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Abstract 

This paper presents a general fish stock projection model for assessing the long-term 
annual yield which satisfies objectives for the maintenance of the spawning stock 
biomass in accordance with CCAMLR criteria. These specify a bound on the probability 
that the spawning biomass will become depleted to below some specified level over a 
specified period and set a further constraint on the long-term status of the stock relative 
to the pre-exploitation biomass. The model provides a flexible method for assessing the 
influence of different patterns of growth, natural mortality, spawning and fishing on 
estimates of yield and yield per recruit. It can also be used to evaluate stochastic stock 
trajectories under a specified catch regime. The model uses an adaptive Runge-Kutta 
algorithm to calculate stock trajectories and catch rates over a specified simulation 
period. The procedure numerically integrates a set of differential equations which 
incorporate functions that specify growth, mortality, age-dependent selectivity and 
seasonal patterns in fishing mortality. Results from the model are compared with 
existing analyses from the krill yield model. The model can include a known catch 
history and thus allow assessments of yield to be made for existing fisheries. An 
example is presented for the Patagonian toothfish, Dissostichus eleginoides, around South 
Georgia Island. 

Resume 

Ce document porte sur un modele general de projection des stocks de poissons destine B 
l'evaluation d u  rendement annuel B long terme qui satisfait aux objectifs de 
conservation de la biomasse reproductrice des stocks conformement aux critgres de la 
CCAMLR. Ces critirres specifient unelimite relative 5 la probabilite que la biomasse du 
stock reproducteur soit epuisee au-del2 d'un niveau donne sur une periode donnee. De 
plus, ils etablissent d'autres restrictions sur le statut B long terme du stock relativement 
B la biomasse de pre-exploitation. Ce modgle fournit une methode souple d'evaluation 
de l'influence des diverses tendances de croissance, de mortalite naturelle, de frai et de 
pGche sur le rendement estime et le rendement par recrue. I1 peut egalement servir B 
evaluer les trajectoires stochastiques des stocks sous un regime de capture donne. C'est 
au moyen d'un algorithme adaptatif Runge-Kutta qu'il calcule les trajectoires des stocks 
et les taux de capture sur une periode de simulation domee. La procedure incorpore, 
sous forme numerique, un jeu d'equations differentielles comportant des fonctions qui 
specifient la croissance, la mortalite, la selectivitb selon lf5ge et les tendances 
saisonnigres de la mortalite par pGche. Les resultats du  modille sont compares aux 
analyses existantes du modPle de rendement de krill. L'historique des captures, s'il est 
comu, peut Gtre introduit dans le modele pour permettre d'effectuer des evaluations du 
rendement de p@cheries existantes. Un exemple est donne pour la legine australe, 
Dissosticlzus eleginoides, autour de l'ile de Georgie du Sud. 

B R ~ H H O ~ %  pa6o~e  OnMCbIBaeTCR o6wax MORenb lIporHO3HpOBaHHR COCTORHHX P ~ I ~ H ~ I X  

3 a n a c o ~ ,  n p e n ~ a 3 ~ a u e ~ ~ a ~  ,qnx pacveTa TaKoro p a 3 ~ e p a  RonrocpovHoro 
eXeroRHor0 BbIJIoBa, K O T O P ~ I ~ ~  OTBeYaeT T ~ ~ ~ O B ~ H M R M  IlOnflepXaHMX YPOBHX 
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~ e p e c ~ y m ~ e f i  6 1 1 0 ~ a ~ ~ b l  3anaca B COoTBeTCTBPiM C KpMTepkiXMH AHTKOMa. 31.n 
KpHTepklci OrpaHMYPiBalQT BePORTHOCTb MCTOUeHRR ~ e p e c ~ y ~ o ~ e f i  6cio~accb1 HHXe 
~ a ~ o r o - n a 6 o  y p o ~ ~ x  B TeveHue ~ a ~ o r o - n ~ G o  nepciona, a TaKxe onpeAensrwr 
AonroBpeMeHHoe cocTomue sanaca B ~ ~ B H C M M O C T H  OT ero npefi3~cnnya-~aqno~~oii  
~ W O M ~ C C ~ I .  A ~ H H ~ R  MOAeJIb naeT BO3MOXHOCTb OqeHciTb BIlIlRHRe POCTa pa3HOrO 
Tkina, ~ C T ~ C T B ~ H H O ~ ~  CMePTHOCTW, HepeCTa ci IIpOMblCJia H a  PaCqeTbI BbInoBa H 
BbInOBa Ha PeKpyTa.  OH^ TaKXe MOXeT IIPHMeHRTbCR An53 npOBe~eHH5l 
cToxacTHqecHx n p o r ~ o s o ~  npci onpeAeneHHoM pexHMe npoMblcna. M o ~ e n b  
HCnOJIb3yeT ~ A ~ I I T I * B H ~ I I %  aJIrOpI?TM Tllna ' P y ~ r e - K y ~ ~ a '  A J I R  BbIqI?CneHMR 
IIpOrHOCTkiqeCKkiX ~paeKT0pHfi 3anaCa H MHTeHCHBHOCTW nOBa Ha JIpOTRXeHHci 
KOHKPeTHOrO IIepllOAa IIMHTBUUI.1. C O ~ J I ~ C H O  3~0f i  npOIJeAype OCyUJeCTBnReTCR 
MHTerpaqllR ~a60pa  A H @ @ ~ ~ ~ H ~ H ~ J I ~ H ~ I X  y p a ~ ~ e ~ H f i ,  KOTOPbIe BKntOYaMT B 

@ Y H K ~ H M ,  onpeAenzmUne p o c ~ ,  C M C P T H O C T ~ ,  S ~ B I I C R U I Y I O  OT ~ o s p a c ~ a  
CeneKTMBHOCTb I? Ce30HHbIe TeHACHL(I?I? ~ P O M ~ I C ~ O B O ~ ~  CMePTHOCTII. Pe3yJIb~aTbl 
MOneJIM CpaBHMBaloTCR C pe3yJIbTaTaMW MMeIoUHXCX aHanII30B MOAenI? BbIJIOBa 
KpMJIX. B 3TY MOQenb M O X H O  BKJItOZIHTb peTpOCIIeKTkiBHble AaHHbIe no IIpOMbICJIy, 
q T O  n03BOnMT BbIIlOJlHI?Tb OqeHKI? BbInOBa COBpeMeHHblX IIPOMblCnOB. A a e ~ c z  
npWMep no IIaTarOHCKOMy KJIbIKaqy, Dissostichus eleginoides, B paR0~e OCTpOBa 
I O X H O ~  reopmn. 

Resumen 

Este document0 presenta un modelo general de proyeccion de 10s stocks de peces para 
evaluar el rendimiento anual a largo plazo que satisface 10s objetivos (segun el criterio 
de la CCRVMA) que conducen a la mantencion de la biomasa del stock en desove. 
Estos objetivos definen un limite en la probabilidad de que la biomasa del stock en 
desove disminuya mas all& de un nivel indicado durante un periodo determinado de 
tiempo, y estipulan una restriction adicional en el estado del stock a largo plazo con 
respecto a la biomasa antes de la explotaci6n. El modelo proporciona un metodo 
flexible para evaluar la influencia de modalidades diferentes del crecimiento, 
mortalidad natural, desove y pesca en las estimaciones del rendimiento y del 
rendimiento por recluta. Tambikn puede utilizarsele para evaluar trayectorias 
estoctisticas del stock bajo regimenes de captura determinados. El modelo utiliza un 
algoritmo Runge-Kutta adaptado para calcular las trajectorias del stock y las tasas de 
captura durante un periodo determinado de sirnulacion. El procedimiento integra 
numericamente a un conjunto de ecuaciones diferenciales que incorporan funciones que 
describen el crecimiento, la mortalidad, la selectividad por edades y las modalidades 
estacionales de la mortalidad causada por la pesca. Se compararon 10s resultados 
obtenidos del modelo con analisis existentes del modelo de rendimiento del kril. El 
modelo puede incluir datos hist6ricos de captura y por 10 tanto permite que se hagan 
evaluaciones del rendimiento para pesquerias existentes. Como ejemplo se presenta 
una aplicacidn del modelo a la pesca del bacalao de profundidad, Dissastickus 
eleginoides, alrededor de la isla Georgia del Sur. 

Keywords: CCAMLR, fisheries management, population dynamics, stock assessment, 
sustainable yield, yield per recruit 

INTRODUCTION 

CCAMLR h a s  d e v e l o p e d  pol icies  w h i c h  
specify, i n  genera l  terms,  desirable  levels  of 
relative abundance at or  above which exploited 
f i sh  s tocks  s h o u l d  b e  main ta ined .  Initially,  
CCAMLR decided that the  catch rate from any 
stock was  no t  t o  exceed F,., (CCAMLR, 1987). 
Th i s  leve l  of f i sh ing  w a s  t h o u g h t  t o  a l low 
maximum fishing effort while ensuring that the 
reproductive performance of the  stock was  not  
jeopardised (SC-CAMLR, 1987). In addition, this 
was thought to obviate the need for estimating the 

pre-explo i ta t ion  s t a t u s  of t h e  popu la t i on  (a  
difficult task in any fishery). However, it is based 
on the assumption that the population parameters 
a r e  relatively invariant  over  t ime a n d  can  be  
measured reasonably precisely. 

When uncertainty in some of these parameters 
i s  t a k e n  i n to  account ,  a l o n g  w i t h  var iab le  
recruitment,  this strategy is inappropriate  for 
s o m e  f i sh  s tocks  because  i t  m a y  l e a d  t o  a 
subs tan t ia l  dep le t ion  of t he  s p a w n i n g  s tock 
biomass, particularly in short-lived species (de la 
Mare and Constable, 1990; SC-CAMLR, 1991). For 
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short-lived species such as myctophids, CCAMLR 
considered that a fishing mortality consistent with 
an escapement of 50% of the spawning stock 
biomass was necessary (CCAMLR, 1991). 

Since 1991, CCAMLR has adopted objectives 
for the maintenance of exploited Antarctic marine 
living resources in terms of their abundance 
relative to the pre-exploitation abundance, so that: 
(i) escapement of the spawning stock must be 
sufficient to avoid the likelihood of declining 
recruitment; and (ii) abundance under exploitation 
must maintain a sufficient reserve for the needs of 
dependent species (usually predators). These 
objectives have been endorsed by CCAMLR for 
assessing yields of krill and have been adopted in 
principle for determining yields of other fish 
stocks (CCAMLR, 1994; see SC-CAMLR, 1994, 
paragraphs 5.18 to 5.26 for discussion). 

The decision rules associated with these 
objectives provide the foundation for 
incorporating uncertainties regarding population 
parameters and stock status into assessments of 
fishing strategies designed to meet the above 
objectives (e.g. de la Mare and Constable, 1990; 
Butterworth et al., 1991, 1994). Butterworth et al. 
(1991, 1994) produced a model specifically for 
evaluating catch limits for krill. This model was 
tailored to the assumptions applicable to krill 
growth patterns, fishing seasons and the timing of 
the spawning season. Furthermore, the model 
determines yields only as proportions of an 
estimated pre-exploitation biomass. 

This paper presents a more general structure 
for a model to assess long-term annual yields 
against CCAMLR objectives. This model allows 
for flexibility for assessing the influence of 
different patterns of growth, natural mortality, 
spawning and fishing. It can be used to calculate 
yield per recruit and levels of yield or fishing 
mortality that meet criteria specified in CCAMLR 
decision rules. Stock trajectories can be calculated 
using estimates of absolute levels of recruitment, 
or estimates of absolute abundance, along with 
time series of recorded catches. The model uses 
an adaptive Runge-Kutta algorithm to calculate 
stock trajectories and catch rates over a specified 
simulation period. This procedure integrates a set 
of differential equations which incorporate 
functions that specify parameters such as growth, 
mortality, age-dependent selectivity and seasonal 
patterns in fishing mortality. 

THE BASIC POPULATlON MODEL 

The model is a cohort model, with the annual 
advance of each cohort being calculated by 
numerical integration over a one-year period. The 
model is initialised by setting up the number of 
fish in each age class at the start of the simulation 
period. Each age class is projected through one 
year by numerical integration of the basic 
population differential equations. Catch and 
spawning stock is calculated for each age class 
during the projection. At the completion of the 
one-year projection, the exit numbers in each age 
class are assigned to the next highest age class and 
the lowest age class is assigned from a 
recruitment function. The process is repeated 
until the required time span is modelled to 
produce a single realisation of a stock trajectory. 

Stock Projection for Each Age Class 

The model is based on the usual differential 
equations which describe the numbers in each age 
class over one year. The number in each age class 
satisfies the differential equation: 

dN, y 
-- d t  = -(M - m(n + t )  + F,, - f ( ~ , t ) ) ~ ~ , ,  

where N,, is the number of fish in age class a at 
time of year t in year y. The term M.m(a + t )  gives 
the rate of natural mortality which applies to age 
class a at time of year t .  M is the average rate of 
natural mortality over the life of a cohort and m(%) 
is a function which gives the ratio of the natural 
mortality rate for fish of total age .c = a + t to the 
average value over the lifetime of a cohort. This 
requires that: 

Expressing natural mortality by an average 
level, which can be modified by relative patterns 
against age and time of year, is a convenient 
method for incorporating Monte-Carlo integration 
over the effects of uncertainty in natural mortality 
rates into the assessments. This is because only 
the average value needs to be modified for each 
stock trajectory. The ability to specify a relative 
pattern allows sensitivity analyses of age-specific 
and seasonal effects on natural mortality to be 
readily investigated. 
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F, in equation 1 is the average fishing mortality 
over all age classes in year y, and f(a,t) is a 
function which gives the relative distribution of 
the fishing mortality of age class a at the time of 
year t. This is partitioned to facilitate the 
numerical solution for fishing mortality in each 
year so that only the single parameter F, needs to 
be evaluated. The age and season-specific 
multipliers allow for a number of different effects 
to be combined, including the effects of age and 
size-specific selectivity, and the effects of 
seasonality in fishing. Specifically, f(a,t) is 
derived from three functions: a size-selectivity 
function, s(a,t) (the usual modification to F arising 
from mesh selectivity, which is re-expressed as an 
age selection function, which depends on t because 
of growth during the year); an age-selectivity 
function, a(a) (allows for a fishery that targets 
specific age classes due to, for example, 
geographic or depth stratification of the stock 
according to age); and variation in fishing effort 
through the year, ~ ( t )  (e.g. open and closed 
seasons or relative fishing effort at different times 
based on the number of vessels). Thus: 

The size-selectivity function currently used in 
the computer program for the model is based on 
length as described in Butterworth et al. (1994) 
where: 

0 ; h(a + t)  < l, 

- I,) ; l, < h(a, t) < l, 
; h(a,t) > 1, 

(4) 

where h ( ~ )  is a function (growth curve) which 
gives the mean length of fish at age T = a+ t, and 1, 
and l, are constants which specify the range over 
which selection changes from 0 to 1. However, 
alternative functional forms can be readily 
incorporated in the program. The program input 
parameters, 1, and 12 ,  are specified from their 
midpoint and range, that is: 

where l, and l, are the midpoint and range of l, 
and l2 respectively. The biomass B, ,  in each age 
class in each year satisfies the equation: 

where w(z) is a growth function which gives 
the average weight of fish of total age z, where 
T = a -t- t, for fish of age a at time of year t. The 
growth function covers the entire lifespan of a 
cohort. 

The yield from each age class satisfies the 
equation: 

The yield from each class taken over one year 
is calculated by simultaneous numerical 
integration of equations 1, 5 and 6 using an 
adaptive Runge-Kutta procedure (Press et al., 
1992). The total yield is the sum of the yields 
from all age classes. 

Spawning Stock Biomass 

The spawning stock is specified in terms of its 
biomass. The biomass of each age class, a, at time 
t during the year is determined during the 
projection from equation 5. The proportion of 
each age class that is able to spawn at time t 
during the year is determined from three 
functions: g(l,t), the proportion of fish of length l 
being mature at time of year t; h(a,t), the 
proportion of fish of age a being mature; and p(t), 
the proportion of the mature stock spawning at t 
(spawning seasonality). Thus, the proportion of 
an age class spawning is given by: 

This formulation allows for considerable 
flexibility in taking account of age and 
size-specific maturity: g(1,t) = 1 if maturity is 
purely age-dependent; similarly, h(a,t) = 1 
if maturity is purely size-dependent. The 
size-specific maturity function used in this model 
is based on length as described in Butterworth et 
al. (1994) where: 

where l = I(T),  the mean length of fish at age 
T = a + 2, m, and m, are constants which specify the 
range over which selection changes from 0 to 1 (in 
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the computer program, input parameters ml  
and m2 are specified from their midpoint m, and 
range m,). 

The spawning stock at time t during the year is 
given by: 

The mean spawning biomass over a spawning 
period is calculated as: 

where t ,  and t ,  are the respective start and end 
times of the spawning season within the year. 

Computation of the Functions 
During Numerical Integration 

In order to speed up computation, the time- 
dependent functions m(z), w(z), f(a,t) and 0(a,t) 
are calculated as vectors of discrete numeric 
values prior to numerical integration. Similarly, 
other functions such as the selection and 
maturation functions are also calculated as 
vectors at discrete values of the appropriate 
variable. The discrete points are calculated at a 
series of fixed points with a constant interval. The 
interval can be selected to be sufficiently small to 
adequately approximate the required functional 
forms. The values of the functions at any instant 
are calculated by linear interpolation between the 
nearest points included in the vectors of discrete 
values. Thus, the functions are replaced by 
continuous linear approximations. In the case of 
functions which have fixed transition points 
(corners), for example the selection and maturity 
functions (equations 4 and B), the corners may be 
cut by linear interpolation, as shown in Figures 3a 
and 4a. 

Recruitment 

There are currently three options for setting 
the numbers of recruits in each year: 

(i) numbers of recruits are independently 
and identically distributed according to a 
lognormal distribution; 

(ii) proportions of recruits are independently 
and identically distributed according to a 
beta distribution (see de la Mare, 1994, for 
full details of this method); 

(iii) numbers of recruits are drawn randomly 
with replacement from a vector of 
recruitment estimates. 

In case (a) recruitment (R,) is drawn each year 
at random from a lognormal distribution based on 
a specified mean, R ,  and variance, G;, such that 

where q is drawn randomly from N ( o ; G ~ ) ,  
which is a normal distribution with zero mean 

2 and variance G ~ .  

In the simplest case, recruitment is considered 
to be independent of stock size. A stock 
recruitment relationship can be incorporated, 
however, where recruitment declines 
proportionately to spawning biomass when the 
spawning biomass is less than a specified 
proportion (0.2, say) of the estimated median of 
the pre-exploitation spawning biomass, So (after 
Butterworth et al., 1994). 

Median Pre-exploitation Spawning Biomass 

The approximation for the median pre- 
exploitation spawning biomass used in the 
program is similar to the one in Butterworth et al. 
(1994), where an initial age structure of the stock 
is set up such that the number at age a is: 

This stock is then projected over one year to 
numerically solve equation 10, in the absence of 
fishing, to determine the approximate median - 
unexploited spawning biomass, So. 

CONCEPTUAL MODEL FOR PROJECTIONS 
AND ASSESSMENT OF YIELD 

The application of the CCAMLR decision rules 
requires multiple stochastic realisations of stock 
trajectories in order to produce statistical 
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distributions of stock abundance for a given level 
of catch, and to allow for Monte Carlo integration 
of uncertainty in key demographic parameters. 
Monte Carlo integration is carried out by drawing 
key demographic parameters for each stock 
trajectory at random from appropriate statistical 
distributions. Figure 1 shows the basic steps in 
calculating a single realisation of a stock 
trajectory. A single realisation consists of three 
parts: (i) setting basic demographic parameters; 
(ii) setting up the initial population age structure; 
and (iii) projecting the stock over the required 
simulation period. 

Time 

0 

Current 

Setting Basic Demographic Parameters 

Recruitment variability, OR, mean recruitment, 
R, and mean natural mortality, M, are 
determined for each run from specified 
distributions to take account of uncertainty in the 
estimates of these parameters. There are two 
options for determining R ,  OR and M: 

(i) they are drawn at random from uniform 
distributions over specified ranges (for use 
when uncertainty cannot be statistically 
quantified from data); and 

Set conditions for run 
* mean recruitment 

* recruitment variability 

* natural mortality 

* size atwhich 50% selected in fishery 

* size at which 50% are mature 

Age structure at Time 0 
SB.0 

Projection of known catches 

SB.current 
Projection with fixed catch 

roject stock one year 

Calculate for each interval 

Change in number 
Change in biomass 

Catch in mass 

Determine recruitment for 

Save SB if lowest 

End E- SB.end 

Figure 1: Flow chart of a single realisation of a stock trajectory in the generalised yield 
model. SB.0, SB.current, SB.end and SB.lowest refer to, respectively, the spawning 
biomass at: time 0 (pre-exploitation), time following the period of known 
catches, the end of the projection run and the lowest biomass between the current 
and end times. 
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(ii) they are drawn at random according to the 
method of de la Mare (1994) (used when 
recruitment parameters can be estimated 
from data). 

Uncertainties in the sizes at which 50% of fish 
are mature, m,,, and 50% are recruited to the 
fishery, l,,,, are taken into account by drawing 
these at random from uniform distributions, each 
with a specified range. 

Setting the Initial Age Structure 

The initial age structure can be determined by 
using either of two methods of computation. The 
first method maintains strict comparability with 
Butterworth et al. (1994). It starts with a set 
number of recruits (in the case of Butterworth et 
al., 1994, this was equal to 1.0 at age 0) and 
applies the value of M for the run (modified by 
the age-specific mortality coefficient) to each 
successive age class to obtain a deterministic age 
structure in accordance with equation 12. This 
age structure is projected for a number of years, 
equivalent to at least the number of age classes in 
the stock, with recruitment varying from year to 
year as specified in the recruitment function. This 
removes the influence of the initial deterministic 
age structure. 

The second method of computation introduces 
recruitment variability into the formulation of the 
initial age structure, eliminating the need to 
project the stock forward one generation. In this 
formulation, each age class is assigned a different 
number of recruits at age 0 (or a specified starting 
age). Each of these recruitments is then adjusted 
for survival to the required age using the 
natural mortality function in accordance with 
equation 12, but with the R term replaced by a 
randomly drawn recruitment. The resulting age 
structure is projected forward one year so that So 
is estimated over the same period as the spawning 
biomass in each other year in the simulation*. A 
plus class has been included in the computer 
program for this formulation by extending the 
calculations for a sufficient number of age classes 
and summing them. 

If estimates of recruitment are in absolute 
numbers of fish, the calculated spawning biomass 
at time t = 0 will be an estimate of the absolute 
spawning biomass of the stock. A distribution of 

these estimates is produced from all the 
trajectories. This spawning stock distribution 
incorporates the effects of both recruitment 
variability and parameter uncertainty. This is 
different to the model of Butterworth et al. (1994) 
because those authors were seeking the 
proportion of the estimate of pre-exploitation 
biomass that could be exploited while satisfying 
the objectives established for the fishery by 
CCAMLR. As a consequence, their model 
outputs were relative to the initial biomass Ba and 
not in the domain of actual biomasses. 

Projecting the Stock 

The main projection extends from the current 
time to the end of the projection period shown in 
Figure 1. In a single run, the model can project 
the stock forward under three different options: 
(i) a constant catch set as a specified proportion (y) 
of an estimate of the pre-exploitation stock (B,,); 
(ii) a constant specified catch; or (iii) a constant 
fishing mortality, for example Fo.]. 

The first option allows for the precautionary 
yield calculations of the type calculated by the 
program of Butterworth et al. (1994). This option 
does not require estimates of mean recruitment, 
but it does need an estimate of B, (see Butterworth 
et al., 1991, for discussion). Uncertainty in the 
estimate is incorporated into the simulation by 
using the coefficient of variation in the survey 
estimate of biomass, K. The value of y results in 
the calculation of the constant yield where yield 
for the single projection run is 

; E from ~ ( 0 ;  0:) 
(14) 

where N(o ;o~)  is a normal distribution with 

mean 0 and variance 0: = ln(l+ K ~ ) .  

The second option allows projection of the 
stock under a constant catch specified by total 
weight. In this case, estimates of parameters for 
mean recruitment must reflect actual levels of 
recruitment. 

Either of these latter two options requires the 
determination of values of F, which produce the 

* This differs in detail from the original formulation of the model used at the meeting of the Working Group 
on Fish Stock Assessment (WG-FSA) in 1995. The original version calculated the spawning biomass using the 
age structure set up using the second method and using the maturity-at-age and length functions and the 
weight-at-age function specified in the input parameters for time of year t = 0. 
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expected catch when projecting the stock forward. runs satisfying the condition: 
F, will depend on the numbers in each age class at 
the beginning of the year; and is solved iteratively S,,iin < pdepSo (15) 
using Brent's method (Press et al., 1992). In a year 
when the stock is at a low level, the average where pdep is the bound below which the 

needed to achieve a may be probability of stock depletion is to be calculated 
extremely high. An upper limit to F,, FtrtU (see a proportion of so,  the median of the 
Table l), is specified so as to keep the solution unexploited spawning biomass. 
within reasonable bounds, although this produces 
a lower catch than required. There are currently two options included in 

The third option allows the performance of the 
stock to be examined under a given fishing 
mortality. 

the program for approximating So The first is 
that arising from the use of equation 12, as used in 
Butterworth et al. (1994), whereby the estimated 
probability of depletion is calculated from the 

The effects of known (e.g. historic) catch can proportion of runs where: 

also be taken into account in the period before the - 
forward projection. For each year with known 'nzin < pdepSO (16) 
catch, F, is calculated to obtain the catch specified 
in the catch history. The second option uses go in place of 3, in 

estimating the probability of depletion, that is: 

Measures of Performance under 
a Long-term Yield Strategy 

The two estimates required by CCAMLR for the 
evaluation of a long-term annual yield are: (i) the 
probability of depletion at any time during the 
projection period, where the spawning biomass 
falls below a specified proportion, p , ,  (e.g. 0.2), of 
its pre-exploitation median level; and (ii) the 
overall escapement, E, of spawning biomass, given 
by the ratio of the median spawning biomass at the 
end of the specified period to the median 
pre-exploitation spawning biomass. 

The two options should give similar results 
when there is no Monte Carlo integration over 
uncertainty in demographic parameters. For 
cases where Monte Carlo integration is included, 
it would be expected that the second option may 
be somewhat more conservative, particularly if 
the range of uncertainty in the parameters is large. 
The method of Butterworth et al. (1994) is not 
applicable in the case where the recruitments are 
drawn randomly with replacement from a vector 
of known recruitments. 

These estimates are obtained by undertaking a 
large number of projection runs (e.g. 1 001). For 
each trajectory, the program calculates the status 
of the spawning stock and the minimum 
spawning biomass, S,,,,,,, that occurred during the 
forward projection period. In addition, the 
spawning stock is calculated for year 0, S; ; at the 
end of the known historic catch period (current), 
S& ; and at the end of the projection period, S;. 
The median spawning biomasses at the three 
times are determined over the set of all 
trajectories. 5, and gE are used to designate the 
medians of the distribution of the values obtained 
for S6 and S;  respectively over all trajectories. 

A third option is to be included in a future 
revision to the program which will allow So to be 
estimated within each trajectory from multiple 
applications of the method used to set up  
the initial age structure. This option has 
the advantage over So of being unbiased, but 
requires more computation and is subject to 
sampling variability. However, this option will 
avoid the problem arising with the second option 
when Monte Carlo integration is included. This 
method can also be applied when recruitments 
are drawn randomly from a vector of known 
recruitments. 

Depletion Probability Median Spawning Escapement 

The probability of depletion below the Two options are available in the program for 
specified level is determined as the proportion of calculating median spawning escapement. The 
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Table 1: Input parameters for projections of the generalised yield model for two exam les krill, Euphausia 
superba (derived from Butterworth et al. 1994) and D. eleginoidrs around South 8eorgia Island. These 
values are derived from SC-CAMLR, 1995 and may in some cases be best estimates of WG-FSA rather 
than being based on empirical data. 

Times within year 

Natural mortality 

Total biomass 

characteristics 

Decision rules 

Parameter 

Minimum age in stock 
Maximum age (plus class) 
Years in plus class 

E. superba 

l Number of increments 1360 

Mean annual M 
Age-specific variation in M (m,,,) 

Length when 50% of that size are recruited to 
fishery (I ,,,) 
Length range over which recruitment occurs (1,) 
Age-specific selection 
Reasonable upper bound for annual fishing 
mortality 
Tolerance (error) for determining fishing 
mortality in each year 

0.4 - 1.0 
constant = 1 

38-42 

10 
none 
1.5 

1E-05 

L, 
K 
No of increments in which growth occurs from 
start of year 

Length when 50% of that size are mature (m,,,) 
Length range over which maturity occurs (m,) 
Years over which maturity occurs 

Vector of proportions of each age mature 

Increment in year when spawning occurs 
Number of increments in spawning season 

PE for calculating mean recruitment 

for calculating mean recruitment 

I Standard deviation of recruitment (0,) 

Proportion of S, at which recruitment 
depletion begins to occur 

Increment in year when biomass is estimated 

Coefficient of variation of S; estimated 

Coverage of survey 

Number of runs in simulation for each gamma 
Years to project stock to remove effects of initial 
age structure 
Vector of real catches for projecting over known 
catch period 
Number of years to project stock following 
known catch period 

34-40 
12 
maturity by 
size 

I Depletion level for assessment of long-term 
annual yield I ~ a x i m h r n  probability of falling below depletion 0.1 
level l 
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first is comparable with the method used in 
Butterworth et al. (1994), which is the median 
value of escapement from each trajectory divided 
by the same median, but for a period when no 
yield is taken (e.g. y = O), that is: 

The second option is to calculate the ratio of 
the median of the spawning stock biomass at the 
end of the simulation period to that in the 
pre-exploitation stock, that is: 

A third option will be incorporated into a 
future revision of the program comparable to 
equation 18, but which will use the median of the 
pre-exploitation biomass to be estimated within 
each trajectory (as described above). This is 
required to deal with the case where recruitments 
are drawn from a vector of recruitment estimates 
and should obviate the need in equation 18 for 
dividing by the median final stock size in the 
absence of fishing. 

RESULTS AND DISCUSSION 

Example 1: Yield Determined as 
a Proportion (y) of Estimated B, 

In this example, long-term annual yields are 
determined according to equation 14, where the 
annual yield is a proportion of the estimated 
pre-exploitation biomass. This has been 
developed for krill and presented by Butterworth 
et al. (1994). Their krill production model takes 
account of uncertainties described above and 
examines the performance of the spawning stock 
under various fishing regimes. This model 
considers a year of 360 days, consisting of 
12 monthly (30-day) intervals where the krill 
grow in the first three months (90 days), the 
median spawning time is in month 4 (Day 120) 
and the biomass survey occurs in month 3 
(Day 90). Their model has a similar conceptual 
structure to the one described in this paper 
despite the calculations being undertaken in a 

different manner. However, their computer 
program is written specifically for krill and can 
only be generalised after considerable revision. 

The input parameters for the model derived 
from Butterworth et al. (1994) are shown in 
Table 1. The following development of the 
coefficients is for the three-month fishing season 
over summer (days 31 - 120) (their model 2). 
Figure 2 shows the conversion of the punctuated 
von Bertalanffy krill growth function into a 
piecewise weight-at-age function. In this model, 
natural mortality remains constant across all ages 
and during the year. Consequently, the function 
m(a+t) is constant. Figure 3 shows how the 
function f(a+t) for modifying F,, in the differential 
equations is derived from piecewise continuous 
functions of its component functions (equations 3 
and 4). The proportion of an age class spawning 
at time t, given by 0(a+f) (equations 7 and 8), is 
illustrated in Figure 4. The resultant functions 
m(a+f), f(a,t) and s(a,t) are shown in Figure 5. 

Three fishing patterns were analysed, as in 
Butterworth et al. (1994) (their models 2,3 and 4): 

(i) three months over summer (days 31 - 
120; = 4 during this period, 0 for the rest of 

the year); 

(ii) six months over winter (days 151 - 330; E, = 2 

during this period, 0 for the rest of the year) 
and; 

(iii) all year (days 1 - 360; E, = 1). 

Simulation conditions are shown in Table 1. 
Results of our simulations for values of y 
comparable with their results are shown in 
Table 2. The results of both tests of depletion 
(equations 16 and 17) are shown for a critical level 
of depletion, p,,,,, of 0.2 of the pre-exploitation 
spawning biomass. Assessments of spawning 
stock escapement using both methods (equations 
18 and 19) are shown also. 

The results of the model in this paper are 
comparable with the verified model of 

Butterworth et al. (1994). However, the ratio is 
not exactly equivalent to the ratio E used by 
Butterworth et al. (1994) although the results are 
generally similar. In the calculation of probability 
of depletion below pLi,,So, the results using 
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Length (mm) Relative weight (g) 

Age (years) 

Figure 2: Length-at-age (circles) and relative weight-at-age (diamonds) for krill using the 
von Bertalanffy growth parameters and weight-length conversions from 
Butterworth et al. (1994) shown in Table 1. 

Table 2: Results of projections for krill. Long-term annual yields were determined for each run as a 

proportion, y, of the estimated pre-exploitation biomass. Probability of depletion was assessed 

using two methods: one described in this paper ( S,,,,,, < 0.22, ) and the other as described in 

Butterworth et al. (1994) ( S,,,,,, 0.25, ). Status of the spawning stock at the end of the projection 

run relative to the pre-exploitation biomass was assessed using two methods: one described in 

this paper ( ) and the other as described in Butterworth et al. (1994) ( E ). The model was run for 

the three fishing seasons described in Butterworth et al. (1994) - summer (December-February), 

winter (April - September) and whole year. 

* Values of y given by Butterworth et al. (1994) for which the probability that the stock will fall below 0.2 
of the median pre-exploitation spawning biomass at some time over the 20-year projection period is equal 
to 10%. 

+ Values in parentheses are those given by Butterworth et al. (1994). 
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Selectivity 

(a) 1.21 I 

0 10 20 30 40 50 60 
Length (mm) 

Selectivity 

(b) 1.6 1 1 

0 2 4 6 
Age (years) 

Relative fishing effort 

4 6 
Age (years) 

Figure 3: Components of the fishing mortality coefficient,f, for krill using parameters from Butterworth 
et al. (1994) shown in Table 1. 

(a) Fishing selectivity as a function of length. 
(b) Relative fishing selectivity as a function of age. 
(c) Relative fishing effort during the year. 
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Proportion mature 

(a) 1.2 

1 

0.8 

0.6 

0.4 

0.2 

0 
0 10 20 30 40 50 60 

Length (mm) 

Proportion mature 

(b) 1.6 

0 2 4 6 
Age (years) 

Spawning pattern 

Age (years) 

Figure 4: Components of the maturity coefficient, sp, for krill using parameters from Butterworth et 
al. (1994) shown in Table 1. 
(a) Maturity versus length. 
(b) Maturity versus age. This is set to 1 when maturity-at-length is the primary factor 

influencing the state of maturity. 

(c) Spawning pattern during the year. This indicates the proportion of the spawning 
stock that would be spawning at each interval in the year. 



Constable and de la Mare 

Coefficient of M 

Coefficient of F 

2 4 6 
Age (years) 

4 

3 

2 

1 

0 
0 2 4 6 8 

Age (years) 

Proportion of spawning biomass 

1.2 

Age (years) 

Figure 5: Functions for modifying M, F, and spawning biomass by age and time of year. 
(a) Natural mortality coefficient, M. 
(b) Composite fishing mortality coefficient, F. 
(c) The proportion of the biomass spawning at each age and at each time of the year, 8. 
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equation 17 are, as expected, more conservative 

than those of the model of Butterworth et al. 

(1994). 

Example 2: Yield Based on Direct 
Estimates of Recruitment 

This method is suitable for assessing yield 
when the spawning biomass has not been 
estimated, but estimates of recruitment and the 
other parameters discussed above are available. 
In this case, the performance of the spawning 
stock is evaluated under a fishing regime with 
long-term annual yields according to actual 
biomass. This method was applied at the meeting 
of WG-FSA to evaluate potential long-term 
annual yields of Patagonian toothfish (Dissostickus 
eleginoides) (SC-CAMLR, 1995). The input 
parameters for this model were developed at the 
working group meeting and are shown in Table 1 
(see SC-CAMLR, 1995, for a discussion of the 
derivation of these parameters). Note that the 
model evaluates the probability of depletion 
using equation 17. 

The potential behaviour of a projection is 
illustrated in Figures 6 and 7. These figures show 
two runs from the simulation testing the 
performance of the stock under a long-term 
annual yield of 4 000 tonnes. They show the 
initial and final age structures and the trajectories 
of spawning biomass, recruitment and the 
changes in fishing mortality F, which produce the 
specified annual yield. Note that the age 
structure is dependent on the random 

In the first run, the stock is dominated by the 
large recruitments that occurred only early in 
the projection (Figure 7a), resulting in little 
long-term change in the size structure of the stock 
(Figure 6a). In contrast, the second run shows 
the consequences of poor recruitment over 
the duration of the projection resulting in 
depletion of the stock (Figure 7b) and a decline in 
the frequency of older individuals in the stock 
(Figure 6b). These two runs illustrate possible 
trajectories of the real stock given the 
uncertainties in the parameter estimates and the 
variability in recruitment. They demonstrate the 
need to account for uncertainty in stock 
parameters when assessing the potential effects of 
long-term annual yields on the stock. 

The overall effects of six given levels of 
long-term annual yield on the spawning stock are 
presented in Table 3. Figure 8 shows the 
frequency distributions and medians of spawning 
biomass prior to exploitation, currently and at the 
end of the projections under a constant yield of 
4 000 tonnes. Figure 8 also shows the frequency 
distribution of the lowest spawning biomasses in 
the projection period and how this relates to the 
specified depletion criterion. These results show 
that the refinement made since the meeting of 
WG-FSA in 1995 gives slightly lower probabilities 
of depletion (0.083 compared to 0.1 at the working 
group meeting), as well as slightly greater 
proportional escapement of the spawning stock at 
the end of the projections (0.79 compared to 0.74). 
These, and other refinements currently under 
development, will need to be considered at future 
meetings of the working group. 

recruitments, producing a structure that is 
different to a deterministic stable age distribution CONCLUDING REMARKS 
(Figure 6). The difference between the initial age 
structures of the two runs arises from the random The model presented in this paper provides 
recruitments generated by the recruitment comparable results to those obtained in CCAMLR 
function combined with the different values of using existing projection software. The advantage 
mean recruitment drawn randomly for each run. of this model over the existing software is that it 

Table 3: Results of rejections for D. ele inoides fromSouthGeorgia Island for six lon term annual yields. B The proba%ility of depletion be ow p,, = 0.2 and proportional escapement of t f ~ i  spawning stock at 
the end of the projection run relative to the pre-exploitation biomass was assessed using the 
methods described in this paper. 

Long-term Annual Yield 
(tonnes) 

3500 
4000 
4500 
5000 
5500 
6000 

45 

Probability of Depletion Below Bound 

< 0.22" 

0.068 
0.083 
0.097 
0.122 
0.170 
0.188 

Spawning Stock Escapement 

E 

0.823 
0.794 
0.785 
0.758 
0.689 
0.648 
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(a) Run 1 

Frequency (millions) 

Initial 

(b) Run 2 

Initial 

Frequency (millions) 

Final 

Final 

Figure 6: Age structures from two projections for D. eleginoides in Subarea 48.3 with parameters as shown 
in Table 1. The long-term annual yield for these projections was 4 000 tonnes. Age frequency 
distributions are shown for the stock at Time 0 and at the end of the projection in both runs. 
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(a) Run 1 

Biomass (thousand tonnes) Recruits (millions) 

0 10 20 30 40 50 

Years 

(b) Run 2 

Biomass (thousand tonnes) Recruits (millions) 

Time 0 Current 
Years 

End 

Figure 7: Spawning biomass (solid line), recruitments (dashed line) and levels of F 
(squares) in the two example projection runs for D. eleginoides in Subarea 48.3 
that gave the age structures in Figure 6. The long-term annual yield for these 
projections was 4 000 tonnes. The biomass depletion level (straight horizontal 
line) was 0.2 of the median spawning biomass ( j, ) at Time 0 (see Figure 8). 
The three times important for stock assessment indicated in Figure 1 are shown 
as 0, Current, End. 
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(a) /- median 

i- median 

I- median 

End of projection 

level 

Lowest during 

-- 

projection 

Spawning biomass (thousand tonnes) 

Figure 8: Frequencies of spawning stock biomass for D. eleginoides in Subarea 48.3 at different times 
during the projections aimed at the assessment of the effects of a fixed long-term annual yield 
of 4 000 tonnes. 

(a) Spawning stock biomass at Time 0. Dotted line shows median pre-exploitation spawning 
biomass ( 2, ). 

(b) Spawning stock biomass following the period of known catches (Current time). Dotted 
line shows median spawning biomass before projection period. 

(c) Spawning stock biomass at the end of the projection run. Dotted line shows median 
spawning biomass at the end of the projection period. The ratio of this value over the 
median pre-exploitation biomass gives the proportional escapement of the stock at the end 
of the projection ( 2 ). 

(d) Lowest spawning stock biomass during the projection run. Dotted line shows the 10% 
probability bound on depletion (0.2 X median pre-exploitation spawning biomass, S, ). In 
this case, the spawning biomass fell below this line in 0.083 of the projections. 



Modelling Fish Stocks under Conditions of Uncertainty 

provides increased flexibility in the types of stock 
projections and yield assessments that may need 
to be undertaken. Further refinements could be 
made to examine the effect of great interannual 
variation in natural mortality, as may occur in the 
case of the icefish Champsocephalus gunnari  
(SC-CAMLR, 1994). 

ACKNOWLEDGEMENTS 

We would like to thank members of WG-FSA 
for their constructive comments on the 
development of this model and for their work on 
providing the input parameters to the model of 
Dissostichus eleginoides. Many thanks to David 
Agnew for his encouragement and comments 
throughout and to Frank Stagnetti for general 
comments. We are grateful for careful reviews of 
the paper by Doug Butterworth and  Pave1 
Gasiukov. Financial suppor t  for Andrew 
Constable was  provided by the Australian 
Antarctic Division and a Deakin University 
Research Development Fellowship/Australian 
Commonwealth Staff Development Grant. 

REFERENCES 

Butterworth, D.S., A.E. Punt and M. Basson. 1991. 
A simple approach for calculating the potential 
yield from biomass survey results. In: Selected 
Scientific Papers, 1991 (SC-CAMLR-SSP/8) .  
CCAMLR, Hobart, Australia: 207-215. 

Butterworth, D.S., G.R. Gluckman, R.B. Thornson, 
S. Chalis, K. Hiramatsu and D.J. Agnew. 1994. 
Further computations of the consequences of 
setting the annual krill catch limit to a fixed 
fraction of the estimate of krill biomass from a 
survey. CCAMLR Science, 1: 81-106. 

CCAMLR. 1987. Report of the Sixth Meeting of the 
Commission (CCAMLR-VI). CCAMLR, Hobart, 
Australia. 

CCAMLR. 1991. Report of the Tenth Meeting of the 
Commission (CCAMLR-X). CCAMLR, Hobart, 
Australia. 

CCAMLR. 1994. Report of the Thirteenth Meeting of 
the Commission (CCAMLR-XIII) .  CCAMLR, 
Hobart, Australia. 

d e  la Mare, W.K. and  A.J. Constable. 1990. 
Refinements to the strategy for managing 
depleted fish stocks based on  CCAMLR 
objectives. Selected Scientific Papers, 1990 
(SC-CAMLR-SSPI7) .  CCAMLR, Hobart, 
Australia: 467-475. 

d e  la Mare, W.K. 1994. Modelling krill 
recruitment. CCAMLR Science, 1: 49-54. 

Press, W.H., S.A. Teukolsky, W.T. Vetterling and 
B.P. Flannery. 1992. Numerical Recipes i n  
Fortran: the Art of Scientific Computing. Second 
edition. Cambridge University Press, 
Cambridge, UK. 

SC-CAMLR. 1987. Report of the Ad Hoc 
Working Group on Fish Stock Assessment. In: 
Report of the Six th  Meeting of the Scientific 
Commit tee  ( S C - C A M L R - V I ) ,  Annex 5. 
CCAMLR, Hobart, Australia. 

SC-CAMLR. 1991. Report of the Tenth Meeting of 
the Scientif ic Commit tee  (SC-CAMLR-X). 
CCAMLR, Hobart, Australia. 

SC-CAMLR. 1994. Report of the Thirteenth Meeting 
of the Scientific Committee (SC-CAMLR-XIII) .  
CCAMLR, Hobart, Australia. 

SC-CAMLR. 1995. Report of the Working Group 
on Fish Stock Assessment. In: Report of the 
Fourteenth Meeting of the Scientific Committee 
( S C - C A M L R - X I V ) ,  Annex 4.  CCAMLR, 
Hobart, Australia. 



Constable and de la Mare 

Liste des tableaux 

Tableau 1: Parametres d'entree pour les projections du modele de rendement generalise. Deux exemples sont 
donnes: le krill, Euphausia superba (B partir de Butterworth et al. 1994) et D. eleginoides autour de la 
Georgie du Sud. Ces valeurs sont de r ides  de SC-CAMLR, 1995 et peuvent, en certains cas, 
representer les meilleures estimations du Groupe de travail charge de 1'6valuation des stocks de 
poissons plutBt que reposer sur des donnees empiriques. 

Tableau 2: Resultats des projections relatives au krill. Les rendements annuels a long terme ont 6% determines 

pour chaque passage en tant que proportion, y, de l'estimation de la biomasse de pre-exploitation. 
La probabilite d'epuisement a et6 estimee par deux methodes : l'une est decrite dans cette 

communication ( S ,,,,,, < 0.22,), l'autre provient de Butterworth et al. (1994) ( S < 0.2S1,). L'etat du 
stock reproducteur la fin du passage de la projection relative la biomasse de pr6-exploitation a et6 

estime par deux methodes : l'une decrite dans cette communication ( E), l'autre dans Butterworth et 
al. (1994) ( E).  Le modele a ete utilisi. pour les trois saisons de p@che decrites dans Butterworth et al. 

(1994) - Pt6 (decembre-fevrier), hiver (avril-septembre) et ann6e entiPre. 

Tableau 3: RPsultats des projections relatives B D. eleginoides de la Georgie du Sud pour six rendements annuels 
a long terme. La probabilite d'epuisement au del2 de p,,, = 0,2 et l'evitement proportionnel du stock 
reproducteur B la fin du passage de projection relativement 5 la biomasse de pr6-exploitation ont ete 
estimes par les methodes decrites dans cette communication. 

Liste des figures 

Figure 1: Organigramme de la realisation d'une trajectoire des stocks dans le modele de rendement generalise. 
SB.0,  SB.current ,  SB.end et SB.lowesf  se refPrent respectivement a la biomasse reproductrice : au 
moment 0 (pre-exploitation), aprPs la periode de captures connues, a la fin du passage de projection, 
et a la biomasse la plus faible entre le moment present et celui de la fin de la projection. 

Figure 2: Longueur selon l'Bge (cercles) et poids relatif selon l'%ge (losanges) du krill selon les parametres de 
croissance de von Bertalanffy et les cles Bge-longueur de Butterworth et al. (1994) figurant dans le 
tableau 1. 

Figure 3: Composantes du coefficient de mortalit6 par pEche, f, relativement au krill, par les paramPtres de 
Butterworth et al. (1994) figurant dans le tableau 1. 

(a) Selectivite de la p@che en fonction de la longueur. 
(b) Selectiviti. relative de la p@che en fonction de l'Bge. 
(c) Effort de p@che relatif pendant l'annee. 

Figure 4: Composantes du coefficient de maturite, sp, relativement au krill, par les paramPtres de Butterworth 
et al. (1994) figurant dans le tableau 1. 
(a) Maturite en fonction de la longueur. 
(b) Maturite en fonction de l'Bge. Valeur fixee a 1 quand la maturite selon la longueur est le facteur 

influenqant le plus le stade de maturite. 
(c) Rythme du frai pendant l'annke. I1 indique la proportion du stock reproducteur qui se 

reproduirait a chaque intervalle pendant l'annee. 

Figure 5: Fonctions pour modifier M, F et la biomasse reproductrice selon l'%ge et l'epoque de l'annee. 
(a) Coefficient de mortalite naturelle, M. 
(b) Coefficient composite de mortalit6 par p@che, F. 

(c) Proportion de la biomasse reproductrice pour chaque %ge et chaque epoque de l'annee, 0. 

Figure 6: Structures d'gges de deux projections de D. eleginoides de la sous-zone 48.3 avec les parametres 
donnes dans le tableau 1. Le rendement annuel 2 long terme de ces projections etait de 4 000 tonnes. 
Les distributions de frequences des Bges sont indiquees pour le stock au moment 0 et a la fin de la 
projection, pour les deux passages. 

Figure 7: Biomasse reproductrice (trait plein), recrutements (ligne en tirets) et niveaux de F (carres) dans les deux 
exemples de passages de projection pour D. elegit~oides de la sous-zone 48.3 qui ont dome les structures 
d'Bges de la figure 6. Le rendement annuel B long terme de ces projections etait de 4 000 tonnes. Le 
niveau d'epuisement de la biomasse (ligne droite et horizontale) etait egal 2 0,2 de la biomasse 
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reproductrice mediane ( 2,) au moment 0 (cf. figure 8). Les trois moments importants pour 
l'evaluation des stocks sont indiques sur la figure 1 en tant que 0, Current (en franfais : heure 
actuelle) et End (fin). 

Figure 8: Frequence de reproduction de la biomasse du stock de D. eleginoides de la sous-zone 48.3 L+ 

differentes epoques, dans les projections visant a evaluer les effets d'un rendement annuel fixe a 
long terme de 4 000 tonnes. 
(a) Biomasse du stock reproducteur a un moment 0. Les lignes en pointilles montrent la mediane 

de la biomasse reproductrice avant l'exploitation ( 2,). 
(b) Biomasse du stock reproducteur apr6s la periode de captures comues (moment present). Les 

lignes en pointilles montrent la mediane de la biomasse reproductrice avant la periode de la 
projection. 

(c) Biomasse du stock reproducteur a la fin de la projection. Les lignes en pointilles montrent la 
mediane de la biomasse reproductrice 5 la fin de la periode de la projection. Le rapport entre 
cette valeur et la mediane de la bjomasse de pre-exploitation dome l'evitement proportionnel 
du stock B la fin de la projection ( E).  

(d) Biomasse la plus faible du stock reproducteur pendant la projection. La ligne en pointilles 
dome la limite de la probabilite de 10% (0,2 X la mediane de la biomasse reproductrice de pre- 
exploitation, i,). Dans ce cas, la biomasse reproductrice est tombee en dessous de cette ligne 
dans 0,083 des projections. 

TaGn~qa 1: B B O A H ~ I ~  IlapaMeTpbl o 6 0 6 q e ~ ~ o f i  MOAeJIM BbInOBa B cnyvae KpRJlR, Euphausia superba (H3 
pa60Tb1 E a ~ ~ e p y o p ~ a  H ~ p . ,  1994), a D. eleginoides B pafio~e K)XHOB r e o p m ~ .  ~ T R  ~ H ~ Y ~ H H R  

nOnyYeHb1 H 3  OTveTa SC-CAMLR, 1995, H B HeKOTOpblX CnyYaRx sIBnRloTCR HaHnyYIllHMH 
04eHKaMki Pa6oYeB rpynnb1 no OQeHKe pb16~b1~ 3anaCOB, a He OqeHKaMR, BbIBeAeHHbIMkI Ha OCHOBe 
3MnHpllveCKLlX AaHHbIX. 

Ta6naqa 3: P e l y n b ~ a ~ b ~  nporoHoe no D. eleginoides B paf io~e  ocTposa FOXHOW Teoprm npH lrrecTM 
3HaveHHRX HOnrOCpoqHOrO eXerOAHOr0 BbInOBa. npR n0MOWH OnHCaHHbIX B HaCTOsIWeM 
AOKyMeHTe MeTOAOB 6bma PaCCqHTaHa BePORTHOCTb RCTOWeHHR HkIXe p, = 0,2, a TaKXe pa3Mep 
~ e o 6 n a ~ n ~ ~ a e ~ o f i  vacTki HepecTy~ulefi 6kio~accbl sanaca B K O H Q ~  nporHocTwecKoro nporoHa 
OTHOCRTenbHO 0 6 b e ~ a  I I P ~ ~ ~ K c I ~ . J I ~ ~ T ~ ~ ~ ~ o H H o ~ ~  6ki0~aCCbl. 

PRCYHOK 1: Tpa@UK OAHOro IlpOrOHa ~ ~ O ~ H ~ C T H ~ ~ C K O ~ ~  TpaeKTOpHH 0 6 0 6 ~ e ~ ~ o f i  MOAenM BbInOBa. SB.0, 
SB.current, SB.end H SB.lowest OTHOCRTCR COOTBeTCTBeHHO K HepecTyIowefi 6ao~acce :  npR 
BpeMeHH 0 (GO Havana 3~cnnya~aqm) ,  npH BpeMeati, cneAymqeM 3a nepaoAoM ~ s ~ e c ~ ~ o r o  noea, 
B KOHqe IlPOrHOCTHYeCKOrO IlpOrOHa H npH ~ a a 6 o n e e  HkI3KOM 3HaYeHHH 6110~accb1 MeXflY 
TeKYQHM M KOHeYHbIM BpeMeHeM. 
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PACYHOK 3:  K O M ~ O H ~ H T ~ ~  K O ~ @ @ M ~ H ~ H T ~  ~ P O M ~ ~ C J I O B O ~ ~  CMepTHOCTM, f, B CJlyYae KpHJIR, BbIBeneHHbIe IlpH 

FlOMOUJU npHBeneHHbIX B TaGntiue 1 napaMeTpOB H 3  pa60Tbl 6aTTepyopTa H np. (1994). 
(a) ~ ~ O M ~ I C J I O B ~ R  CeneKTHBHOCTb KaK @YHK~MR AJIMHbI. 
( b )  O T H O C U T ~ J I ~ H ~ R  np0MbICnOBaR CeneKTMBHOCTb KaK @YHKUMR BO3paCTa. 
( C )  O T H O C A T ~ J I ~ H O ~  npOMbICnOBOe YCHnMe B TeYeHMe rOQa. 

PACYHOK 4: K O M ~ O H ~ H T ~ ~  K O ~ @ @ A ~ M ~ H T ~ ~  ~OnOB03pe~OCTH, SP, B CnyYae KpMnR, BblBeneHHbIe npM nOMOuH 
IIpHBeneHHbIX B Ta6n~qe  1 napaMeTpoB H 3  pa6o~br 6aT~epyopTa U Qp .  (1994). 
(a) ~ o J I o B o ~ ~ ~ ~ o c T ~  OTHOCHTeJlbHO .QnUHbI. 
( b )  n o n 0 ~ 0 3 p e n 0 c ~ b  OTHOCHTenbHO BO3paCTa.  TO 3HaYeHHe nPkiHRT0 3a 1,  KOrAa 

nonosospenoc~b npkt onpeAeneHHoM ~ o s p a c ~ e  rrBnzreTcR O C H O B H ~ I M  @~KTOPOM,  Rnwnixqmi 
Ha cTaAwm nonosospenoc~u. 

(c)  H e p e c ~  B TeveHMe rona. Y ~ a 3 a ~ a  non% ~ e p e c ~ y m q e f i  ~ H O M ~ C C ~ I  sanaca B ~ a ~ o f i - n k i 6 o  
nepllon rona. 

PMCYHOK 5:  @yHKqkiH QAnR MoQR@MK~~MH M,  F H BenHYHHbl HepeCTyIoulefi 6~0MaC~bl no B03paCTY M BpeMeHH 
rona. 
(a) O ~ @ @ I . I ~ M ~ H T  ~ C T ~ C T B ~ H H O %  CMCPTHOCTM, M .  
(b) Cn~XHblfi  K O ~ @ @ M Q M ~ H T  ~ P O M ~ ~ C ~ O B O ~ ~  CMePTHOCTM, F. 
( C )  Aonx HepecTymLI@i ~ H O M ~ C C ~ I  no B03paCTy M BpeMeHH rOna, 0. 

PMCYHOK 6 :  Bospac~~ble C T P Y K T Y P ~ I  no ~ B Y M  n p o r ~ o 3 a ~  no D. eleginoides B nonpaf io~e 48.3 c napaMeTpaMM, 
nOKa3aHHbIMH B TaGnuqe 1. Aonrocpov~brfi e~eronHb1fi BbIJIOB no 3 T H M  npOrH03aM COCTaBMn 4 
000 TOHH. Y ~ C T O T H ~ I ~  pacnpeAeneHu2 ~ o s p a c ~ a  no~a3a~b1  Anx 3~01-o sanaca npH BpeMeHH 0 H B 

K O H ~ ~ ~ ~ O ~ H O C T H ~ ~ C K O ~ O ~ ~ ~ M O ~ ~ ~ ~ R O ~ O H X ~ ~ O ~ O H O B .  

PHCYHOK 7 :  Hepecrymqarr ~ H O M ~ C C ~  (cnnom~arr JIUHUR), nononHeHMe ( n y ~ ~ ~ ~ p ~ a r r  nu~clrr) H Y P O B H M  F 
( ~ s a ~ p a ~ b r )  B neyx nporHocTwtecKHx nporoHax D. eleginoides nogpaf io~a 48.3, no K O T O P ~ I M  

6 b 1 n ~  nonyveHbI B03paCTHbIe CTpYKTYpbI  P M C Y H K ~  6 .  A O I I ~ O C P O Y H ~ I ~ ~  e ~ e r o ~ ~ b l f i  BbInOB An% 
3THX npOrOHOB COCTaBHn 4000 TOHH. Y P O B ~ H ~  MCTOLIJCHUR ~ M O M ~ ~ C C ~ I  (np%MaR rOpM3OHTaJtbHaR 
~ M H M R )  paBHRJICR 0,2 M ~ Q M ~ H H O ~  HepecTyIoUJefi ~ H O M ~ C C ~ I  ( i,,) npll B ~ ~ M ~ H M  0 (CM.  PMCYHOK 8). 
Tpa 3HaqeHMR BpeMeHM Q n R  OUeHKM 3anaCa - 0 ,  Current, End. 

PMCYHOK 8: Y ~ C T O T H ~ I ~  pacnpeneneHm oueHoK ~ e p e c ~ y m ~ e i i  Gao~accbi D. eleginoides FIonpafio~a 48.3 B 

paV3HOe BpeMR B XOne npOrOHOB, npOBeAf2HHbIX C UeJIbEO OUeHKH BJIMRHMR ~ ~ ~ ~ @ M K C H ~ O B ~ H H O ~ O  
AonrocpovHoro exeroAHoro BblnoBa B 4 000 T O H H .  

(a) Hepec~yroqax 6 ~ o ~ a c c a  sanaca npM B ~ ~ M ~ H M  0. ~ ~ H K T H P H O ~ ~  n ~ ~ u e i 2  n o ~ a s a ~ a  MenMaHHax 
n p e n 3 ~ c n n y a ~ a u ~ o ~ ~ a x  HepecTymqax 6Ho~acca ( i, ). 

( b )  Hepec~ymqaR G ~ o ~ a c c a  sanaca no O K O H Y ~ H U M  nepMona ~ s s e c ~ ~ o r o  nosa (Te~ymee  s p e ~ ~ ) .  
I I Y H K T U P H O ~ ~  n c l ~ ~ e f i  n o ~ a s a ~ a  MenMaHHaR HepecTymqax 6 ~ o ~ a c c a  no Havana nepuona 
nporao3a. 

( C )  Hepec~ymulali 6uoMacca 3anaCa no OKOHYaHHIl nepllOna npOrH03a. ~ Y H K T U P H O ~ ~  J ~ M H H ~ ~  

nOKa3aHa MenHaHHaR HePeCTyIoWaR ~ H O M ~ C C ~  B KOHqe npOrHOCTMYeCKOr0 nepMOna. 
OTHOIU~HM~ 3T0r0 3HaYeHUR K M ~ A H ~ H H O ~ ~  npe~3Kcnnya~auU0~~0f i  6 ~ o ~ a c c e  HaeT YaCTb 
~eo6naenk i~ae~oro  pesep~a 3anaca B KoHqe nepHona npor~osa ( E ). 

(d) C a ~ o e  ~ a s ~ o e  s ~ a v e ~ u e  ~ e p e c ~ y m m e f i  6lzo~accb1 sanaca B xone nepuofla nporeo3a. 
~ Y H K T A P H O ~ ~  AllHHefi IIOKa3aH 10%-Ublfi IIpeQen BePORTHOCTH HCTOueHMR (0,2 X MenHaHHaR 
n p e n 3 ~ c n n y a ~ a q a o ~ ~ a x  6ao~acca,  2,, 1. B naHHoM cnyqae HepecTymurax Gcto~acca ynana 
HHXe 3TOr0 YPOBHR B 0,083 IIpOrHOirOB. 
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Tabla 1: Par6metros de entrada de las proyecciones del mode10 generalizado de rendimiento para dos 
ejemplos - kril, Euphausia  superba (Butterworth et al. 1994) y D. eleginoides alrededor de la isla Georgia 
del Sur. Estos valores se obtuvieron de SC-CAMLR, 1995 y pueden en algunos casos constituir las 
mejores estimaciones del Grupo de Trabajo de Evaluacion de las Poblaciones de Peces, en vez de 
basarse en datos empiricos. 

Tabla 2: Resultados de las proyecciones para el kril. Se determinaron 10s rendimientos anuales a largo plazo 
para cada pasada de proyecci6n en forma de  una proporcion, y, de la biomasa estimada antes de la 
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explotacion. La probabilidad de agotamiento se evaluo utilizando dos metodos: uno descrito en 

este documento ( S ,,,,,7 < 0.22, ) y el otro en Butterworth et al. (1994) ( S ,n,n < 0.25,). El estado del stock 

en desove a1 final de la pasada de proyeccion con respecto a la biomasa antes de la explotacion fue 
evaluado mediante dos mktodos: uno descrito en este documento ( ) y el otro en Butterworth et al. 
(1994) ( E ) .  Se aplicd el modelo a las tres temporadas de pesca descritas en Butterworth et al. (1994) - 
verano (diciembre-febrero), invierno (abril - septiembre) y aiio completo. 

Tabla 3: Resultados de las proyecciones (para seis rendimientos a largo plazo) de D. eleginoides alrededor de 
la isla Georgia del Sur. Utilizando 10s metodos descritos en este documento, se evaluo la 
probabilidad de que el stock disminuya a un nivel menor que pe,,, = 0.2, y la fraction del stock en 
desove que escapa a1 final de la pasada de proyeccion comparado con el nivel de biomasa antes de la 
explotacion. 
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Figura 2: 

Figura 3: 

Figura 4: 

Figura 5: 

Figura 6: 

Figura 7: 

Figura 8: 

Diagrama de flujo de una pasada de proyeccion del stock en el modelo generalizado de rendimiento. 
SB.0, SB.actua1 SB.final y SB.minimo se refieren a la biomasa en desove: en el tiempo 0 (antes de la 
explotacion), despues del periodo de capturas conocidas, a1 final de la pasada de proyeccion y la 
biomasa minima entre el moment0 actual y el final de la pasada de proyeccion, respectivamente. 

Tallas por edad (circulos) y pesos relativos por edad (diamantes) para el kril utilizando 10s 
parametros de crecimiento de von Bertalanffy y las conversiones peso-tallas de Butterworth et al. 
(1994) que figuran en la tabla 1. 

Componentes del coeficiente de mortalidad por pesca, f, para el kril utilizando 10s parametros de 
Butterworth et al. (1994) que figuran en la tabla 1. 
(a) Selectividad de la pesca en funcion de la talla 
(b) Selectividad relativa de la pesca en funci6n de la edad. 
(c) Esfuerzo pesquero relativo durante el aiio. 

Componentes del coeficiente de madurez, sp, para el kril utilizando 10s parametros de Butterworth et 
al. (1994) que figuran en la tabla 1. 
(a) Madurez en funcion de talla. 
(b) Madurez ell funcion de edad. Esta esta fijada en 1, cuando la madurez por talla es el factor 

principal que influye en el estadio de madurez. 
(c) Caracteristicas del desove durante el aiio. Esto indica la proporcion del stock en desove que 

desovaria en cada interval0 durante el aiio. 

Funciones para modificar M, F, y la biomasa en desove por edad y temporada anual. 
(a) Coeficiente de mortalidad natitral, M. 
(b) Coeficiente compuesto de la mortalidad por pesca, F. 
(c) La proporcion de la biomasa del stock que desova segun la edad y por temporada en el aiio, 8. 

Estructura de edades de dos proyecciones de D. eleginoides en la Subarea 48.3 con parametros tal 
como aparecen en la tabla 1. El rendimiento anual a largo plazo para estas proyecciones fue de 
4 000 toneladas. Se muestran las distribuciones de frecuencias de edades para el stock en el tiempo 0 
y a1 final de la proyeccion en ambas pasadas. 

La biomasa en desove (linea continua), reclutamientos (linea entrecortada) y niveles de F 
(cuadrados) en 10s dos ejemplos de pasadas de proyeccion para D. eleginoides en la Subarea 48.3 que 
dio las estructuras de edades de la figura 6. El rendimiento anual a largo plazo de estas 
proyecciones fue de 4 000 toneladas. El nivel de agotamiento de la biomasa (linea derecha 
horizontal) fue 0.2 de la mediana de la biomasa en desove ( 2,) en el tiempo 0 (ver la figura 8). Los 
tres momentos cruciales para la evaluacion del stock indicados en la figura 1 se indican como 0, 
Actual, Final. 

Frecuencias de la biomasa del stock de D. eleginoides en desove en la Subarea 48.3, en diferentes 
momentos, durante las proyecciones que intentan hacer una evaluacion de 10s efectos de un 
rendimiento anual de 4 000 toneladas fijo a largo plazo. 

(a) Biomasa del stock en desove en el tiempo 0. La linea punteada representa la mediana de la 
biomasa del stock en desove antes de la explotacion ( 2,). 
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(b) Biomasa del stock en desove luego del periodo de capturas conocidas (Tiempo actual). La linea 
punteada muestra la mediana de la biomasa del stock en desove antes del periodo de la 
proyeccion. 

(c) Biomasa del stock en desove a1 final de la pasada de proyeccion. La linea punteada representa 
la mediana de la biomasa del stock en desove a1 final del periodo de la proyeccion. El cuociente 
entre este valor y el de la mediana de la biomasa antes de la explotaci6n representa la fraccidn 
del stock que ha escapado a1 final de la proyecci6n ( ). 

(d) Biomasa minima del stock en desove durante la proyeccion. La linea punteada indica un limite 
en la probabilidad de agotamiento de 10% (0.2 x la mediana de la biomasa del stock en desove 
antes de la explotaci6n ( S,).  En este caso, la biomasa del stock en desove disminuyo a un nivel 
menor en 0.083 de las proyecciones. 


