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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.

Résumé

Ce document porte sur un modéle général de projection des stocks de poissons destiné a
I’évaluation du rendement annuel a long terme qui satisfait aux objectifs de
conservation de la biomasse reproductrice des stocks conformément aux critéres de la
CCAMILR. Ces criteres spécifient une limite relative a la probabilité que la biomasse du
stock reproducteur soit épuisée au-dela d’un niveau donné sur une période donnée. De
plus, ils établissent d’autres restrictions sur le statut 4 long terme du stock relativement
a la biomasse de pré-exploitation. Ce modéle fournit une méthode souple d'évaluation
de l'influence des diverses tendances de croissance, de mortalité naturelle, de frai et de
péche sur le rendement estimé et le rendement par recrue. Il peut également servir a
évaluer les trajectoires stochastiques des stocks sous un régime de capture donné. C'est
au moyen d’un algorithme adaptatif Runge-Kutta qu’il calcule les trajectoires des stocks
et les taux de capture sur une période de simulation donnée. La procédure incorpore,
sous forme numérique, un jeu d'équations différentielles comportant des fonctions qui
spécifient la croissance, la mortalité, la sélectivité selon I’dge et les tendances
saisonniéres de la mortalité par péche. Les résultats du modeéle sont comparés aux
analyses existantes du modele de rendement de krill. L’historique des captures, s'il est
connu, peut étre introduit dans le modele pour permettre d’effectuer des évaluations du
rendement de pécheries existantes. Un exemple est donné pour la légine australe,
Dissostichus eleginoides, autour de 'lle de Géorgie du Sud.

Pestome

B nannofi pabote onuchiBaeTcst 001Uasi MOAE/Ib MPOrHO3UPOBAHHUS COCTOSIHUS PHIOHBIX
3anacoB, NPENHA3HAYEHHAS AJIS pacdeTa Takoro pa3Mepa AO0JTOCPOUYHOTO
€XEeroHOro BblJI0BA, KOTOPbIl OTBeuYaeT TPeGOBAaHUAM MOAAEPKAHUS YPOBHS
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HepecTyowel Guomaccs! 3anaca B cooTBeTcTBHH ¢ Kputepuamu AHTKOMa. Ot
KPUTEPUH OTPAHUYMBAIOT BEPOSITHOCTb UCTOLUCHUS HEPECTYIOLEH OMOMACChl HUXKE
KaKoro-siubo ypoBHS B TEUEHHE KAKOro-judo mepHona, a TakXKe ONpejesIsitoT
JOJTOBPEMEHHOE COCTOSHHUE 3amaca B 3aBHUCUMOCTH OT €ro IpeadKCI/lya-TaluOHHOM
6uoMacchl. [laHHas MOME/Ib JJaeT BO3MOXHOCTb OLUEHUTH BJIUSHHE POCTA PA3HOrO
THIA, ECTECTBEHHOH CMEPTHOCTH, HEpECTa W NPOMBICJIA Ha PacycThl BbLJIOBA U
BbIJIOBA Ha pekpyTta. OHa TakXke MOXET NPUMEHSTHCST OJIS NPOBEOEHUS
CTOXACTHUYECHX NPOTHO30B NIpH ONpEEJICHHOM peXume npombicja. Mopgens
UCTIOJIB3YeT adanTuBHBIA anroput™m tuna ‘Pynre-Kyrra’ aJis BelUMCJ/IEHHS
NPOrHOCTUYECKUX TPAeKTOPU# 3anaca U MHTEHCUBHOCTH JIOBA Ha MPOTIKEHUH
KOHKpeTHOro nepuoaa umutauuu. CorsacHo 3t1oil npoueaype ocyIuecTBIsIeTCs
unTerpanus Habopa gudepeHIUaibHbIX ypaBHEHUH, KOTOPhIE BKJIIOUAIOT B ce0st
(GYHKUAH, ONpEAEISIIOIIUE POCT, CMEPTHOCTbL, 3aBUCIIIYIO OT BoO3pacra
CEJIEKTHBHOCTb W CE30HHBIE TEHACHLMH NMPOMBICJIOBOH CMEPTHOCTH. Pe3yibTaThl
MOJEJIM CPaBHUBAIOTCS C PE3yJabTaTaMi HMEIOIUXCS aHAJIM30B MOIE/IH BbIJIOBA
Kpusid. B oTy mMozesib MOXHO BKJIFOUHTb PETPOCNEKTUBHBIE HaHHBIC MO MPOMBICY,
UTO NMO3BOJIUT BBLINOJIHHTL OLEHKHY BBIJIOBA COBPEMEHHDBIX NPOMBICJI0B. [laeTcH
npuMep No naTaroHckoMy KJibikauy, Dissostichus eleginoides, B palione ocTposa
HOsxnoti 'eopruu.

Resumen

Este documento presenta un modelo general de proyeccion de los stocks de peces para
evaluar el rendimiento anual a largo plazo que satisface los objetivos (segtin el criterio
de la CCRVMA) que conducen a la mantencién de la biomasa del stock en desove.
Estos objetivos definen un limite en la probabilidad de que la biomasa del stock en
desove disminuya mds alld de un nivel indicado durante un periodo determinado de
tiempo, y estipulan una restriccién adicional en el estado del stock a largo plazo con
respecto a la biomasa antes de la explotaciéon. El modelo proporciona un método
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. También puede utilizdrsele para evaluar trayectorias
estocasticas 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 simulacién. El procedimiento integra
numéricamente 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 los resultados
obtenidos del modelo con analisis existentes del modelo de rendimiento del kril. El
modelo puede incluir datos histéricos de captura y por lo tanto permite que se hagan
evaluaciones del rendimiento para pesquerias existentes. Como ejemplo se presenta
una aplicacién del modelo a la pesca del bacalao de profundidad, Dissostichus
eleginoides, alrededor de la isla Georgia del Sur.

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

INTRODUCTION

CCAMLR has developed policies which
specify, in general terms, desirable levels of
relative abundance at or above which exploited
fish stocks should be maintained. Initially,
CCAMLR decided that the catch rate from any
stock was not to exceed F,;, (CCAMLR, 1987).
This level of fishing was thought to allow
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
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pre-exploitation status of the population (a
difficult task in any fishery). However, it is based
on the assumption that the population parameters
are relatively invariant over time and can be
measured reasonably precisely.

When uncertainty in some of these parameters
is taken into account, along with variable
recruitment, this strategy is inappropriate for
some fish stocks because it may lead to a
substantial depletion of the spawning stock
biomass, particularly in short-lived species (de la
Mare and Constable, 1990; SC-CAMLR, 1991). For



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.

Modelling Fish Stocks under Conditions of Uncertainty

THE BASIC POPULATION 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,, B
B prmerer o,

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 . M is the average rate of
natural mortality over the life of a cobort and m(t)
is a function which gives the ratio of the natural
mortality rate for fish of total age T = a + t to the
average value over the lifetime of a cohort. This
requires that:

T )

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(g,t) (the usual modification to F arising
from mesh selectivity, which is re-expressed as an
age selection function, which depends on ¢ because
of growth during the year); an age-selectivity
function, o(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:

f(a,t) = s(a,t)aa)e(t) (3

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 ;o Ma+t)<]y
s(a,ty=4(Ma+t)-L)/(lL-1) ; L<Mat)<],
1 i Mat)>1,

4)

where A(1) is a function (growth curve) which
gives the mean length of fish atage 1= a+¢t,and |,
and [, 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, I; and [, are specified from their
midpoint and range, that is:

o2

I
L=I,+*
2 m 2

where I, and /, are the midpoint and range of
and I, respectively. The biomass B,, in each age
class in each year satisfies the equation:
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dB dN,
—iY wi(a+t) Y 4N
dt dt

dw(a+t)
o ®)

where w(t) is a growth function which gives
the average weight of fish of total age 1, where
1= a + ¢, for fish of age a at time of year . The
growth function covers the entire lifespan of a
cohort.

The yield from each age class satisfies the
equation:

i E -f(a,t)-B
=l fet) B, ©)

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, 4, 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 ¢
during the year is determined from three
functions: g(l,t), the proportion of fish of length !/
being mature at time of year t; h(a,t), the
proportion of fish of age a being mature; and p(¢),
the proportion of the mature stock spawning at ¢
(spawning seasonality). Thus, the proportion of
an age class spawning is given by:

0(a,t) = g(Lt) hia,t) p(t) (7)

This formulation allows for considerable
flexibility in taking account of age and
size-specific maturity: g(/,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:

0 ; l<my
g(lLt)=(I—my)/(my—my) ; my<I<m,
1 ; I>m, 8)

where | = (1), the mean length of fish at age
T=a+ 7, m, and m,are constants which specify the
range over which selection changes from 0 to 1 (in



the computer program, input parameters m;
and m, are specified from their midpoint m,, and
range m,).

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

S(t)= Y 6(a,t)- B,(t)
“ ©)

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

§=b
e s (10)

where {, and f, 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(t), w(t), f(4,t) and 6(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 8), 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;

Modelling Fish Stocks under Conditions of Uncertainty

(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, © 122, such that

2
R, = ﬁ-exp(n —G—RJ
? an

. 2
where 711 is drawn randomly from N(0;0%),
which is a normal distribution with zero mean
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, Sy (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 4 is:

<.52

N, = T@exp(—TR- M_([m('c)dt) .

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.

Setting Basic Demographic Parameters

Recruitment variability, cr, 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, oz 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 at which 50% setected in fishery
* size at which 50% are mature

Time

Age structure at Time O

= SB.0

Projection of known catches

Within each year:
‘(see box below)

Current -

# SB.current

Projection with fixed catch

Within each year:
Find Fto give set catch

Project stock one year

Calculate for each interval
w ithin the year

Change in number
Change in biomass

Catch in mass

Determine recruitment for
next year

Save SB if lowest

inrun

End J

Figure 1:

> SB.end

Flow chart of a single realisation of a stock trajectory in the generalised yield

model. 5B.0, 5B.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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(i)  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, I,,, 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 S,
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
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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 B, 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 (v)
of an estimate of the pre-exploitation stock (By);
(ii) a constant specified catch; or (iii) a constant
fishing mortality, for example Fy;.

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

2

o
Y:yBOexp[e——Zij ; efromN(();o%) (14)

where N(0;63) is a normal distribution with

: 2 2
mean 0 and variance o5 =In(1+x").

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 ¢ = 0.
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expected catch when projecting the stock forward.
F, will depend on the numbers in each age class at
the beginning of the year; and is solved iteratively
using Brent’s method (Press et al., 1992). In a year
when the stock is at a low level, the average
annual F, needed to achieve a solution may be
extremely high. An upper limit to F,, F,.. (see
Table 1), is specified so as to keep the solution
within reasonable bounds, although this produces
a lower catch than required.

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

The effects of known (e.g. historic) catch can
also be taken into account in the period before the
forward projection. For each year with known
catch, F, is calculated to obtain the catch specified
in the catch history.

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, py, (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.

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. §0 and _E}E are used to designate the
medians of the distribution of the values obtained
for S; and Sp respectively over all trajectories.

Depletion Probability

The probability of depletion below the
specified level is determined as the proportion of
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runs satisfying the condition:
Smin < pdepSO (15)

where pg, is the bound below which the
probability of stock depletion is to be calculated
as a proportion of S,, the median of the
unexploited spawning biomass.

There are currently two options included in
the program for approximating S,. 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
proportion of runs where:

Smin < pdepg() (16)

The second option uses §0 in place of S, in
estimating the probability of depletion, that is:

Smin < pdepSO (17)

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.

A third option is to be included in a future
revision to the program which will allow S, 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 S, 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.

Median Spawning Escapement

Two options are available in the program for
calculating median spawning escapement. The
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Table 1:  Input parameters for projections of the generalised yield model for two exam(Ejles - krill, Euphausia
superba (derived from Butterworth et al. 1994) and D. eleginoides around South Georgia 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.

Category Parameter E. superba D. eleginoides

Age composition | Minimum age in stock 0 4

Maximum age (plus class) 7 35
Years in plus class 1 21
Times within year | Numberofincrements 360 360
Natural mortality | Mean annual M 04-1.0 0.16
Age-specific variation in M (m,,,) constant =1 |constant =1
Fishing mortality | Length when 50% of that size are recruited to 38-42 70
fishery (1,
Length range over which recruitment occurs (I,) | 10 10
Age-specific selection none none
Reasonable upper bound for annual fishing 1.5 5
mortality
Tolerance (error) for determining fishing 1E-05 1E-05
mortality in each year
von Bertalanffy time 0 0 0
growth L. 60 170.8
K 0.45 0.088
No of increments in which growth occurs from |90 360
start of year
Weight-length a 1 2.5E-05
— b
(W=al) b 3 2.8
Spawning Length when 50% of that size are mature (1,,) 34-40 maturity by age
biomass Length range over which maturity occurs (m,) 12
Years over which maturity occurs maturityby | 1-17
size
Vector of proportions of each age mature 0.0001, 0.0005, 0.0014,
0.0055, 0.013, 0.036, 0.078,
0.2, 0.33, 0.54, 0.74, 0.84,
0.91, 0.96, 0.98, 0.99, 1.0
Increment in year when spawning occurs 90 180
Number of increments in spawning season 120 1
Recruitment Kz for calculating mean recruitment 0 14.6372
Or for calculating mean recruitment 0 0.4105
Standard deviation of recruitment (cy) 0.4-0.6 1.1612
Proportion of 50 at which recruitment 0.2 0
depletion begins to occur
Total biomass Increment in year when biomass is estimated 45 1
Coefficient of variation of S, estimated 0.3 0
Coverage of survey 1 1
Simulation Number of runs in simulation for each gamma 1001 1001
characteristics Years to project stock to remove effects of initial |1 1
age structure
Vector of real catches for projecting over known | 0 8501000,4206000,7309000,
catch period 5589000,6605000,6171000
Number of years to project stock following 20 35
known catch period
Decision rules Depletion level for assessment of long-term 0.2 0.2
annual yield
Maximum probability of falling below depletion | 0.1 0.1

level
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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 = 0), that is:

medianyzo[gﬁj (18)

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:

>

=2k
0 (19)

92

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
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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 ¢, given by 6(a+f) (equations 7 and 8), is
illustrated in Figure 4. The resultant functions
m(a+t), 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; g =2

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

(iii) all year (days 1 -360; & =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 E 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 p,,S,, the results using
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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.

Table2:  Results of projections for krill. Long-term annual yields were determined for each run as a
proportion, v, of the estimated pre-exploitation biomass. Probability of depletion was assessed
using two methods: one described in this paper (S < 0.2§U ) 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 ( E )} 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.

Fishing Season v Probability of Spawning Stock
Depletion Below Bound Proportional Depletion”
S,. <025, S, <025, E E
December - February 0.1 0.101 0.025 0.755 0.769 (0.768)
0.136* 0.181 0.091 0.649 0.702
0.15 0.251 0.126 0.613 0.662 (0.645)
0.2 0.394 0.271 0.461 0.523 (0.511)
April-September 0.1 0.083 0.007 0.767 0.778 (0.787)
0.15 0.149 0.048 0.642 0.683 (0.673)
0.2 0.232 0.087 0.552 0.569 (0.573)
0.202* 0.259 0.091 0.546 0.583
Whole Year 0.1 0.101 0.020 0.755 0.767 (0.775)
0.15 0.182 0.071 0.617 0.663 (0.656)
0.165* 0.242 0.104 0.578 0.628
0.2 0.287 0.134 0.510 0.535 (0.539)

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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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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Figure4:  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.
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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, 6.



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 (Dissostichus
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
recruitments, producing a structure that is
different to a deterministic stable age distribution
(Figure 6). The difference between the initial age
structures of the two runs arises from the random
recruitments generated by the recruitment
function combined with the different values of
mean recruitment drawn randomly for each run.

Table 3:
The proba
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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 {requency
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.

CONCLUDING REMARKS

The model presented in this paper provides
comparable results to those obtained in CCAMLR
using existing projection software. The advantage
of this model over the existing software is that it

Results of grojections for D. eleginoides from South Georgia Island for six long-term annual yields.
ility of depletion below p,,, = 0.2 and proportional escapement of the 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 Probability of Depletion Below Bound Spawning Stock Escapement

(tonnes) R .
S,.. <025, E

3500 0.068 0.823

4000 0.083 0.794

4500 0.097 0.785

5000 0.122 0.758

5500 0.170 0.689

6000 0.188 0.648
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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) Run1
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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 ( §0) 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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Figure 8:
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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.

(@)
(b)

(©

(d)

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

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

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 ( E ).

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, éo ). In
this case, the spawning biomass fell below this line in 0.083 of the projections.



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
(6C-CAMLR, 1994).
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Liste des tableaux

Parametres d’entrée pour les projections du modéle de rendement généralisé. Deux exemples sont
donnés: le krill, Euphausia superba (a partir de Butterworth et al. 1994) et D. eleginoides autour de la
Géorgie du Sud. Ces valeurs sont dérivées de SC-CAMLR, 1995 et peuvent, en certains cas,
représenter les meilleures estimations du Groupe de travail chargé de Iévaluation des stocks de
poissons plutét que reposer sur des données empiriques.

Résultats des projections relatives au krill. Les rendements annuels a long terme ont été déterminés
pour chaque passage en tant que proportion, v, de 'estimation de la biomasse de pré-exploitation.
La probabilité d’épuisement a été estimée par deux méthodes : I'une est décrite dans cette
communication (S, < 0,2§0), Vautre provient de Butterworth et al. (1994) (s < 0,250). L’état du
stock reproducteur a la fin du passage de la projection relative a la biomasse de pré-exploitation a été
estimé par deux méthodes : I'une décrite dans cette communication ( E), Vautre dans Butterworth et
al. (1994) ( E). Le modele a été utilisé pour les trois saisons de péche décrites dans Butterworth et al.
(1994) - été (décembre-février), hiver (avril-septembre) et année entiére.

Résultats des projections relatives a D. eleginoides de 1a Géorgie du Sud pour six rendements annuels
a long terme. La probabilité d’épuisement au dela de p., = 0,2 et 'évitement proportionnel du stock
reproducteur a la fin du passage de projection relativement a la biomasse de pré-exploitation ont été
estimés par les méthodes décrites dans cette communication.

Liste des figures

Organigramme de la réalisation d’une trajectoire des stocks dans le modele de rendement généralisé.
SB.0, SB.current, SB.end et SB.lowest se référent respectivement a la biomasse reproductrice : au
moment 0 (pré-exploitation), aprés la période de captures connues, a la fin du passage de projection,
et a la biomasse la plus faible entre le moment présent et celui de la fin de la projection.

Longueur selon 1'4ge (cercles) et poids relatif selon 1’dge (losanges) du krill selon les parametres de
croissance de von Bertalanffy et les clés dge-longueur de Butterworth et al. (1994) figurant dans le
tableau 1.

Composantes du coefficient de mortalité par péche, f, relativement au krill, par les parametres de
Butterworth et al. (1994) figurant dans le tableau 1.

(a) Sélectivité de la péche en fonction de la longueur.

(b) Sélectivité relative de la péche en fonction de I'age.

(c) Effort de péche relatif pendant 'année.

Composantes du coefficient de maturité, sp, relativement au krill, par les parameétres de Butterworth

et al. (1994) figurant dans le tableau 1.

(a) Maturité en fonction de la longueur.

(b) Maturité en fonction de I'dge. Valeur fixée & 1 quand la maturité selon la longueur est le facteur
influengant le plus le stade de maturité.

(¢) Rythme du frai pendant I'année. Il indique la proportion du stock reproducteur qui se
reproduirait a chaque intervalle pendant 'année.

Fonctions pour modifier M, F et la biomasse reproductrice selon 1'age et I'époque de 1'année.
(a) Coefficient de mortalité naturelle, M.

(b) Coefficient composite de mortalité par péche, F.

{c) Proportion de la biomasse reproductrice pour chaque age et chaque époque de I'année, 6.

Structures d’adges de deux projections de D. eleginoides de la sous-zone 48.3 avec les parameétres
donnés dans le tableau 1. Le rendement annuel a long terme de ces projections était de 4 000 tonnes.
Les distributions de fréquences des ages sont indiquées pour le stock au moment 0 et 2 la fin de la
projection, pour les deux passages.

Biomasse reproductrice (trait plein), recrutements (ligne en tirets) et niveaux de F (carrés) dans les deux
exemples de passages de projection pour D. eleginoides de la sous-zone 48.3 qui ont donné les structures
d’ages de la figure 6. Le rendement annuel a long terme de ces projections était de 4 000 tonnes. Le
niveau d’épuisement de la biomasse (ligne droite et horizontale) était égal a 0,2 de la biomasse
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reproductrice médiane ( §,) au moment 0 (cf. figure 8). Les trois moments importants pour
I'évaluation des stocks sont indiqués sur la figure 1 en tant que 0, Current (en frangais : heure
actuelle) et End (fin).

Qv

Fréquence de reproduction de la biomasse du stock de D. eleginoides de la sous-zone 48.3
différentes époques, dans les projections visant a évaluer les effets d'un rendement annuel fixe
long terme de 4 000 tonnes.

(a) Biomasse du stock reproducteur a un moment 0. Les lignes en pointillés montrent la médiane
de la biomasse reproductrice avant l'exploitation ( S,).

(b) Biomasse du stock reproducteur aprés la période de captures connues (moment présent). Les
lignes en pointillés montrent la médiane de la biomasse reproductrice avant la période de la
projection.

(c) Biomasse du stock reproducteur a la fin de la projection. Les lignes en pointillés montrent la
médiane de la biomasse reproductrice a la fin de la période de la projection. Le rapport entre
cette valeur et la médiane de la biomasse de pré-exploitation donne 1'évitement proportionnel
du stock a la fin de la projection ( E).

(d) Biomasse la plus faible du stock reproducteur pendant la projection. La ligne en pointillés
donne la limite de la probabilité de 10% (0,2 x lIa médiane de la biomasse reproductrice de pré-
exploitation, S,). Dans ce cas, la biomasse reproductrice est tombée en dessous de cette ligne
dans 0,083 des projections.

(Y

Cnucox TabJHif

BBognsie napaMeTpbl 0000LIeHHOH MOIEAd BBLJIOBA B csydae Kpuss, Fuphausia superba (u3
pabotet batrepyoprta u ap., 1994), u D. eleginoides B pafione KOxHoii Teopruu. Itu 3HaueHus
nosyuensl 3 ordera SC-CAMLR, 1995, 4 B HEeKOTOPBIX CJAYYasX SIBJAAKOTCI HaUyUIIUMH

ouieHkamu PaGouell rpynmsi Mo oueHKe puiOHBIX 3aMacoB, a HE OLCHKAMH, BbIBECHHBIMH Ha OCHOBE
IMIMPHUECKUX [IAHHDBIX.

PCByﬂbTaThI HIPpOroOHOB IO KPHJIIO. 3Ha‘{€Hl/IH HOJITOCPOUYHOTO €XKETrOQHOrO BLIJIOBA OblLIU
ompedeJsieHbl [J4 KAaXHAOro Mporosa B BHAE [OJH, Y, OLEHOYHOI'O 3HadeHHs
Npea3KCci/lyaTauonnoil Guomacesl. BeposiTHOCTD HCTOLICHHA Oblia pacCYyMTaHa mpy IOMOIIN

ABYX METOAOB: OJMH OMHCAH B HACTOSWEM JOKyMeHTe (S <025 ), a Apyroil B pabore

min

Barrepyopta u ap. (1994) (S, <0.2S,). Cocrosirue HepecTyioweli GHOMAcChl 3amaca K KOHLLY
TNPOrHOCTHYECKOIO NPOTrOHa OTHOCUTEJ/IBHO NPEAIKCILTYaTalMOHHON 6uOMacchl ObLIO OLUEHEHO NpH
NOMOIM ABYX METOLOB: OJMH U3 HUX OMNMCAH B JAaHHOM AoKyMmeHrte ( E), a Apyroii B pabore
Barrepyopra u ap. (1994) ( E). Moaeas NporoHsasach Mo TPEM NPOMBICJOBBIM CE30HAM,

onucaHHbBIM B paborte bartepyopra u ap. (1994) - nero (nekabGpe-heBpans), 3uMa (anpesib-
ceHTsI0pb) U BECh 'O,

PesynbTaTnel nporonos no D. eleginoides B paiione octposa HOXxHo# ['eoprum npu uwectu
3HaYEHHAX JOJITOCPOYHOrO €XEeroJHoro smbuiosa. [Ipy noMouy OMUCAHHBIX B HACTOSIIEM
AOKYMEHTE MEeTOJOB OblJIa paCCUUTaHa BEPOSATHOCTb UCTOLIEHUS HUXKE p., = 0,2, a TakXe pasmep
HeoOJ1aB/IMBAEMOil yacTH HepecTyrowel Guomacchl 3amaca B KOHLE MPOrHOCTHUYECKONO MPOroHa
OTHOCUTEJTBHO O0BEMa NPEAIKCIITYaTAUMOHHOM O1oMacChl.

CIUcoK pUCYHKOB

['pachux omHOro nNporoHa nDpOrHOCTUYECKOH TpaeKTOpHH 000OILEHHOH Mo/esu BuiIoRa. SB.O,
SB.current, SB.end u SB.lowest OTHOCATCSI COOTBETCTBEHHO K HepecTywiuuel 6uomacce: npu
BpeMenH 0 (OO Havasla dKCIUTyaTauun), IpH BPEMEHH, CJICIYIOMIEM 3a MEPHOIOM H3BECTHOrO JIOBa,
B KOHIE NPOrHOCTHYECKOro NPOroHa U np# Haubosiee HU3KOM 3HaAYeHMH GuoMacchl MeXay
TEKYLUHM U KOHEYHBIM BPEMEHEM.

JiMHa KpuUJIs NpU ONpegesieHHOM Bo3pacTe (KPYXKH) U OTHOCHUTEJIbHBIR BeCc KpHJis Tpu
onpenesieHHOM Bo3pacre (poMOHKH), pacCUMTaHHbIe NPH MMOMolun npuBenenubix B Tabuue 1

napamerpos pocra no ¢dox beprananddu u xoaddunuenros nepecuera ‘Bec-1ymHa’ U3 paboThI
barrepyopta u ap. (1994).
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KomnoHeHTsl KO3 hULUUEHTa NPOMBICJIOBOR CMEPTHOCTH, f, B CJiydae KPHWJIsi, BbIBEACHHbIE NPH
NOMOLLM pHBeAeHHBbIX B Tabsmie 1 napameTpoB u3 padoTsl barrepyopra u ap. (1994).

(a) TlIpompbicrnioBasi CesIEKTUBHOCTD KaK (hYHKUUS JAJTHHBL

(b) OrHOCHTEJIbHAS NPOMBIC/IOBAS CEJISKTHBHOCTD KakK (DyHKHUS BO3PACTA.

(c) OTHOCHTEILHOE MPOMBICTIOBOE YCHJIHE B TEUSHHE TO/1a.

KommnoneHnTs KoahHUHEHTA NOJI0OBO3PE/IOCTH, SP, B CJIy4ae KPUJ/IS, BBIBEACHHBIC NMPH MOMOILH
npuBeaeHHbIx B Tabsnue 1 napameTpoB u3 pabote barrepyopra u np. (1994).

(a) ITo/s10BO3PESIOCTE OTHOCUTEJIBHO [IJTHHBL.

(b) Ilos0BO3pesIOCTh OTHOCHTEJIBHO BO3pacTa. 3TO 3HAauyeHHE NPUHATO 3a 1, Korjga

MOJIOBO3PEJIOCTD OPH ONPEOCACHHOM BO3PACTC ABIAACTCA OCHOBHLIM (})aKTOpOM, BJIMAOINM
Ha CTaguI0 NOJIOBO3PEJIOCTH.

(c) Hepect B Teyenne roga. YKaszaHa [0Jist HepecTyrolnell 6uoMaccesl 3anaca B Kakoi-1ubo
MEpUOa roaa.

DOyuxunu anst moaudukauud M, F 1 BesTMuuHbl HEpecTyroliell GHOMACCHI MO BO3PACTY U BpeMeHH
roaa.

(a) oacbduuMeHT ecTeCTBEHHO| cMepTHOCTH, M.
(b) CnoxHblit KOdHULHEHT TPOMBICTIOBON CMEPTHOCTH, F.
(¢) Hons Hepecryroiueii GMOMacChl O BO3pACTy H BpeMeHH rofia, 0.

Bo3spacTHble CTPYKTYPbI 10 ABYM TIporHo3am no D. eleginoides B Tlogpaiione 48.3 ¢ mapaMmeTpami,
noxasaHubiMu B Tabsune 1. [dosirocpousblii €XeroaHblii BBLTOB M0 3THM HPOTHO3aM COCTaBUI 4
000 TomH. YacTOTHBIE pacnpee/ieHus BO3pacTa moKas3aHbl A1g 3TOro 3anaca npu Bpemenu O u B
KOHUE TIPOTHOCTHUYECKOTO NEPUOAA 1 0OONX NPOrOHOB.

Hepectyrwoiasa Onomacca (CrijioliHas JIMHUS), MONOJIHEHAE (MyHKTHPHASA JIMHHUSA) H YPOBHH F
(xBampaThbl) B ABYX NPOTHOCTHYECKHUX nporoHax D. eleginoides Tloapaiiona 48.3, mo KOTOpPBIM
ObLTK TOJIyYEHBl BO3PACTHBIC CTPYKTYpbl Pucynka 6. JloArocpouHblil eXeroiHblii BbLIOB 4Jis
aTux nporoHoB coctapus1 4000 TOHH. YpOBeHb HCTOLICHHst OHOMACCHI (MPsIMAsl FOPU3OHTASIbHAS
AuuKA) pasHsiaca 0,2 MemuaHHof HepecTyroleil Gromacesi ( S,) pi Bpemenn 0 (cm. Pucysok 8).
Tpu 3HaueHUst BpeMeHu A1 oueHkH 3anaca - 0, Current, End.

YacTOTHBIE paclpenesIeHHs] OUEHOK HepecTyroleit duomaccnt D. eleginoides Tlonpaiiona 48.3 B
pasHOe BpeMs B Xole NMPOroHOB, MPOBEACHHBIX C LEJIbIO OLUEHKH BJIMSHHS 3a(DUKCHPOBAHHOIO
JI0JITOCPOYHOr'o eKeroaHoro spriosa B 4 000 ToHH.

(a) Hepecryrowas 6nomacca 3anaca npu Bpemenu 0. [TyHKTUpHO# JTHHHel mOKa3aHa MeauaHHast
MPeAdKCIJIyaTaloORHAd HepecTyiomas Ouomacca ( SO ).

(b) Hepecryrowas duomacca 3anaca no OKOH4YaHUM Nepuosa u3sectHoro sosa (Texyuiee BpeMs).
ITynxkTupHOil IMHKEH MoKa3aHa MeAMaHHAas HEPeCTYllas GuomMacca A0 Hadasa mepHoaa
ITPOTHO3A.

(c) Hepecryroiag Guomacca 3amaca no OKOHYAHUH Nepuoaa nporHosa. [TyHKTHPHON JiHHMe
MOoKa3aHa MEeJuaHHas HepecTyrmas Ouomacca B KOHLUE NPOTHOCTHUECKOro NEepuoaa.
OTHOIWIEHHE 3TOrO 3HAUEHUS K MEAHAHHOH MPEAdKCILTyaTalMOHHOH GuoMacce aer uacThb
HEOBJ1aB/IMBAEMOTrO PE3epBa 3aNaca B KOHLE MEPHOIa NporHosa ( ).

(d) Camoe HHU3KO€ 3HaUEHHE HEpPECTyHoUIeld GuOMacchl 3amaca B XOHAE INepuoja Mpor{osa.
[TynxktapHoii smuueil nokasadn 10%-nbii npepest BeposiTHocT ucromwedns (0,2 X MeauanHast
MpePKCIUTyaTalHOHHas Guomacca, S,). B maHHOM cilyuae HepecTyiowias GHomacca ynasa
HuxKe 3Toro yposs B 0,083 nporuo3os.

Lista de las tablas

Pardmetros de entrada de las proyecciones del modelo 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 Evaluacién de las Poblaciones de Peces, en vez de
basarse en datos empiricos.

Resultados de las proyecciones para el kril. Se determinaron los rendimientos anuales a largo plazo
para cada pasada de proyeccion en forma de una proporcidr, ¥, de la biomasa estimada antes de la
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explotacién. La probabilidad de agotamiento se evalud utilizando dos métodos: uno descrito en
este documento (S . < 0.2§0 ) v el otro en Butterworth et al. (1994) (S . < 0.250_). El estado del stock
en desove al final de la pasada de proyeccién con respecto a la biomasa antes de la explotacion fue
evaluado mediante dos métodos: uno descrito en este documento ( E ) y el otro en Butterworth et al.
(1994) ( E). Se aplicé el modelo a las tres temporadas de pesca descritas en Butterworth et al. (1994) -
verano (diciembre-febrero), invierno (abril - septiembre) y afio completo.

min min

Resultados de las proyecciones (para seis rendimientos a largo plazo) de D. eleginoides alrededor de
la isla Georgia del Sur. Utilizando los métodos descritos en este documento, se evalué la
probabilidad de que el stock disminuya a un nivel menor que p., = 0.2, y la fraccién del stock en

desove que escapa al final de la pasada de proyeccion comparado con el nivel de biomasa antes de la
explotacion.

Lista de las figuras

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

Tallas por edad (circulos) y pesos relativos por edad (diamantes) para el kril utilizando los
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 los parametros de
Butterworth et al. (1994) que figuran en la tabla 1.

(a) Selectividad de la pesca en funcidén de la talla

(b) Selectividad relativa de la pesca en funcién de la edad.

(¢) Esfuerzo pesquero relativo durante el afio.

Componentes del coeficiente de madurez, sp, para el kril utilizando los pardmetros de Butterworth et

al. (1994) que figuran en la tabla 1.

(a) Madurez en funcién de talla.

(b) Madurez en funcién de edad. Esta estd 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 afio. Esto indica la proporcién del stock en desove que
desovaria en cada intervalo durante el afio.

Funciones para modificar M, F, y la biomasa en desove por edad y temporada anual.
(a) Coeficiente de mortalidad natural, M.

{(b) Coeficiente compuesto de la mortalidad por pesca, F.
(c) La proporcién de la biomasa del stock que desova segtin la edad y por temporada en el afto, 0.

Estructura de edades de dos proyecciones de D. eleginoides en la Subarea 48.3 con pardmetros 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 al final de la proyeccién en ambas pasadas.

La biomasa en desove (linea continua), reclutamientos (linea entrecortada) y niveles de F
(cuadrados) en los dos ejemplos de pasadas de proyeccion para D. eleginoides en la Subdrea 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 ( §0) en el tiempo O (ver la figura 8). Los

tres momentos cruciales para la evaluacién 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 evaluacién de los 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 ( §0).
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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 perfodo de la
proyeccion.

Biomasa del stock en desove al final de la pasada de proyeccién. La linea punteada representa
la mediana de la biomasa del stock en desove al final del periodo de la proyeccién. El cuociente
entre este valor y el de la mediana de la biomasa antes de la explotacién representa la fraccién
del stock que ha escapado al final de la proyeccion ( E ).

Biomasa minima del stock en desove durante la proyeccién. 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 explotacién ( S;). En este caso, la biomasa del stock en desove disminuy6 a un nivel
menor en 0.083 de las proyecciones.



