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Abstract 

Two Monte Carlo simulation models, the krill yield model and the generalised yield 
model (GYM), are currently available to CCAMLR that can be used for estimating yields 
according to decision rules that relate spawning stock status to the median unexploited 
spawning biomass. These models are used in order to account for uncertainty in the 
biological parameters and abundance of the stock being assessed. CCAMLR currently 
uses results from the krill yield model as a basis for setting catch limits in the krill 
fishery, while the GYM is used for assessing yield in other finfish fisheries but can also 
be used for krill. The decision rules relate to the effects of a specified long-term annual 
yield on (i) the probability of the spawning stock being reduced below a set proportion 
of the median pre-exploitation spawning biomass during a projection trial and (ii) the 
median status of the spawning stock at the end of the projection trial (as a proportion of 
the median pre-exploitation spawning biomass). These rules require that the median 
pre-exploitation spawning biomass is known prior to a projection so that in each trial a 
direct assessment can be made of (i) whether the stock became critically depleted in that 
trial and (ii) the status of the stock at the end of the trial. These values from all trials are 
used to determine the probability of critical depletion and the median level of 
escapement respectively. The Monte Carlo simulations take account of uncertainty in 
the biological parameters used to estimate yield. In this respect, the biological 
parameters may change between individual projection trials. Consequently, the median 
pre-exploitation biomass needs to be estimated prior to each trial in order for it to be 
based on the parameters for that trial. The krill yield model uses a biased estimate of 
the median pre-exploitation spawning biomass with a method for correcting this bias in 
the level of escapement. The GYM uses an unbiased estimate of the median 
pre-exploitation spawning biomass and, thus, requires no correction. This paper 
examines the effects of the biased estimates of the median pre-exploitation spawning 
biomass on the estimates of krill yield. The results show that the biased estimate results 
in a bias of the probability of critical depletion, while the level of escapement is not 
appreciably sensitive to the method of estimating the median pre-exploitation spawning 
biomass. This bias in the krill yield model will result in the catch level given for a set 
probability of critical depletion being too high. However, this will not affect the 
estimates of long-term precautionary yield currently adopted by CCAMLR for the krill 
fishery because the level of escapement is the binding rule in this case. The results 
indicate that the GYM using the unbiased estimator of the pre-exploitation biomass is 
the preferable model for assessing long-term annual yields. 

Resume 

La CCAMLR dispose actuellement de deux modeles de simulation de Monte Carlo, le 
modsle de rendement de krill et le modele de rendement gkneralise (GYM), pouvant 
tous deux servir a estimer les rendements tout en suivant les criteres de decision qui 
btablissent un rapport entre I'etat des stocks reproducteurs et la biomasse moyenne 
reproductrice inexploitee. Ces modeles permettent de tenir compte de I'incertitude liee 
aux parametres biologiques et a l'abondance du stock etudie. A l'heure actuelle la 
CCAMLR se base sur les r6sultats du modele de rendement de krill pour fixer les limites 
de capture de la pgcherie de krill, et utilise le GYM, qui peut aussi servir pour le krill, 
pour calculer le rendement des p6cheries de poisson. Les criteres de decision portent 
sur les effets d'un rendement annuel ?I long terme donne sur i) la probabilitk qu'au cours 
d'un essai de projection, le stock reproducteur tombe en dessous d'une proportion 
donnee de la biomasse reproductrice moyenne d'avant l'exploitation et ii) l'6tat lnoyen 
du stock reproducteur en fin d'essai de projection (en tant que proportion de la 
biomasse reproductrice moyenne d'avant l'exploitation). Ces criteres requierent de 
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posseder, avant de proceder B une projection, une connaissance de la biomasse 
reproductrice moyenne d'avant l'exploitation pour que lors de chaque essai on puisse 
directement determiner i) si le stock a subi une diminution critique pendant l'essai ii) 
l'etat du  stock en fin d'essai. Ces valeurs, deduites de tous les essais, sont 
respectivement utilisees pour determiner la probabilite d'un epuisement critique et le 
niveau moyen d'evitement. Les simulations de Monte Carlo tiennent compte de 
l'incertitude des parametres biologiques utilises pour estimer le rendement. A cet 
egard, il est possible que les parametres biologiques changent d'un essai de projection B 
un autre. En consequence, la biomasse reproductrice moyenne d'avant l'exploitation 
doit Gtre estimee avant chaque essai de maniitre B Gtre fondee sur les paramPtres de cet 
essai. Le modele de rendement de krill utilise une estimation biaisee de la biomasse 
reproductrice moyenne d'avant l'exploitation avec une mPthode de correction de ce 
biais dans le niveau d'evitement. Le GYM, lui, utilise une estimation non biaisee de la 
biomasse reproductrice moyenne d'avant l'exploitation et ne demande donc aucune 
correction. Les auteurs examinent ici les effets des estimations biaisees de la biomasse 
reproductrice moyenne d'avant l'exploitation sur les estimations de rendement de krill. 
Les conclusions indiquent que l'estimation biaisee dome un biais dans la probabilite 
d'un epuisement critique, alors que le niveau d'evitement n'est pas sensible de maniilre 
appreciable B la methode d'estimation de la biomasse reproductrice moyenne d'avant 
l'exploitation. De ce biais dans le modele de rendement de krill resultera un taux de 
capture dome trop eleve pour la probabilite convenue d'un epuisement critique. Cela 
n'affectera toutefois pas les estimations du rendement preventif B long terme adopt6es 
actuellement par la CCAMLR pour la pGcherie de krill etant donne que le niveau 
d'evitement est dans ce cas la regle B suivre. Selon les conclusions, le GYM utilisant 
l'estimateur non biaise de la biomasse d'avant l'exploitation serait le modele preferable 
pour evaluer les rendements annuels B long terme. 

Monenb BbInOBa KpHnR H 0 6 0 6 W e ~ ~ a R  MOAenb BbInOBa ( G Y - ~ 0 Q e n b )  - GBe 
CHMYnRqHOHHbIX MOAenH no MeTOAy MOHT~-Kapn0 - IIpHMeHRIoTCR YYeHbIMH 
AHTKOMa An% OqeHKH BbIJlOBa B COOTBeTCTBHH C npaBHnaMH IIpHHRTHR peLUeHHfi, 
KOTOPbIe COOTHOCXT COCTORHHe HepeCTOBOrO 3aIIaCa C M ~ A H ~ H H O ~ ~  A ~ B C T B ~ H H O ~ ~  

H ~ ~ ~ C T O B O ~ ~  ~ H o M ~ c c o ~ ~ .  3 T H  MOAenM HCIIOnb3yIoTCR AJIR YYeTa He0Ilpe)JeneHHOCTM B 

6 H o n o r H ~ e c ~ ~ x  napaMeTpax H YEcneHHocTH HccneAyeMoro sanaca. B HacToxmee 
BpeMX AHTKOM HCIIOJIb3yeT MOAenb BbInOBa KpHJIR AnR OnpeAeneHHx 
O ~ P ~ H H Y ~ H H ~ ~  Ha BMJIOB KPHnR, B TO BpeMR KaK GY-~ofleJIb TIpHMeHReTCR AJIR 

PaCveTa BbInOBa IInaBHHKOBbIX pb16, XOTR OHa MOXeT HCIIOJIb30B2lTbCR H KplmR. 
npa~H.JIa IIPHHRTHR peLUeHHfi OTHOCRTCR K ~ @ O ~ K T ~ M ,  OKa3bIBaeMbIM 3aAaHHbIM 
065eM0~ nOnrOCPOYHOr0 rOAOBOr0 BbIJIOBa Ha (i) BePOXTHOCTb CHaAa HepeCTOBOrO 
3aIIaCa HHXe y~a3aH~ofi AOnH M ~ A H ~ H H O ~ ~  ~ ~ B C T B ~ H H O ~ ~  H ~ ~ ~ C T O B O ~ ~  ~ H O M ~ C C ~ I  B XOAe 
0)JHOrO 3KCTpanOnR~I?OHHOrO IIepHOAa H (ii) MeAHaHHOe COCTORHMe HepeCTOBOrO 
3aIIaCa B KOHUe 3TOr0 nepHOAa (~b1paXae~oe  KaK AOnX ~eflHaHH0fi A ~ B C T B ~ H H O ~ ~  

~ e p e c ~ o ~ o f i  ~ H o M ~ c c ~ I ) .  Cornac~o BTHM npaBHnaM, go npoBeAeHm nporoHa MoAenH 
H ~ O ~ X O A H M O  3HaTb MeAHaHHyIo AeBCTBeHHyIo HepeCTOByIo ~ H O M ~ C C ~  An% TOrO, 
~ ~ 0 6 6 1  AJIR KaXAOrO BapHaHTa PaCveTa OqeHHTb, npoH30fi~e~ nH KPHTHYeCKOe 
HcToWeHHe sanaca, H cocToxHHe sanaca B KoHqe PacveTa. 3~14 SHBY~HHR,  nonyYeHHbIe 
no BCeM BapHaHTaM PaCveTa, HCnOnb3yIoTCR COOTBeTCTBeHHO AJIR OIIpeneneHHR 
BepORTHOCTH KpHTHYeCKOrO HCTOIIJeHHR H MeAHaHHOrO YpOBHR H ~ o ~ ~ ~ B J I H B ~ ~ M o ~ o  

pe3epBa. I / I M H T ~ ~ H H  IIO MeTOAy MOHT~-Kapn0 YYHTbIBaIoT HeOIIpeAeJleHHOCTb B 

~ H O J I O ~ M Y ~ C K H X  IIapaMeTpaX, HCllOJIb3yeMbIX AnR PaCYeTa BbIJlOBa. B CBR3H C 3TMM 

~ H o J I o ~ H Y ~ c K H ~  IIapaMeTpbI MOrYT K o J I ~ ~ ~ T ~ c R  MeXAy OTAenbHbIMH BapHaHTaMH 
PaCYeTa. C J I ~ ~ ~ O B ~ T ~ J I ~ H O ,  A 0  KaXAOrO IIpOrOHa H ~ O ~ X O A H M O  OqeHHTb MeAHaHHYtO 
AeBCTBeHHyIo ~ H O M ~ C C ~  C TeM, ~ ~ 0 6 6 1  OHa 6b1na OCHOBaHa Ha IIapaMeTpaX flnX 
flaHHOr0 IIpOrOHa. B MOAeJIM BbInOBa KPHJIR HCnOnb3yeTCR CMeWeHHaR OUeHKa 
M ~ A H ~ H H O ~ ~  A ~ B C T B ~ H H O ~ ~  H ~ ~ ~ C T O B O &  ~ H O M ~ C C ~ I  B COYeTaHHH C MeTOAOM IIOIIpaBKH 
cMeWeHHx B p a s ~ e p e  ~ e o 6 n a ~ n ~ ~ a e ~ o r o  pe3ep~a.  B G Y - ~ o ~ e n m  ~ c n o n b s y e ~ c ~  
HeCMeWeHHaR OqeHKa M ~ A H ~ H H O ~ ~  A ~ B C T B ~ H H O &  H ~ ~ ~ C T O B O ~ ~  ~ H O M ~ C C ~ I  I? He 
HyXnaeTCR B IIOnpaBKe. B H~cToRII@ pa6o~e  PaCCMaTpHBaeTCX BJIHRHMe C M ~ W ~ H H O ~ ~  
OQeHKH M ~ A H ~ H H O ~ ~  H ~ B C T B ~ H H O ~ ~  H ~ ~ ~ C T O B O ~ ~  ~ H O M ~ C C ~ I  Ha OUeHKH BbIJIOBa KpHJIX. 
Pe3yJlbTaTbl IIOKa3bIBaIoT, Y T O  CMeLL(eHHaR OqeHKa npHBOAHT K CMeWeHIIK, 
BepORTHOCTH KpMTMYeCKOrO HCTOWCHMR, B TO BpeMR KaK pa3MeP H ~ o ~ J I ~ B J I H B ~ ~ M o ~ o  
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pe3epBa He OYeHh YyBCTBLlTeJleH K MeTOAy IIOJIyYeHHZ OQeHKM M ~ R H ~ H H O ~ ~  

A ~ B C T B ~ H H O ~ ~  H ~ ~ ~ C T O B O ~ ~  6 ~ 0 ~ a C ~ h l .   TO CMeUeHHe B MOAeJIll BhlJIOBa KpHJIX 
IIpHBeAeT K TOMY, YTO YPOBeHb BbIJIOBa, P ~ C C Y H T ~ H H ~ ~ E  AnSI 3aAaHHofi BepORTHOCTH 
HCTOIQeHHtI, 6 y ~ e ~  CJIlllLlKOM BhICOKHM. TeM He MeHee 3TO He CKaXeTCZ Ha OqeHKaX 
,qonrocpovHoro npeAoxpaHHTenbHoro Y P O B H X  BhlnoBa KPHJIR ,  npHHxThIx 
AHTKOM~M,  IIOCKoJIbKy B AaHHoM CJIyYae 0 6 5 I 3 a ~ e ~ l b ~ b l ~  XBJISIeTCX pa3MeP 
H ~ O ~ J I ~ B J I E ~ B ~ ~ M O ~ O  pe3epBa. Pe3yJIhTa~bl nOKa3hIBaWT, Y T O  A J I X  OqeHKH 
AOJIrOCpOYHOrO rOAOBOr0 BbIJIOBa ~ ~ ~ A ~ O ~ T H T ~ J I ~ H O E  MOAeJIbW XBJIXeTCSI GY- 
MOAenh, B ~ 0 ~ 0 ~ 0 %  HCIIOJIb3yeTCR HeCMeweHHaZl 04eHKa A ~ B C T B ~ H H O ~ ~  ~ H o M ~ C C ~ I .  

Resumen 

Actualmente la CCRVMA dispone de dos modelos de sirnulacion del tipo Monte 
Carlo: el modelo de rendimiento del kril y el modelo de rendimiento generalizado 
(GYM), que pueden ser utilizados para la estimacion del rendimiento s e g h  criterios de 
decisidn que relacionan el estado del stock en desove con la mediana de la biomasa del 
stock en desove sin explotar. Se utilizan estos modelos para dar cuenta de la 
incertidumbre de 10s parhmetros biologicos y de la abundancia de 10s stocks bajo 
evaluacion. La CCRVMA utiliza 10s resultados del modelo de rendimiento del kril 
como base para fijar 10s limites de captura de la pesqueria de kril, mientras que el 
modelo GYM se usa para evaluar el rendimiento de otras pesquerias de peces, aunque 
tambien se le puede aplicar a las pesquerias de kril. Los criterios de decision se refieren 
a 10s efectos de un determinado rendimiento anual a largo plazo en (i) la probabilidad 
de que el stock en desove se reduzca a menos de una proportion determinada de la 
mediana de la biomasa del stock en desove antes de la explotacion durante una prueba 
de proyeccion y (ii) la mediana del estado del stock en desove a1 final de la proyecci6n 
(como proporcidn de la mediana de la biomasa del stock en desove antes de la 
explotacion). Estos criterios requieren que el valor de la mediana de la biomasa del 
stock en desove antes de la explotacion se conozca antes de la proyeccion de modo que 
en cada prueba se pueda hacer una evaluaci6n directa para determinar (i) si el stock 
disminuy6 de manera critica en esa prueba y (ii) el estado del stock a1 final de la prueba. 
Los valores de todas las pruebas se utilizan para determinar la probabilidad de 
reduccidn critica y la mediana del nivel de escape, respectivamente. Las simulaciones 
del tipo Monte Carlo toman en cuenta la incertidumbre de 10s parametros biologicos 
que entran en la estimacion del rendimiento y que pueden variar entre pruebas 
individuales de la proyeccidn. Por consiguiente, la mediana de la biomasa antes de la 
explotacion debe ser estimada antes de cada prueba a fin de que se base en 10s 
parametros utilizados en esa prueba. El modelo de rendimiento del kril utiliza una 
estimacidn sesgada de la mediana de la biomasa del stock en desove antes de la 
explotacion y un metodo para corregir este sesgo en el nivel de escape. El modelo GYM 
utiliza una estimacidn sin sesgos de la mediana de la biomasa del stock en desove antes 
de la explotacion y por 10 tanto no requiere correccion. Este trabajo examina 10s efectos 
de las estimaciones sesgadas de la mediana de la biomasa del stock en desove antes de 
la explotacion en las estimaciones de rendimiento del kril. Los resultados indican que la 
estimaci6n sesgada produce a su vez un sesgo en la probabilidad de reduccion critica, 
mientras que el nivel de escape no aparenta ser sensitive a1 metodo de estimacion de la 
mediana de la biomasa del stock en desove antes de la explotacion. El sesgo en el 
modelo de rendimiento de kril tendri como consecuencia que el nivel de captura 
correspondiente a una probabilidad de reduccion critica determinada sera demasiado 
alto. Sin embargo, esto no afectar6 las estiinaciones del rendimiento precautorio a largo 
plazo adoptadas actualmente por la CCRVMA con respecto a las pesquerias de kril, 
porque la regla obligatoria en este caso es el nivel de escape. Los resultados indican que 
el modelo GYM que utiliza la estimacion sin sesgos de la biomasa antes de la 
explotacion es el modelo preferible para la evaluacion de rendimientos a largo plazo. 

Keywords: krill, modelling, estimation bias, yield, spawning biomass, CCAMLR 
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INTRODUCTION 

Two Monte Carlo simulation models are 
currently available to CCAMLR that can be used 
for estimating yields according to decision rules 
that relate spawning stock status to the median 
unexploited spawning biomass (see SC-CAMLR, 
1994 - paragraphs 5.18 to 5.26 for a discussion of 
the application of the decision rules). The first 
model, the krill yield model, has been developed 
specifically for krill (Butterworth et al., 1994; 
SC-CAMLR, 1994 -paragraphs 5.15 to 5.17), while 
the second is a generalised yield model that can 
be used for any fish stock, including krill 
(Constable and de la Mare, 1996; SC-CAMLR, 
1995 - paragraph 4.36). These models are used in 
order to account for uncertainty in the biological 
parameters and abundance of the stock being 
assessed. CCAMLR currently uses results from 
the krill yield model as a basis for setting catch 
limits in the krill fishery. 

The decision rules relate to the effects of a 
specified long-term annual yield on (i) the 
probability of the spawning stock being 
reduced below a set proportion of the median 
pre-exploitation spawning biomass during a 
projection trial and (ii) the median status of the 
spawning stock at the end of the projection trial 
(as a proportion of the median pre-exploitation 
spawning biomass). These will be referred to as 
the probability of critical depletion and level of 
escapement respectively. In the case of krill yield, 
the long-term annual yield is specified as a 
proportion of the estimated pre-exploitation 
biomass, y. 

These rules require that the median 
pre-exploitation spawning biomass is known 
prior to a projection so that in each trial a direct 
assessment can be made of (i) whether the stock 
became critically depleted in that trial and (ii) the 
status of the stock at the end of the trial. These 
values from all trials are used to determine the 
probability of critical depletion and the median 
level of escapement respectively. The Monte 
Carlo simulations take account of uncertainty in 
the biological parameters used to estimate yield. 
In this respect, the biological parameters may 
change between individual projection trials. 
Consequently, the median pre-exploitation 
biomass needs to be estimated prior to each trial 
in order for it to be based on the parameters for 
that trial. 

Butterworth et al. (1994) use a deterministic 

method for estimating the median pre- 

exploitation spawning biomass ( 3, in 

Constable and de la Mare, 1996), where 5, 
is a single calculation of the spawning biomass in 

a population with a deterministic age structure 

based on the mean recruitment used in the 

projection trial (see Butterworth et al., 1994 for a 

complete mathematical description). This method 

gives a biased estimate of the median pre- 

exploitation spawning biomass, a problem noted 

and discussed by the authors. As a result, the 

median level of escapement at the end of the 

projection period with no catches will not be 

equal to 1. They advise that the level of 

escapement for a particular catch level should be 

corrected by dividing it by the value for 

escapement obtained when the projections are 

undertaken with no catches. However, they did 

not provide advice on how the biased estimate, 

S,, might affect the probability of critical 

depletion. 

Constable and de la Mare (1996) describe an 
alternative method for estimating the median 
pre-exploitation biomass (So), where S, is 
determined prior to a projection trial as the 
median spawning biomass from multiple random 
determinations of a pre-exploitation age structure 
(the number of determinations is able to be set by 
the user) (see Constable and de la Mare, 1996 for a 
complete description of this method). In this way, 
So is an unbiased estimate and the median level of 
escapement at the end of the projection period 
should be equal to 1 when no catches are taken 
(stochastic variability will mean that this will not 
be achieved but it should be very closely 
approximated with a very large number, say 
10 001, of replicate determinations of the 
pre-exploitation biomass). Thus, no correction is 
required. 

This paper examines the implications for 
estimates of krill yield of using the biased 
estimator of the median pre-exploitation 
spawning biomass with the method of correction 
used by Butterworth et al. (1994). The GYM is 
used with both forms of estimating the median 
pre-exploitation spawning biomass in order, 
firstly, to compare directly the outputs of the 
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generalised yield and the krill yield model and, 
secondly, to examine the bias in estimates of krill 
yield. 

RESULTS FROM THE KRILL YIELD MODEL 

Results for the krill yield model are taken from 
Butterworth et al. (1994). A subset of these results 
is shown in Tables 1 and 2 and used as the basis 
for the runs with the GYM. The values of y given 
by Butterworth et al. (1994) are used in the runs of 
the GYM. 

COMPARABILITY OF 
THE TWO MODELS 

The first set of runs with the GYM used the 
deterministic formulation of the median 
pre-exploitation spawning biomass, S,, in order 
to compare directly the output of this model with 
the krill yield model. The test used in this 
comparison was the summer fishing model 
(December-February) with y = 0.136, a critical 
depletion level of 0.2 and using a deterministic 
formulation of the median pre-exploitation 
spawning biomass. The parameter inputs for all 
the runs were those described for Model 2 in 
Butterworth et al. (1994). This test was 
undertaken 100 times with 1 001 trials per test. 
The mean probability of depletion below 0.2 
of the estimated median pre-exploitation 
spawning biomass (*95% confidence intervals) 
was 0.084 * 0.016. The result of Butterworth et al. 
(1994) was 0.1, which is at the upper limit of this 
range. On the basis of this test and the analysis of 
escapement below, it is concluded that the 
generalised yield model provides results 
comparable to the krill yield model. 

TEST OF BIAS 

Two sets of runs were undertaken using the 
GYM to test for bias in the deterministic method 
of estimating the median pre-exploitation 
spawning biomass. In all cases, the parameter 
inputs were those described for Model 2 in 
Butterworth et al. (1994). The first set of runs 
used the deterministic estimate of the median 
pre-exploitation spawning biomass, So, while the 
second set used 10 001 replicate random initial 
age structures to estimate S,,. 

Two types of comparisons are made. In the 
first case, the probability of critical depletion is 
examined for three different fishing seasons - 
summer, winter and all year - and three critical 
levels of depletion - 0.2, 0.4 and 0.6 of the median 
pre-exploitation spawning biomass. The 
projection period was 20 years. A subset of runs 
was undertaken to examine the effect of 
extending the projection period to 30 years on the 
probability of critical depletion to 0.2 of the 
median pre-exploitation spawning biomass. 

In the second comparison, the level of 
escapement was examined for three fishing 
seasons as above and for three levels of y - 0.15, 
0.2 and 0.4. Projections for 20 years and 30 years 
were undertaken for all combinations of y and 
fishing season. 

The results comparing the probabilities of 
critical depletion between the two models are 
shown in Table 1 and the comparisons of the 
levels of escapement are shown in Table 2. 

Results from unbiased estimates of the median 
pre-exploitation spawning biomass show that 
the krill yield model will underestimate 
the probability of critical depletion. This 
underestimation becomes substantially greater 
with increases in the critical level of depletion (as 
a proportion of the median pre-exploitation 
spawning biomass). The relative bias is not 
appreciably altered with differences in the 
relationship between spawning and fishing 
seasons, although there is less bias for a low 
critical level of depletion (0.2) and a direct overlap 
between summer fishing and the summer 
spawning season. 

In contrast, the method for calculating the level 
of escapement is not sensitive to the manner in 
which the median pre-exploitation spawning 
biomass is estimated. The results presented here 
for the generalised yield model were not 
appreciably different to those presented in 
Butterworth et al. (1994). 

CONCLUSIONS 

The deterministic method for estimating the 
median pre-exploitation spawning biomass 
results in a biased estimate of the probability of 
critical depletion while the level of escapement is 
not appreciably sensitive to the method of 
estimating the pre-exploitation spawning 
biomass. This bias in the krill yield model will 
result in the catch level, y, given for a set 



m Table 1: The probability of depleting the spawning biomass during 20-year projections for different levels of y for three fishing seasons using the Generalised Yield g 
Program (Version 3.00). The median of re exploitation spawning biomass for each trial is calculated deterministically (as in Butterworth et al., 1994) and from 3 

10 001 randomised starts. Three criticallhvels of depletion are examined as proportions of the median pre-exploitation spawnin biomass. Results are compared 2 
z 
n, 

to values given in Butterworth et al. (1994). Values in parentheses are probabilities of depletion over a 30-year projection perio . 

Table 2: Escapement of spawning biomass at the end of 20 and 30-year projections for different levels of y for three fishing seasons using the Generalised 
Yield Program (Version 3.00). The median pre-exploitation spawning biomass for each trial is calculated deterministically (as in Butterworth et 
al., 1994) and from 10 001 randomised starts. Results are compared to values given in Butterworth et al. (1994). 

Fishing Season 

December-February 

April-September 

Whole year 

Runs using the GYM with So estimated for each trial using the deterministic equation of Butterworth et al. (1994). The median ratio of spawning 

biomass after 20 and 30 years relative to median So in each run with no fishing was 1.099 and 1.088. These values were used to correct the ratios derived 

under fishing as described in Butterworth et al. (1994). 

Runs using the GYM with the median of So estimated prior to each trial from 10 001 replicates. 

Critical Depletion Level 

Fishing Season Years in 
Projection 

December-February 2 0 
3 0 

April-September 20 
3 0 

Whole year 20 
3 0 

0.2 

Y 

y Butterworth 
et al. 

(1994) 

0.136 0.1 

0.202 0.1 

0.165 0.1 

GY 
Deter- Un- 

ministic biased 

so so 

0.081 0.106 
(0.114) (0.146) 
0.083 0.125 

(0.124) (0.175) 
0.087 0.123 

(0.125) (0.168) 

0.4 

0.15 

0.6 

y Butterworth 
et al. 

(1994) 

0.080 0.1 

0.089 0.1 

0.083 0.1 

Butterworth 
et al. 

(1994) 

0.645 

0.673 

0.656 

y Butterworth 
et al. 

(1994) 

0.008 0.1 

0.010 0.1 

0.009 0.1 

GY 
Deter- Un- 

ministic biased 

so So 

0.094 0.142 

0.096 0.141 

0.094 0.139 

GY 
Determin- Un- 

istic biased 

so1 so2 

0.642 0.641 
0.638 0.640 

0.676 0.676 
0.675 0.678 

0.657 0.658 
0.655 0.659 

0.20 

GY 
Deter- Un- 

rninistic biased 

so So 

0.091 0.198 

0.092 0.201 

0.092 0.200 

Butterworth 
et al. 

(1994) 

0.511 

0.573 

0.539 

0.40 

GY 
Determin- Un- 

istic biased 

so1 so2 

0.519 0.510 
0.508 0.510 

0.580 0.578 
0.576 0.580 

0.549 0.543 
0.542 0.547 

Butterworth 
et al. 

(1994) 

0.279 

0.434 

0.372 

GY 
Determin- Un- 

istic biased 

so1 so2 

0.293 0.288 
0.292 0.289 

0.437 0.436 
0.437 0.443 

0.380 0.379 
0.381 0.383 



Bias in the Estimation of Krill Yield 

probability of critical depletion being too high. 
However, this will not affect the estimates of long- 
term precautionary yield currently adopted by 
CCAMLR for the krill fishery because the level of 
escapement is the binding rule in this case. The 
results indicate that the GYM using the unbiased 
estimator of the pre-exploitation biomass, So, is the 
preferable model for assessing long-term annual 
yields. 
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para cada prueba se calcula de manera deterministica (como en Butterworth et al., 1994) a partir de 
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