3-5 and Figure 
3). Increasing TCC also led to a higher frequency of stock 
collapse. In terms of reducing the probability of stock 
collapse, the TCC strategy based on Y,,, generally performed 
better than the TCC strategies based on MSY and Yo, For 
Species A, C and D, YFRF resulted in yields only slightly 
below the maximum attained. But for Species B, the average 
Y,,, yield was only 78% of the maximum. TCF strategies based 
on F,, and F,., produced average yields that exceeded those 
base% on F ,, by 32% and 30% respectively for Species B, and 
25% and 235 for Species D. The TCF strategy based on F 
exceeded that based on F,,, by 2% for Species C. F,,, anr ,F,,, 
were almost identical for Species A (Table 1). 

When TCC strategies are used for productive fish stocks, 
such as Species D, the risk of overexploitation increases 
dramatically as the deterministic MSY is approached (Table 6 
and Figure 4). Again, increasing TCC led to decreasing mean 
biomass, increasing CV of biomass, and a higher probability of 
stock collapse. Increasing recruitment variability led to 
decreasing mean catch, increasing CV of biomass, and a higher 
probability of stock collapse. Table 6 suggests that optimum 
TCC levels for productive fish species with moderately-high 
recruitment variability may be as low as 60-70% of the 
deterministic MSY. On the other hand, if recruitment 
variability is low (or if productivity is low) optimum TCC 
levels could be as high as 90% of the deterministic MSY. 

These results are in general agreement with those from 
other modelling studies (Section IV). The difference is that 
the present model is more comprehensive than most other age- 
structured models; viz, it includes more dimensions (stock 
productivity, compensation in recruitment, environmental 
variability and alternative management strategies). As such, 
it allows a range of different factors to be considered at 
once in a single model structure. In addition, parameter 
combinations and alternative management strategies have been 
chosen to encompass the range that is likely to be relevant to 
the fisheries FRC needs to assess. This makes it possible to 
use the modelling results directly as a basis for assessment 



of those species for which there are insufficient data to 
construct an individual model. It should, however, be noted 
that Species A and C may have unrealistically low compensation 
in recruitment; i.e. they should be treated as representatives 
of the extreme lower end of the feasible range. 

A model that restricted the maximum fishing mortality 
that could be exerted under TCC strategies would accentuate 
the difference between TCF and TCC strategies. A more 
realistic model would also include autocorrelation in the 
recruitment sequence (poor years likely to be followed by more 
poor years; good years to be followed by more good years). 
This would further increase the probability of stock collapse 
for TCC policies (see Sissenwine 1977). 

In the model it has been assumed that biomass can be 
estimated precisely, and that target levels of catch and 
fishing mortality can be enforced. But even with perfect 
knowledge, the risk of overexploitation will increase 
dramatically as the deterministic MSY is approached (Figure 
4). The effect of misestimating biomass will be similar to 
the effect of misestimating productivity: lost potential yield 
for underestimates and increased risk of overexploitation for 
overestimates. Stocks with low productivity (e.g. Species A 
and B) will be particularly susceptible to overexploitation if 
biomass or productivity is overestimated. Stocks with high 
productivity (e.g. Species C and D) will be susceptible to 
overexploitation if the effects of environmental variability 
are underestimated. These generalisations apply to both TCF 
and TCC strategies, but TCF strategies are probably more 
robust. 

VIII. IMPLICATIONS FOR FRC: DISCUSSION AND CONCLUSIONS 

The purpose of this section is to develop a new framework 
for stock assessments at FRC. Management strategies and 
biological reference points will be discussed in relation to 
FRC's previous approaches, methods used by other stock 
assessment agencies, simulation modelling results, 
requirements of the ITQ system, legislative requirements, 
constraints imposed by the short historic time series of data 
and the likely availability of resources for current and 
future research. It has already been recommended that FRC 
discontinue use of the term "present sustainable yield" (PSY) 
because of its ambiguity (Section V). Alternative unambiguous 
reference points will be suggested. 

Has FRC been conservative? 

When the ITQ system was first implemented the intention 
was to set conservative quotas pending the development of an 
adequate research database. However, for lack of better 
information many of the quotas were equated to recent recorded 
landings. Already there are indications that not all quotas 



have been conservative (e.g. Chatham Rise orange roughy, 
Robertson and Mace 1988). 

Use of p = 0.05-0.15 in equation 1 is essentially 
equivalent to a management strategy based on F = 0.5M, or F,,, 
(Section V). In comparison to F,,,, the biological reference 
point most commonly used by other stock assessment agencies, 
this is a conservative strategy. F,, is usually at least as 
large as M (see Tables 1-3 of Mace 1688). The modelling 
results provide further evidence of the conservative nature of 
this strategy (Table 5). TCF strategies based on F,,, gave 
substantially lower yields than other alternatives, except 
when the degree of compensation in recruitment was very low 
(Species A and C). When compensation was low, F,,, 
approximated F,,, (Table 1). The results were less conclusive 
for TCC strategies based on the corresponding Y,,,. These 
strategies led to a high probability of stock collapse for 
productive species with moderately-high recruitment 
variability (Table 5). 

In conclusion, quotas based on equation 1 with p = 0.05- 
0.15 are probably conservative if they are treated as TCF 
strategies (especially when biomass estimates are based on the 
average of wingtip and doorspread estimates, as FRC has often 
assumed), but not if they are treated as TCC strategies for 
short-lived species with variable production (and accurate 
estimates of biomass). 

use of 0.5MB0 as an avvroximation to MSY 

Quotas based on equation 2 (section V )  are probably not 
at all conservative. In the present simulations, 0.5MBo was 5 
000 t for Species A and B, and 15 000 t for Species C and D. 
The deterministic MSY was only 32%, 69%, 28% and 58% of 0.5MBo, 
respectively, for the four hypothetical species. Beddington 
and Cooke (1983) have already demonstrated that 0.5MBo is often 
higher than the deterministic MSY. But they assumed constant 
recruitment and equated F,,, with F F,,, is always less than 
F,,, if recruitment is a monotonicalyy increasing function of 
spawning stock size. The results presented in this paper show 
that had Beddington and Cooke modelled recruitment as an 
increasing function of spawning biomass, there would have been 
a broader range of parameter combinations for which 0.5MB0 was 
greater than the deterministic MSY, and the discrepancies 
would be magnified. 

Thus, 0.5MB0 should probably not be used as an 
approximation to MSY. Since it overestimates the 
deterministic MSY, it is likely to provide even greater 
overestimates of MCY and MAY. Based on present results, an 
alternative rule of thumb for new fisheries is that yields 
should be set no higher than 25% of MB,. 



What biolosical reference points should FRC use? 

There is always some risk that a TCC strategy cannot be 
sustained, and the risk increases the higher the constant 
catch. But a conservative strategy may result in 
underutilisation of the stock and unnecessary restriction of 
the fishing industry. A TCF strategy requires ongoing 
estimates of biomass for the calculation of annual quotas. 
But frequent estimates of biomass are not feasible for all 
species, given the resources currently available to FRC. 

I suggest use of a two-tier approach to the choice of 
biological reference points at FRC. These ideas have arisen 
from reviews of the literature, results of the simulation 
studies, and numerous discussions with other FRC staff and 
visiting scientists including M.P. Sissenwine (Northeast 
Fisheries Center, National Marine Fisheries Service, USA.) and 
W.W. Fox (University of Miami, USA.). 

Both tiers will take account of the dynamic nature of 
fish stocks, but in different ways. The first tier is based 
on a constant catch strategy. Its biological reference point 
is the highest level of constant catch that is estimated to be 
sustainable under all probable future conditions. An 
evaluation of "probable future conditions" would most likely 
be based on examination of historical data. The second tier 
is based on a constant fishing mortality strategy. Its 
biological reference point is a reference level of fishing 
mortality that is estimated to be sustainable under existing 
environmental conditions. This reference fishing mortality is 
an estimate of the level of fishing mortality that will 
achieve the long-term maximum average yield (MAY). 

To avoid confusion with the classic deterministic 
interpretation of the term, MSY, I suggest use of alternative 
terms such as "maximum constant yield" (MCY) and "maximum 
average yield" (MAY) for the biological reference points 
associated with each of the two tiers. In order to achieve 
MAY for the second tier, the "current annual yield" (CAY) 
needs to be estimated each year. CAY is the catch that can be 
attained during the next fishing year by applying a reference 
fishing mortality to an estimate of the average recruited 
biomass that will be present during that year. The objective 
is to achieve MAY by varying annual yield in response to 
changes in annual biomass. 

It may also be possible to achieve MAY with strategies 
that do not hold fishing mortality constant. The most 
important distinction between the two tiers is that CAY tracks 
fluctuations in stock size, whereas MCY accounts for 
fluctuations by adopting a level of constant catch that is 
less than MAY. It is, however, important to note that MCY is 
not a conservative strategy. Attempts to take MAY as a 
constant yield will inevitably lead to stock collapse. 



How should the reference woints be a ~ ~ l i e d ?  

The first tier would be used for those species where 
there is no current research to estimate annual biomass. It 
would also be appropriate to use this tier for fisheries where 
it may be difficult or impractical to vary TACs from year to 
year. The second tier would be used for those species with 
active research programmes providing regular estimates of 
biomass. It will also be necessary to have sufficient 
information to estimate a target fishing mortality rate. 

MCY is less dependent on the current state of a fish 
stock than CAY. Estimates of MCY may be refined whenever new 
data become available, or when there is a significant 
improvement in the interpretation of existing data. Such 
changes are likely to be infrequent unless new research 
programmes are initiated. On the other hand, estimates of CAY 
will change whenever new estimates of fishable biomass become 
available. CAY is highly dependendent on current stock 
status. Estimates of target fishing mortalities may also need 
to be revised periodically as new information becomes 
available. TACs would be varied frequently (e.g. annually) so 
as to achieve MAY. 

Practical imwlications 

Both of the reference points are in accord with the 
fisheries legislation which requires that advice to management 
be formulated in terms of maximum sustainable yield. MCY is 
the maximum sustainable yield that can be taken if catch is 
not varied. It is a strategy that focuses on the 
"sustainable" aspect of MSY. The average CAY (i.e. MAY) is 
the average maximum sustainable yield that can be taken if 
catch is varied annually in accordance with fluctuations in 
stock size. It is a strategy that focuses on the "maximum" 
aspect of MSY. Generally, CAY will be larger than MCY. For 
some stocks, particularly highly variable stocks, the 
difference may be substantial. But when fishable biomass 
becomes unusually low (through overfishing, poor environmental 
conditions, or a combination of both), CAY may be less than 
MCY for several years. Over the long term, however, the 
averase CAY (i.e. MAY) will exceed MCY. One reason that this 
is so is that a CAY strategy will allow a depleted population 
to rebuild, whereas an (unrevised) MCY strategy will result in 
a depleted population remaining small for a protracted period 
of time. 

The absolute difference between MAY and MCY can be 
interpreted as a measure of the potential utility of the 
ability to vary TACs. This requires ongoing research to 
estimate biomass and refine estimates of stock productivity. 
However, there are other trade-offs to consider. The 
simulation results indicate that while an MCY strategy 
minimises the variance in catch, it also leads to high 
variability in biomass and consequent high variability in the 



fishing mortality and fishing effort required to take the 
constant catch. A CAY strategy minimises the variability in 
fishing mortality and fishing effort, gives higher mean catch 
and lower variability in biomass, but of course results in 
higher variability in catch. Consequently, the best strategy 
may differ between fisheries, depending on evaluation of the 
trade-offs. It might be expected that processing firms would 
favour predictable, constant catches whereas harvesting 
operations would favour constant fishing effort. A CAY 
strategy could mean that processors must continually readjust 
their production lines to accommodate varying quantities of 
prime species. An MCY strategy could mean that harvesters 
need to maintain a large fleet of flshing vessels to meet the 
quota when stocks are low, but also to accept that many of 
these vessels would be idle or uneconomic for much of the rest 
of the time. 

This dilemna could be alleviated through use of a 
combination of MCY and CAY strategies. For example, an MCY 
strategy could be used as long as stock biomass remained above 
some optimal level, with a CAY strategy being adopted 
otherwise. It is also possible to devise combination 
strategies that result in an overall increase in mean yield 
(see, for example, Swartzman et al. 1987). However, 
combination strategies are likely to be dangerous unless 
biomass can be estimated frequently and accurately, and quotas 
can be modified accordingly in a timely fashion. 

Methods of estimation 

Estimates of MCY should be based on examination of catch 
histories or historic estimates of biomass. For example, MCY 
could be estimated from equation 1 (Section V )  with B set 
equal to an estimate of the minimum historic biomass or some 
fraction of the long-term average biomass (not necessarily 
current biomass), and p expressed explicitly in terms of M, or 
some other parameter related to stock productivity (e.g. F ,) .  
Alternatively, it could be estimated as some fraction of tke 
deterministic MSY derived from a stock production model. The 
value of the fraction would depend on the amount of 
variability in stock size. It will be small (e.g. 0.6-0.8) if 
variability is high and close to 1 if variability is low 
(Table 6). It can be estimated more accurately by 
constructing simulation models with the observed variability 
as input. 

If there are no data apart from annual catch, MCY may be 
estimated as some fraction of the average catch over a period 
of time when there were no known trends in fishing effort or 
fishing mortality. Again, the value of this fraction will be 
low if the variance of stock size is high (or the population 
has few age classes to buffer the effects of environmental 
variability) and close to 1 if the variance of stock size is 
low (or the population has many age classes). I suggest using 
values within the range 0.6-0.9 (Table 6), pending 



accumulation of sufficient data to construct appropriate 
simulation models. If the population has not been over- 
exploited at some stage in its recorded history, it will 
difficult to estimate the maximum that can be achieved. 

CAY yields can be calculated from the Baranov catch 
equation (equation 4, Section VII) or from the approximation 
given by equation 3 (Section V). The latter equation 
expresses yield as a simple product of a reference fishing 
mortality (e.g. F,,,) and average biomass. It is appropriate 
as long as the sum of fishing mortality and natural mortality 
does not exceed 0.6-0.8. The biomass used should be a 
projected estimate of the average recruited stock that will be 
present during the fishing year for which yield is being 
calculated. 

Ideally, estimates of CAY should be based on F,,,. 
However, F is difficult to estimate for natural populations. 
F,,, is proribly an appropriate substitute. It is the most 
commonly accepted biological reference point by stock 
assessment agencies in other countries (Mace 1988). To my 
knowledge, there are no fish stocks that have been shown to be 
unable to sustain fishing mortality levels of Fq,l (Perhaps 
this is because there are few stocks that are flshed at F,,,; 
the usual problem is one of reducing fishing mortalities down 
to this level.). Note, however, that F was not sustainable 
for the hypothetical Species A (Table 1 ~ ' f  which had low 
productivity and low compensation in recruitment. 

Assessment advice 

It should be possible to estimate MCY (with varying 
degrees of confidence) for all fish stocks. At the least, 
crude estimates can be extracted from catch records and other 
relevant data. CAY can be estimated only when there is an 
estimate of biomass. Whenever CAY estimates are produced, 
they should also be accompanied by the corresponding MCY 
estimates. The difference between the two estimates gives some 
indication of the current status of the stock in relation to 
its long-term potential. An indication of the level of 
uncertainty or risk in the estimates would also be useful, 
particularly when the estimates are lower than current TACs. 
This should be accompanied by a discussion on the time frame 
(i.e. the degree of urgency) for reducing TACs to the 
recommended level. 

Adoption of the proposed two-tier system does not 
preclude the use of other relevant data and reference points 
in the calculation of TACs. These include estimation of the 
minimum acceptable spawning stock biomass, recruitment 
predictions, economic factors, effects of fishing practices, 
interdependence between stocks of fish, and the benefits of 
rebuilding depleted stocks. Recommended TACs may not 
correspond to either MCY or CAY. For example, when stocks 
have been severely reduced in size it may be beneficial to 
temporarily set TACs lower than either MCY or CAY to promote 



faster rebuilding. It is also permissible to set initial TACs 
higher than CAY in order to fish down the accumulated biomass 
of virgin stocks. 

The task of developing appropriate estimation techniques 
for MCY and CAY, along with methods for incorporating other 
factors such as economic considerations and species 
interactions, should be a major component of the stock 
assessment process. 

How much research effort is reauired to estimate these 
reference points? 

For those stocks where it is unlikely that research will 
significantly increase the value of the fishery it may be 
appropriate to do little more than monitor catch and CPUE to 
determine whether the estimate of MCY is reasonable. Included 
in this category are small stocks, and stocks with a 
combination of low productivity and low compensation in 
recruitment (i.e. stocks analogous to the hypothetical Species 
A). For other stocks, the main objective of research should 
be the determination of CAY. This requires an estimate of F,,, 
(or other target F) and an estimate of current biomass. More 
emphasis needs to be placed on estimating F,,$, or other 
indices of productivity. In the equation, Yield = pB, the 
sensitivity of the estimate of Yield to p and B is identical 
(100%). In some cases, there may be little point in reducing 
the CV of a (relative) biomass estimate from 30% to 15% when 
almost nothing is known about p, which could range anywhere 
from 0.05 to 0.5. Biomass estimates, on their own, are of 
limited usefulness for calculating yields. 

All assessed species should be aged for the minimum 
requirement of obtaining an estimate of M based on longevity. 
(If there are insufficient data to enable use of more 
sophisticated techniques, the formulation, M = log,(100) / 
(maximum age), can be used when fishing mortality is low. It 
assumes that the maximum age is that age at which only 1% of a 
cohort survives). This only requires a short term project in 
which a few hundred otoliths/scales would be read for each 
species. The project would only need to be repeated if there 
was reason to believe that natural mortality had changed, or 
that the original otolithlscale interpretations were 
incorrect. 

Most assessed species should be aged for the purpose of 
conducting yield per recruit (YPR) analysis. This will enable 
the biological reference points, F,,, and Fmax, to be 
calculated. YPR is reasonably easy, quick and inexpensive, 
once a suitable ageing system has been devised. It doesn't 
require a long time series of data. It requires only that the 
fish can be aged and measured. A few hundred otoliths would 
need to be read for each species, once every one to several 
years. Repeated examinations of otoliths are needed to 
determine whether average weights at age of the exploited 
population are changing. A new YPR analysis needs to be 



conducted whenever there are changes in average weights at 
age, the age/size of recruitment, or natural mortality. 

Some assessed species should be aged for the purpose of 
conducting virtual population analysis (VPA) (Pope 1972). 
This requires considerable resources. It is necessary to 
continually sample the commercial catch for length- 
frequencies, collect and read 5 000-10 000 otoliths per year, 
and develop a time series of at least 6-10 years of research 
survey or commercial CPUE data. While it is the most powerful 
tool available for assessing fish stock status, it is unlikely 
that FRC will be able to conduct VPA for more than a few of 
the most important fisheries. 

IX. SUMMARY OF RECOMMENDATIONS 

1. Use of the term "present sustainable yield" (PSY) should 
be abandoned in favour of biological reference points 
such as MCY (maximum constant yield) and CAY (current 
annual yield). The definition and interpretation of PSY 
is ambiguous. 

2. The classic deterministic, or static, interpretation of 
MSY should not be used as a biological reference point to 
manage New Zealand's fisheries. The deterministic MSY is 
not usually sustainable in a stochastic environment 
(Doubleday 1976, Kirkwood 1981, ~ables 2 and 3). If MSY 
is calculated from deterministic models (e.g. stock 
production models), then an appropriate strategy is to 
use some fraction (0.6-0.9) of the deterministic MSY 
(Table 6). 

3. The 0.5MB0 approximation to MSY should be abandoned as a 
method of calculating yields. Even if recruitment is 
independent of spawning stock size, the approximation 
often overestimates the deterministic MSY (Beddington and 
Cooke 1983). If recruitment declines with spawning stock 
size, the approximation may grossly overestimate the 
deterministic MSY (Table 1 and text), and will perform 
even worse in a stochastic environment (Tables 2 and 3). 
It is suggested that the long-term average yield from a 
new fishery should be no higher than 25% of MB,. 

4. FRC should use a two-tierapproach to the choice of 
biological reference points in stock assessments. The 
first tier would be based on a target constant catch 
(TCC) strategy. Its biological reference point is the 
Maximum Constant Yield (MCY) that is estimated to be 
sustainable under all probable stock conditions. The 
second tier would be based on a target constant fishing 
mortality (TCF) strategy. Its biological reference point 
is a reference level of fishing mortality that is 
estimated to be sustainable under existing environmental 
conditions. The Current Annual Yield (CAY) is the catch 
that can be attained during the next fishing year by 



applying the reference fishing mortality to an 
estimate of the average recruited biomass that will be 
present during that year. The objective is to achieve 
the long-term maximum average yield (MAY) by varying 
annual yield in response to changes in annual biomass. 

5. MCY and CAY can both be equated with the term "maximum 
sustainable yield" in the fisheries legislation. Both 
take account of the dynamic nature of fish populations, 
but in different ways. MCY stresses the sustainable 
aspect of MSY, while CAY stresses the maximum aspect of 
MSY. 

6. For those species where there is no research to estimate 
annual biomass, or where it isn't feasible to vary yields 
from year to year, advice to management should be based 
on MCY. MCY can be estimated from analysis of catch and 
CPUE data, or by use of the equation MCY = pB, where p is 
expressed in terms of M or some other parameter related 
to productivity (e.g. F,,,) and B is an estimate of the 
minimum historic biomass or the average historic biomass. 
The assumption p = 0.5M (or p = 0.5Fo,,) is not 
necessarily conservative when it is used in an MCY (TCC) 
strategy (Table 5). 

7. For those species where there is regular estimation of 
biomass, advice to management should be based on CAY (or 
on some combination of CAY and MCY). Estimation of CAY 
requires estimates of a reference fishing mortality level 
and the average recruited biomass present during the next 
fishing year. Since F,, is difficult to estimate, F,,, 
should normally be use3 as the reference fishing 
mortality level. F,,, will often give similar yields to 
F,,,, except when compensation in recruitment is extremely 
low (Tables 3 and 4, Figure 3). F,,, is a globally 
accepted standard for optimising long-term average yield 
while protecting the spawning stock. 

8. Adoption of the proposed two-tier system should not 
preclude incorporation of other relevant factors such as 
economic considerations and species interactions. In 
some cases recommended TACs may not correspond to either 
MCY or CAY, particularly in the case of virgin fisheries, 
or if stock size is low and requires rebuilding. 

9. All assessed species should be aged for the purpose of 
obtaining an estimate of M. Most assessed species should 
be aged for the purpose of conducting yield per recruit 
analysis. Some assessed species should be aged for the 
purpose of conducting virtual population analysis. 
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TABLE 1. Deterministic equilibrium fishing mortality rates (F), yield (Y) 
and beginning-of-year recruited biomass (B) corresponding to the 
reference points indicated in the subscript column. FmSy was 
determined by iteration. Fo, ,  and F,,, were derived from yield per 
recruit analysis. FFRC is the fishing mortality assumption used 
at FRC. Corresponding yield and biomass values were calculated 
from the simulation model. - indicates that no equilibrium 
exists. 

Fishing Equilibrium Equilibrium 
Subscript mortality yield (t) recruited biomass (t) 

( F )  ( Y )  (B) 

Species A 

msy 

0.1 

max 

FRC 

Species B 

max 

FRC 

Species C 

max 

FRC 

Species D 

max 

FRC 



TABLE 2. Simulation results for four hypothetical populations using low recruitment variability ( o  = 0.5) with 
target constant fishing mortality (TCF) and target. constant catch (TCC) levels set at the deterministic 
equilibrium FmSy amd MSY levels (Table 1) respectively. Annual catch and biomass have been averaged 
over 50 25-year simulations. Numbers in brackets are the average coefficients of variation. The % 
failure is the percentage of simulations where the TCC exceeded the beginning-of-year recruited biomass 
at least once during the 25-year time horizon. 

TCF strategy 
Average Average 
annual annual 
catch biomass 

Species A 1 600 ( 6.9) 35 859 ( 6.9) 
Species B 3 457 (10.9) 26 046 (10.9) 
Species C 4 305 (15.0) 41 345 (15.0) 
Species D 8 796 (21.0) 29 266 (21.0) 

TCC strategy 
Average Average 
annual annual 
catch biomass 

% 
Failure 



TABLE 3.  Simulation results for four hypothetical populations using moderately-high recruitment variability (o : 
1 . 0 )  with target constant fishing mortality (TCF) and target constant catch (TCC) levels set at the 
deterministic equilibrium FmSy and MSY levels (Table 1 )  respectively. See Table 2 caption for further 
explanation. 

TCF strategy TCC strategy 
Average Average Average Average 
annual annual annual annual % 
catch biomass catch biomass Failure 

Species A 1 581 ( 1 5 . 2 )  35 429 (15 .2 )  1 6 0 7  ( 0 )  35 126 (18 .2 )  0  
Species B 3  414 ( 2 3 . 9 )  25 724 (23.9)  3 311 ( 7 . 6 )  25 035 ( 3 4 . 3 )  30 
Species C 4 232 ( 3 2 . 8 )  40 638 (32.8) 3  690 ( 1 7 . 5 )  39 769 ( 4 4 . 9 )  40  
Species D 8  667 ( 4 5 . 0 )  28 837 (45 .0 )  6  589 ( 2 9 . 0 )  30 360 ( 5 9 . 1 )  7  4  



TABLE 4. Simulation results for four hypothetical populations using moderately-high recruitment variability (a = 
1.0) with target constant fishing mortality (TCF) and target constant catch (TCC) levels set at 
deterministic equilibrium Fo,, and Yo., levels (Table 1) respectively. See Table 2 caption for further 
explanation. 

TCF strategy 
Average Average 
annual annual 
catch biomass 

Species A - - 
Species B 3 348 (20.9) 33 177 (20.9) 
Species C 1 640 (44.5) 7 423 (44.5) 
Species 0 8 847 (39.3) 38 401 (39.3) 

TCC strategy 
Average Average 
annual annual % 
catch biomass Failure 



TABLE 5. Simulation results for four hypothetical populations using moderately-high recruitment variability (o = 
1.0) with target constant fishing mortality (TCF) and target constant catch (TCC) levels set at 
deterministic equilibrium FFRC and YFRC levels (Table 1) respectively. See Table 2 caption for further 
explanation. 

TCF strategy TCC strategy 
Average Average Average Average 
annual annual annual annual % 
catch biomass catch biomass Failure 

Species A 1 569 (15.4) 33 782 (15.4) 1 595 ( 0) 33 470 (18.5) 0 
Species R 2 582 (15.6) 55 606 (15.6) 2611 ( 0) 55 243 (18.2) 0 
Species C 4 153 (34.2) 34 386 (34.2) 3 465 (22.0) 34 089 (47.8) 46 
Species D 6 913 (32.5) 57 241 (32.5) 6 612 ( 4.6) 55 550 (40.9) 18 



TABLE 6. Comparison of deterministic and stochastic results for Species 
D when the target constant catch (TCC) is a constant fraction 
of the deterministic equilibrium MSY level. a) Average 25- 
year catch; numbers in brackets are the percentage of 
simulations where the TCC exceeded the beginning-of-year 
recruited biomass at least once during the 25-year time 
horizon. b) Average annual biomass; numbers in brackets are 
average coefficients of variation. 

Deterministic Stochastic results 
TCC result 0 = 0.5 0 = 1 .0  

a) CATCH 

0.40 MSY 86 850 86 850 ( 0 )  86  850 ( 0 )  
0.60 MSY 130 300 130 300 ( 0 )  130 300 ( 0 )  
0.70 MSY 152 000 152 000 ( 0 )  150 600 ( 6 )  
0 .80  MSY 173 725 173 725 ( 0 )  167 650 (20)  
0.90 MSY 195 425 195 050 ( 2) 177 250 (46 )  
0.97 MSY 210 600 205 125 (24)  175 725 (66)  
1 .OO MSY 217 150 199 625 (52)  164 725 (74)  

b) AVERAGE BIOMASS 

0.40 MSY 80  063 8 1  340 (13 .6)  8 1  673 (29.5)  
0 .60  MSY 68 676 69  829 (15 .5)  69  467 (33 .7)  
0.70 MSY 62 329 63 407 (16 .8)  62 219 (36 .9 )  
0 .80  MSY 55 208 56 011 (18 .6)  54 218 (41.7)  
0.90 MSY 46 615 46 552 (21 .9)  44 832 (48 .4 )  
0.97 MSY 38 112 37 051 (28 .0)  36 733 (54 .5)  
1.00 MSY 28 901 27 977 (35 .2)  30 360 (59.1)  
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