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Abstract

Length-at-age data for Patagonian toothfish (Dissostichus eleginoides) at Heard Island
(Division 58.5.2) were fitted using a von Bertalanffy (VB) growth model taking into
account response-biased sampling of fish that were aged. Subsampling of random length-
frequency (LF) data used to obtain the samples of fish for ageing used length-bin sampling
involving a fixed sample size per bin. Estimation of the VB parameters used a definition
of the likelihood function based on variable probability (VP) sampling due to the pre-
specified length-dependent selectivity function for trawl fishing and the additional effect
of length-bin sampling on sampling probabilities. The VB curve fitted to the length-at-
age data, ignoring VP sampling and assuming normal errors with constant coefficient of
variation using iteratively weighted least squares (IWLS), predicted substantially lower
mean length-at-age for older ages compared to the VB curve fitted using VP maximum
likelihood (MLP) with length-bin relative probabilities defined using fishing selectivity
alone. This was due to the feature of the selectivity function of a sharp decline from ‘full’
selection at 1 000 mm length down to 1% selection for a length of 1 600 mm. When length-
bin sampling frequencies were also included in defining relative probabilities, the VP
maximum likelihood (MLPLB) and IWLS-estimated curves were more similar.

Predicted and observed values of annual growth rate (AGR) for lengths measured at release
and first recapture in mark-recapture studies were compared where predictions used the
VB parameter estimates obtained from the length-at-age data and the Fabens (1965) form
of the VB growth model. Formulae for adjusting predictions for bias imparted by the use
of the Fabens model were developed and showed that the bias is relatively small for the
range of release lengths in the data. Predictions of AGR using the MLPLB-estimated VB
parameters were closer to, but still substantially higher than, the mean trend in observed
AGR values with release length compared with those obtained using IWLS-estimated
parameters. A young-age adjustment (less than 5 years old) to the VB model is also given
in order to give more realistic predictions of mean length-at-age for young fish.

Résumé

Un modele de croissance de von Bertalanffy (VB) est ajusté aux données de longueur
selon l'age de la légine australe (Dissostichus eleginoides) de 1'lle Heard (division 58.5.2),
compte tenu du biais d’échantillonnage des poissons dont 1’age est déterminé, attribué
a la variable expliquée. Le sous-échantillonnage aléatoire des données de fréquence des
longueurs (LF) qui permet d’obtenir les échantillons pour la détermination de I'age se
fait par intervalles de longueurs, en prenant un échantillon de taille prédéterminé pour
chaque intervalle. L'estimation des parametres de VB utilise une définition de la fonction
de vraisemblance basée sur un échantillonnage de probabilité variable (VP) en raison de
la fonction de sélectivité prédéterminée dépendante de la longueur applicable a la péche
au chalut et de l'effet additionnel de I'échantillonnage par intervalles de longueurs sur
les probabilités de I’échantillonnage. La courbe de VB adaptée aux données de longueurs
selon I'age, qui ne tient pas compte de 1’échantillonnage de VP, mais qui reconnait les
erreurs normales associées au coefficient de variation constant obtenu par les moindres
carrés pondérés itérés (IWLS), prévoit une moyenne de longueur selon 1’dge nettement
moins élevée pour les poissons les plus agés par rapport a la courbe de VB ajustée par le
maximum de vraisemblance (MLP) pour I"échantillonnage de VP et dont les probabilités
relatives des intervalles de longueurs sont définies au seul moyen de la sélectivité de la
péche. Ceci est dii a la caractéristique de la fonction de sélectivité consistant en un déclin
abrupt, d’une sélection «totale» a 1 000 mm de longueur a une sélection de 1% pour la
longueur de 1600 mm. Lorsque les fréquences de 1’échantillonnage par intervalles de
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longueurs sont incluses dans les probabilités relatives, la courbe estimée par le maximum
de vraisemblance basé sur la VP (MLPLB) et la courbe estimée par les IWLS sont plus
proches.

Les valeurs prévues et les valeurs observées du taux de croissance annuel (AGR) des
poissons mesurés a la remise al’eau et a la premiere recapture dans les études de marquage
sont comparées. Les valeurs prévues reposent sur les estimations des parameétres de VB
obtenues des données de longueurs selon 1’age et de la version de Fabens (1965) du modele
de croissance de VB. Les formules mises au point pour corriger, dans les prévisions, le biais
introduit par l'utilisation du modele de Fabens, montrent que le biais est relativement
faible pour l'intervalle de longueurs des données sur les poissons relachés. Les valeurs
d’AGR prévues a I’aide des parameétres estimés par la méthode MLPLB sont proches, tout
en restant nettement supérieures, de la tendance moyenne des valeurs observées sur les
poissons remis a 'eau par rapport a celles obtenues avec les parametres estimés par les
IWLS. En outre, le modele de VB est ajusté pour tenir compte des jeunes poissons (moins
de 5 ans d’age), afin de donner des prédictions plus réalistes de la longueur selon 1’age
des jeunes poissons.

Pesrome

K naHHBIM O pacmpeieneHuH JUIMH [0 BO3pacTaM JUIsl [ATaroOHCKOTO KJIbIKada
(Dissostichus eleginoides) y o-Ba Xepa (Yuacrok 58.5.2) Obu1a mogoopana MoJesIb pocTa
mo bepranandu (VB) ¢ yueTom 3aBHCSIIEr0 OT CMEMICHUS OTKJIMKA BBIOOPKH PHIOHI,
BO3pacT KOTopoil Obut onpenenieH. [Ipu moaBrIOOpKe Clly4ailHBIX JaHHBIX 110 4acTOTE
e (LF), ncronp3oBaBIIMXCs A MTOMYYSHHUS 00PaslloB PHIOBI B IIEIAX ONPEICTICHIS
BO3pacTa, MpUMEHsIach BBIOOPKA 0 MHTEpBaJaM JUIMH ¢ (PUKCHPOBAHHBIM pa3MepoM
BBIOOpKM B MHTepBaie. Ilpu omenke mapamerpoB VB Hcmoip30Baiock onpeseseHue
(GYHKLIMM TPaBIONOA00Us, OCHOBAaHHOE Ha ClIy4ailHO BBIOOpKE € HEpPEMEHHOM
BeposiTHOCTBIO (VP), 00yCIOBICHHOM 3apaHee OMPEACICHHOW M 3aBHUCAUICH OT JUIMHBI
(GyHKIMEH CeNIeKTUBHOCTH ISl TPAJIOBOTO MPOMBICIA M JOTOJIHUTEIBHBIM BIHSHUCM
orOopa 110 iMana3oHam JUIMH Ha BEIOOpouyHbIe BepostHocTH. KpuBast VB, nopoOpannas
K JAHHBIM O paclpeleNeHdH JUIMH 10 Bo3pacTam, 0e3 ydera BbIOOpku VP u mpu
JOIYLICHNH O HOPMAJIbHBIX OIIMOKAX C MOCTOSHHBIM KO HUIIMEHTOM H3MEHYUBOCTH,
HCTIOJIB3YIOMIEM UTECPAIIMOHHO B3BCHICHHBIC OICHKH! MO METOAY HAMMCHBIIINX KBaJApaTOB
(IWLS), mama cymectBeHHO Ooiee HHU3KHE 3HAYCHHS CPEAHEH JIMHBI 1O BO3pAcTaM
Juist Gosiee cTaplIMX BO3PACTHBIX I'PYII MO CPaBHEHMIO ¢ KpuBOW VB, mocrpoeHHOM
0 MakCHMajbHOMY TpaBaomnonobuio VP (MLP) ¢ OTHOCHTENTFHBIMH BEpPOSTHOCTSIMH
JIana30HOB UTHH, OTIPE/IeICHHBIMH Ha OCHOBAHNH TOJIEKO TPOMBICIIOBO CEIICKTHBHOCTH.
370 OBUIO BBI3BAHO OCOOEHHOCTHIO (PYHKIIUH CEJICKTUBHOCTH, T.€. PE3KUM COKpPAIICHHEM
ot “momHoro” orbopa st 1000 MM mamuaE! 10 1% oTdopa mist mmuael 1600 MM. Korma
B OIIPE/ICJICHHE OTHOCHUTENILHBIX BEPOSITHOCTEH OBUIM TaK)Ke BKIIIOYEHBI BBIOOPOYHBIC
YaCTOTBI HHTEPBAJIOB UIH, KPUBBIE, PACCIUTAHHBIE 10 MAKCHUMAJIBHOMY IIPaBIOIIOJ00UIO
VP (MLPLB) u IWLS, 65111 601ee CXOTHBIMHU.

[IpoBeneHo CpaBHEHUE PACUETHBIX M HAOJIONABIIMXCS 3HAYECHHH €KETOIHBIX TEMIIOB
pocta (AGR) jurs 11H, N3MEPEHHBIX TIPH OCBOOOXKICHUH W TIEPBOIl TOBTOPHOH ITOUMKE
B HCCJIEIOBAHUSAX TI0 MEUEHUIO—TIOBTOPHON MOMMKE, I7Ie B pacdyeTax HCIOJIb30BAJIUChH
OLIEHKH TapaMeTpoB VB, moiydeHHbIE MO JaHHBIM O pACHPEICNICHUH [UIUH TI0
Bo3pactam u popme Mozaenu pocra VB no Padency (Fabens, 1965). beun pazpadoTansl
(hopMyIbl KOPPEKTUPOBKH B pacuyeTax CHCTEMAaTHYECKOW OMIMOKH, MOSIBISIOICHCS TPU
ncrons3oBaHun Mozpenn PabeHca, KOTOpbIE MOKa3alH, YTO CHCTEMaTHdeckasl OIIMOKa
OTHOCHTEJIEHO MaJia IS TOJTyYeHHOTO 110 JJAHHBIM JIHalia30Ha JUIMH TPH 0CBOOOKICHUH.
Onenkn AGR, B KOTOpBIX HCHOIB30BATHCH MapaMeTpbl VB, paccumTaHHBIE TIO
MLPLB, 6putn Onuske, HO TO-TIPSKHEMY 3HAUUTEIBHO BBINIC CPCIHCH TCHICHIH B
HaOmonaBmmxcs 3Ha4eHusaX AGR 110 juinHe npy 0CBOOOKACHHH TI0 CPABHEHHIO C TEMH,
YTO OBUIH TTOJTyYEHBI 110 TTapameTpam, paccuutanHbIM B IWLS. Taxxke crenana mormpaska
JUISL MJTQJIINX Bo3pacToB (MeHee 5 jier) B Monenu VB, ¢ Tem 4ToOBI MONy4uTh OoJice
pEaTMCTUYHBIEC PACUECTHI CPEIHEN ATUHBI 0 BO3PACTaM JUTS MOJIOAH PHIOBI.

Resumen

Se aplicé un modelo de crecimiento de von Bertalanffy (VB) a los datos de la talla por
edad de la austromerluza negra (Dissostichus eleginoides) en Isla Heard (Divisién 58.5.2),
tomando en cuenta el sesgo de la muestra utilizada para la determinacién de la edad
atribuido a la respuesta de los peces. El submuestreo aleatorio de los datos de frecuencias
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de tallas (LF) utilizado para obtener muestras para la determinacién de la edad se hizo
por intervalos de tallas, tomando una muestra de tamafio predeterminado para cada
intervalo. La estimacién de los pardmetros de VB utiliz6 una definicién de la funciéon
de verosimilitud para el muestreo de probabilidad variable (VP), para tomar en cuenta
la selectividad predeterminada por la talla aplicable a la pesca de arrastre y el efecto
adicional del muestreo por intervalo de tallas en la probabilidad del muestreo. La curva de
VB ajustada a los datos de talla por edad sin tomar en cuenta el muestreo VP, suponiendo
que los errores son normales con un coeficiente de variacién constante aplicando una
ponderacién iterativa con el método de minimos cuadrados (IWLS) da como resultado
un promedio de la talla por edad bastante menor para los peces de mayor edad, en
comparacién con la curva de VB ajustada con una funcién de probabilidad de maxima
verosimilitud (MLP) para el muestreo VP y definiendo las probabilidades relativas de los
intervalos de tallas solamente mediante la selectividad de la pesca. Esto se debi6 a que
la selectividad disminuyé bruscamente, de la seleccion “total” para peces de 1 000 mm
de largo a una seleccién de 1% para peces de 1 600 mm de largo. Cuando se incluyen las
frecuencias del muestreo por intervalo de tallas en la definicién de las probabilidades
relativas, las curvas de la probabilidad de maxima verosimilitud para el muestreo VP
(MLPLB) y las curvas de VB estimadas con el método de minimos cuadrados ponderados
(IWLS) se asemejan maés.

Se compararon los valores pronosticados con los valores observados de la tasa de
crecimiento anual (AGR) correspondientes a las tallas medidas al liberar el pez y al volver
a capturarlo en los estudios de marcado y recaptura. Los valores pronosticados utilizaron
estimaciones de los parametros de VB obtenidas de los datos de talla por edad y la version
de Fabens (1965) del modelo de crecimiento de VB. Las férmulas desarrolladas para
ajustar el sesgo de los valores pronosticados por el modelo Fabens demostraron que éste
es relativamente pequefio para el rango de tallas de los datos sobre peces liberados. Los
valores de AGR pronosticados con los pardmetros de VB estimados con el método MLPLB
fueron mas parecidos (pero siempre bastante mayores) a la tendencia promedio de los
valores de AGR correspondientes a las tallas observadas al liberar el pez marcado que los
obtenidos con los pardmetros estimados con el método IWLS. Asimismo, se proporciona
un ajuste para los peces de menor edad (menores de 5 aios de edad) en el modelo de VB
a fin de obtener pronésticos mas realistas del promedio de la talla por edad para los peces
juveniles.

Keywords: response-biased sampling, variable-probability sampling, maximum
likelihood, Fabens model, young-age adjustment, CCAMLR

Introduction

Unbiased and precise estimation of popula-
tion-average length-at-age is important for the
assessment of fish stocks. Fisheries assessments for
Patagonian toothfish (Dissostichus eleginoides) for
each of the South Georgia and Heard Island pla-
teau (HIMI) regions carried out under the auspices
of CCAMLR using either the generalised yield
model (Constable and de la Mare, 1996, 2002) or the
integrated assessment framework, as implemented
in CASAL (Bull et al., 2005; Hillary et al., 2006),
require estimates of mean length-at-age and the
coefficient of population variation about the mean.
Therefore, prediction of population-average length-
at-age, where the population is defined as the wild
population in the area in which the population can
effectively be considered to be closed (i.e. minimal
emigration or immigration), is an important com-
ponent of the assessment approach for the HIMI
fisheries (Division 58.5.2) (SC-CAMLR, 2004).

Growth models for fish length, required for
fisheries management, are often fitted to length—
age data obtained by sampling fish from hauls,
measuring their length and then removing an oto-
lith or other hard part in order to determine age
by counting the number of annual growth ‘rings’.
Commonly, the von Bertalanffy (VB) growth curve
is used to describe the growth trajectory of popu-
lation-average length-at-age and is fitted through
the cloud of length-age points, given length as
the response variable. This approach assumes
that, conditional on age, the probability of sample
unit selection due to fishing (i.e. selectivity) does
not depend on length. However, if, for a particu-
lar length range, fish are less vulnerable to cap-
ture, then this assumption will be violated when
this (unconditional) length-based selectivity does
not operate indirectly through age-dependent
selectivity. This response-biased sample selection
will result in bias in the VB parameter estimates,
apart from any bias due to parameter-effects non-
linearity or intrinsic nonlinearity of the VB model

45



Candy et al.

(Ratkowsky, 1983; Bates and Watts, 1988). In con-
trast, age-dependent selectivity, where the uncon-
ditional probability of selecting an individual is not
constant across age, does not introduce any (addi-
tional) bias into the estimation of the VB param-
eters, since the VB model is conditioned on age.
For random subsampling from the haul, Goodyear
(1995) demonstrated empirically, using simulated
age-length data, that age-dependent selectivity
of fishing does not introduce bias into estimates
of mean length-at-age, and Candy (2005) proved
this result analytically; however, length-dependent
selectivity does introduce bias. The effect of length-
dependent selectivity on VB parameter estima-
tion has been studied by Troynikov (1999), Lucena
and O’Brien (2001), Taylor et al. (2005) and Candy
(2005). Troynikov (1999) used Bayes theorem to
define a maximum likelihood estimation proce-
dure for the VB model parameters incorporating
pre-specified length-dependent fishing selectivity,
which is appropriate if fish are sampled with equal
probability for ageing from the on-deck length-
frequency (LF) sample. Lucena and O’Brien (2001)
incorporated gear selectivity in their estimation of
the VB parameters by simply fitting separate VB
models to length-at-age data obtained from purse-
seine fisheries to that from the gill-net fishery for
bluefish (Pomatomus saltatrix) in southern Brazil.
More recently, Taylor et al. (2005) estimated the VB
parameters in the presence of size-selective fish-
ing, assuming that the length-bin frequencies of
catch-at-age are multinomially distributed, with
expected values dependent on growth parameters
and growth variation as well as simultaneously
estimated size selectivity, abundance-at-age, natu-
ral mortality and historical fishing mortality. This
approach considers the estimation of VB parame-
ters as part of an integrated approach to modelling
length-age frequency data in the complete catch
rather than just the aged random subsample. The
difficulty with this approach is that freedom from
bias in the estimated VB parameters is dependent
on the other model components also being correctly
specified. The level of precision at which these
other model components are estimated would also
undoubtedly affect the precision of the VB parame-
ter estimates. Also, individual fish lengths are not
employed in the estimation but are grouped into
length classes. The advantage of this method for
estimating growth parameters is that it simultane-
ously estimates the size-selectivity function along
with the VB model and other model parameters.
However, the model of Taylor et al. (2005) assumes
that the on-deck sampling scheme used to obtain
the age-length data is an equi-probability scheme,
which makes this model invalid for the response-
stratified sampling scheme described below.
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For most hauls there are far more fish than can
be measured in practice, even for the relatively sim-
ple measure of total length, so the haul is sampled
for lengths with a sample size of, say, N, for haul h
from which a further subsample of 7, fish is taken
for age determination. If a haul is considered to be
a sample itself, then the Nj, fish represents a sub-
sample and the 7, otoliths a sub-subsample. This
final sub-subsample, accumulated across all hauls,
provides the set of length-at-age data used to fit
the growth model. The first subsample for length
measurement is typically a simple random sample
giving equal probability of selecting any particular
fish in the haul with fish tallied into length bins;
this sample is denoted the length-frequency (LF)
sample. Although the sub-subsample of length-
and age-measured fish is also obtained randomly,
length-dependent probabilities may be involved in
selecting fish from the LF sample. One sampling
scheme that could be used is length-bin (LB) sam-
pling (Goodyear, 1995), whereby length bins of, say,
10 mm are used and a maximum number of fish
specified for a complete fishing season are retained
in each bin for age determination. In the statistical
literature this is called response-stratified (RS) sam-
pling (Jewell, 1985). This is an unequal probability
selection scheme and has different properties from
the scheme known as variable probability (VP)
sampling, whereby fish are selected by on-deck
sub-subsampling after all fish in the LF sample are
first allocated to length bins and a bin is then ran-
domly selected with probability given by a func-
tion of length, and a fish is drawn at random from
the selected bin. This process is repeated until the
required total sample size across bins is achieved.
Note that this sampling scheme could only feasi-
bly be carried out separately for each haul, how-
ever, operating such a VP sampling protocol at the
haul level would be impractical, requiring fishery
observers to keep the LF samples in sorted bins
during commercial fishing operations while sam-
pling was carried out. On the other hand LB sam-
pling of LF samples is easy to apply operationally,
since LF sampled fish subsampled for ageing are
accumulated into length bins progressively over
the fishing season as they are encountered and
sampling is discontinued for a particular bin when
the maximum predetermined sample size for that
bin is achieved.

Considering fishing as a sampling process, and
length-dependent fishing selectivity as the property
of this ‘sampling’” process that gives rise to fishing
being a variable probability (VP) sampling scheme,
is therefore distinguished from response stratified
(RS) subsampling of the on-deck LF sample with
the particular implementation of general RS sam-
pling that is described, denoted as LB sampling.



Length-bin sampling has been used to select fish
for age determination in the HIMI trawl fishery as
described later.

The maximum likelihood theory for estimat-
ing the VB parameters that is presented here is an
extension of that described in Jewell (1985) for RS
sampling which additionally incorporates VP sam-
pling due to fishing and length-dependent fishing
selectivity. Also, because for length-bin sampling
the bin sample sizes are fixed and not random as
in VP sampling, there is a distinction in theory
between VP and RS sampling. However, it is shown
that if a conditional maximum likelihood (ML) esti-
mator is used, this ML estimator turns out to be the
same irrespective of which of these two sampling
protocols is explicitly modelled. Estimation of the
trawl selectivity curve is described elsewhere and
assumed to be known for this study, with its most
important feature being a sharp decline in selectiv-
ity from 100% at 1 000 mm to 1% at 1 600 mm.

Predicted and observed values of annual
growth rate (AGR) for lengths measured at release
and first recapture in mark-recapture studies
were compared where predictions used the VB
parameter estimates obtained from the length-
at-age data and the Fabens (1965) form of the VB
growth model. Formulae for adjusting predictions
for bias imparted by the use of the Fabens model
were developed. These formulae used various
assumptions about both the distributions of the
unknown age-at-release and random fish-level
effects for asymptotic length (Francis, 1988; Wang
and Thomas, 1995).

Methods
Age-length data

For the HIMI Patagonian toothfish trawl fish-
ery, the sampling protocol for age determination
specifies that a maximum sample size of 10 fish for
each 10 mm length bin be sampled for the range of
lengths between 400 and 1 000 mm for a given fish-
ing season. For length bins outside this range, the
same restriction on sample size is made, but due
to the rarity of fish caught in these length bins, the
maximum sample size is usually not achieved.

Age-length data were obtained for three
research cruises carried out prior to 1997 and com-
mercial cruises from 1999 /2000 to 2002/03, giving
a total set of 3 196 age-length pairs obtained from
otolith readings. Otoliths were prepared, read and
validated using the methods described in Krusic-
Golub and Williams (2005) and Krusic-Golub et
al. (2005). The corresponding random length-
frequency samples for these research cruises were

von Bertalanffy growth model for toothfish

also obtained and combined with the data from
commercial cruises to give total length-bin fre-
quencies for both the age-length data and random
length-frequency data. The nominal date assumed
for ring formation was 1 December, and otoliths for
which there was an unacceptable degree of uncer-
tainty in the read age were removed from the data-
set. Ages were adjusted to account for time from
ring formation to capture date.

Mark-recapture data

For the mark-recapture program for the HIMI
trawl fishery, the total number of released fish that
were recaptured and measured for length at both
tagging and recapture was 1874 with releases
and recaptures taking place between April 1998
and May 2006. Lengths at release ranged from 431
to 1200 mm, with a maximum length of recap-
ture was 1317 mm. Days-at-liberty ranged from
1 to 2529, with 898 recaptures occurring after
175 days and 270 before 20 days at liberty. The
median value of days-at-liberty was 163. Only
mark-recapture length increments for which
the value of days-at-liberty was at least 175 were
employed, because this period gave a 0.9 probabil-
ity of a positive increment in length as determined
by Candy et al. (2005). Candy fitted a binomial/
logistic model to the binary data defined by (1 =
positive increment, 0 = zero or negative increment)
with predictor variable days-at-liberty.

Length-dependent selectivity function

The trawl fishing selectivity function used here
is described by the 4-segment function

2
P(L) = exp {0.0051L ~0.0494 (ﬁ) } . L>1030

=1 - 400_L,- 200 < L < 400
200
=1 . 400<L <1030
=0 ; L <200 1)

where P(L) is the probability of selecting, by fish-
ing, a fish of length L (mm) relative to the prob-
ability of observing, independent of fishing (if that
were possible), a fish of length L in the population.
The upper arm of the selectivity function (1) (i.e.
selectivity for lengths greater than 1 030 mm) was
estimated by Candy (2006) using random length-
frequency data from concurrent trawl and longline
fishing for this fishery for the 2002/03 to 2004/05
fishing seasons. The lower arm of the selectivity
function (1) (i.e. selectivity for lengths less than
400 mm) was not formally estimated but is based on
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general observation of the length-frequency data.
The selectivity function (1) is given in Figure 1. The
most important feature of this selectivity function
for this study is the sharp decline in selectivity from
100% at near 1 000 mm to 1% at 1 600 mm.

Growth model

Denote the expected value of length, L, given
age, A, assuming that L(™P) is a random length from
a theoretical random sample from the wild popula-
tion of fish, by n(A, 6) so that

E(L(POP) |A) =
(A, 0) = Ly, (1 - exp{-«(A - fp)}) 2)
and

LPP) = (A, 0) + &

where L is length (mm), A is age (years), 0 = (L.,
K, to) are the VB parameters corresponding to the
population-average asymptotic length, growth
rate, and age when length is expected to be zero
respectively, and ¢ is an error term assumed to be
normally distributed with zero expectation and
constant coefficient of variation (CV) where

Var{e | W(A, 0)} = o?u*(4, 6)

so that CV is given by 6. Assuming that the sample
of length—age data has sample selection probabili-
ties that are independent of length, then the above
model can be optimally estimated using an itera-
tively weighted least squares (IWLS) fitting algo-
rithm, where the statistical weights are the inverse
of the variances estimated at the previous itera-
tion’s estimate of 6.

Candy et al. (2005) described a young-age
adjustment to the VB model in order to obtain more
realistic predictions of length-at-age for fish below
age L. This adjusted VB model (VBA) is given by

E(L®er) | A) =
L., (1 - exp{-=i(A - ) )exp{5(A, 1) op (A-1)}  (3)

where

S(A,N)=1,A<)\
=0,A>\

and o and A are parameters to be estimated.
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Maximum likelihood estimation
under VP sampling of lengths

The likelihood is specified for the length-at-age
data under VP sampling using length bins deter-
mined by the length-bin sampling procedure and
sampling probabilities are determined by combin-
ing equation (1) and length bin relative sampling
frequencies.

The length bin (or strata as defined by Jewell,
1985) lower limits for subsampling the random LF
data for ageing are given by K; < .. <Kj< ... <K
so that a fish of length L is allocated to bin j (i.e. L €
B)) if Kj; < L < K; with endpoints defined as K, = 0,
K, = +o. Next, define the ratio of the probability of
a fish that is in length bin j being in the LF sample
to that for the wild population, using a step func-
tion approximation to equation (1) and the above
length bins as

pg.LF) EP}’Ob(L(LF) € Bj)/PVOb(L(Pop) € Bj) - P(K;)

where K; = (KH + Kj)/Z forj=2,...,r—1and as con-
venient endpoints set K; =K, ; +(K,_; -K,_,)/2

In the absence of length-dependent fishing
selectivity, then ngF) =1. Let the realised sample
size in length bin j for the total LF sample for a
given fishing season or the aggregate of a number
of fishing seasons be N; and let N = Z;:l Nj. Let
the subsample of the LF sample of fish selected for
ageing be denoted as n; and 1 = 22:1 n;. Length-
bin sampling specifies that some or all of the bins
have a fixed sample size of, say, m, so that unlike
simple random subsampling (i.e. equal probabil-
ity selection) of the LF sample, the expectation of
n;/n conditional on 7 is not equal to N;/N for length
bins with a pre-sampling fixed sample size.

Combining length bin relative sampling
frequencies with the selectivity function relative
probabilities gives empirical relative probabili-
. . + _ (LF)

ties of sample selection of p; =p;" 'n;N/ ( nN; ),
j=1,...,r. Since these probabilities are relative they
can be scaled, for example, so that pj = p; / p; for
j=2..rand pj=1 and define p z(pi,...,p:

and p' =(pi,...,p;) so that the term N/n no longer
appears in p’. Note that for the LF data the N; are
observed totals for the season(s) and not weighted
totals using statistical weights of the ratio of the
total weight of fish in the LF sample as a proportion

of the total weight of fish in the haul, as is common



practice in presenting a stratum-size weighted

total of LF data where each haul is considered a

sampling stratum. Following standard statistical

theory for binomial proportions, the unweighted

total of LF numbers in length bin j across hauls, N,

condltlonal on N, is a sufficient statistic for y; where
= Prob(L™D) € B)).

Therefore, if fish from the finite wild population
could be selected independently for age determina-
tion without replacement (but assuming the avail-
able population is very large compared to N) with
probability, relative to that of the wild population,
proportional to P;- (i-e.ify;isreplaced by N;/N while
noting that Prob(L*®) € B)) = n;/n), then under this
variable probability (VP) sampling scheme, and
assuming that the VB model (equation 2) is correct,
the probability density of the LB sample given age
is given by (Jewell, 1985)

fvp (L(LB) :l|A(LB) = “) =

pio[e/ {on(a,0)}]
> p | @[G;/{ou(a,0)} |-Gy /{on(a,0)}]]
;(leB]-|a; jzl,...,r) 4)

where ¢() is that standard normal density function,
®( ) is the corresponding cumulative density func-
tion and G; = K; - L,, (1 — exp{-«(a — tp)}).

It can be seen from equation (4) that replacing p*
by p’ does not change the probability density func-
tion (4).

If it is assumed that p’ is known, then maximum
likelihood estimation requires minimising the fol-
lowing negative log-likelihood with respect to (6, o)
after extending the notation in an obvious way,

~In{¢(6,6|L=L,A=a,p)}=
Zln 82(9)/{6H(ﬂi,9)}2+
5
ZZ ({ u(a;,0)} )+nln (m)
; (Glj i)/ {o (a,-,e)})—
+> . .In
2ian Z; LP ®(Gy;1(0,4;)/ {on(a,0)})
_Z,q”]ln(P})‘ (5)

The VP sampling scheme assumes that, although
n is fixed, the n; are random so that equation (4)
does not correctly describe the density of lengths
obtained by subsampling the LF sample using LB
sampling with the 1; fixed. However, Appendix 1
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shows that if the LB sampling process is modelled
directly and the parameters y; are replaced by their
sufficient statistics, then the conditional likelihood
(McCullagh and Nelder, 1989, p. 248) (i.e. condi-
tional on these sufficient statistics) is the same as
that give by equation (5).

Note that the last term in equation (5) does not
involve the VB parameters, but is included to allow
for the possibility that parameters defining P]( i
could be estimated simultaneously with the other
parameters. Although this is feasible for linear
models as outlined by Hausman and Wise (1981),
Candy (2005) noted, based on simulation stud-
ies, that in practice for the VB model such simul-
taneous estimation is not reliable, even under a
known simulation model. VB parameter estimates
obtained using the VP likelihood were calculated
using the nlminb’ function in S-plus (Insightful,
2001) and the ‘fitnonlinear” directive in GenStat
(Lawes Agricultural Trust, 2002) was used to cor-
roborate the ‘nlminb’ estimates and provide stand-
ard errors for parameter estimates which are not
available from ‘nlminb’.

Comparison of VB-predicted growth
to mark-recapture data

Growth predicted from the fitted VB model was
compared to observed growth increments from
mark-recapture samples. Since age is not meas-
ured for the majority of recaptured fish, empirical
annual growth rates (AGRs), R, given by

R=(L-L)/D

were used to carry out this comparison where D is
days-at-liberty divided by 365 and L, and L, are the
lengths measured at release and recapture respec-
tively. These observed values of R were compared
to predicted values from the VB model and corre-
sponding parameter estimates obtained from the
fit to the length-at-age data. The predicted value
of R can be obtained from a state-space or Fabens
(1965) formulation of equation (2) by predicting L,
conditional on L, and D so that

L.=L, {1 —[1 -f—] exp {-KD}} ve,

o0

where ¢, is a random error term. If the expected
value of L, conditional on L, and D is expressed,
suppressing the obvious dependence on VB para-
meters, as
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E(L.|L,,D)=

L, {1—[1—%}@{—@}}@(@ IL,) ©
then

E(R|L,,D)=

%[1—@(19{—@}}% )

Note that the expected value of R given by
equation (7) does not depend on the age of the fish
at tagging and recapture, but only on the difference
in time between these events and, further, equa-
tion (7) does not incorporate the VB parameter f.
Note also that if E(e.|L,) is not zero, then apply-
ing the Fabens form of the VB growth mode using
VB parameters estimated from length-at-age data
will give biased predictions of L. conditional on L,
and D. The theoretical problem Francis (1988) noted
with the Fabens model in the extreme case is that
if L, is greater than L., then growth predicted from
equations (6) and (7), assuming E(e, | L,) = 0, will be
negative whereas, in the absence of measurement
error, actual growth in length cannot be negative,
so that in this case E(e.|L,, L, > L,,) must be greater
than zero. The difficulty with evaluating E(e.|L,)
over the range of L, is that it requires assumptions
about the distribution of the unknown age-at-first-
capture. Appendix 2 gives a model-based inves-
tigation of E(e.|L,) using (i) a random-asymptote
version of the VB model that assumes that random
individual departures from an asymptote of L,
have zero expected value and (a) a uniform distri-
bution or (b) an unspecified distribution with zero
skew, and (ii) an exponential distribution for age-
at-first-capture that has a mortality rate parameter,
Ky, which is related to the VB parameter, x, for
each of the two cases k,, = 2k and «,, = ¥ (Francis,
1988). Assumption (i)(a) combined with (ii) allows
an analytical solution to E(e.|L,), while replacing
(i)(a) with (i)(b) is used to provide a second-order
approximation to this expected value, as described
in Appendix 2. From the results in Appendix 2
(equation All), it can be seen that this approxima-
tion assuming k,, = 2k is given by

=l
E(ec |Lr)5 262 (1_2%j(Lng L, +G2 L, L;?)Lr]

0

(1-exp{-«D}). ®)

Equation (8) shows that E(e.|L,) is only zero
when L, = 0.5L,, and is increasingly negative as L,
decreases below this value and increasingly posi-
tive as L, increases above this value. Appendix 2
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gives the corresponding second-order approxima-
tion when «,, = k (equation A12) and the exact for-
mulae for assumption (i)(a) for values of «,, of 2k
(equation A9) and « (equation A10). Jensen (1996)
derived a value of x,,, of 1.5k based on Beverton and
Holt invariants. Note that the mark-recapture data
do not contribute to the estimation of L, and « but
these data are only used to compare predictions
with observations using estimates of these para-
meters obtained from the length-at-age data.

The results section shows that accounting for
E(e.|L,) in equation (7) using equation (8) makes
only a slight difference to predictions of annual
growth for the range of L, in the data, compared to
predictions that assume E(e. | L,) is zero.

Results
Length-at-age data

Figure 2 shows the sample sizes of aged fish
and total length-frequency sample size aggregated
into 100 mm length bins from 200 to 1 800 mm.
Frequencies are plotted at the length bin midpoint.
These frequencies are totals over all fishing seasons.
Note that although the length-bin sampling rule
actually specified 10 mm wide length bins and was
applied with a fixed sample size of 10 fish sepa-
rately for each fishing season, the data were aggre-
gated both across fishing seasons and into 100 mm
bins. This was done to avoid the large number of
bins that had a zero sample size of aged fish when
the data were not aggregated in this way. The VP
maximum likelihood estimation used these 100 mm
length bins and sampling frequencies aggregated
across seasons. If aggregation across fishing sea-
sons had been unnecessary, then the log-likelihood
(equation 5) would simply be the sum of the log-
likelihood contributions for each season calculated
using season-specific values of p; (Candy, 2005).

Figure 3 shows length-at-age data and the IWLS-
fitted VB curve. Maximum likelihood estimates of
the VB parameters and the CV parameter, ¢, were
obtained using log-likelihood (equation 5) with
length bin relative probabilities determined either
from fishing selectivity alone (i.e. p; =P (K]’ )) (MLP
estimation) or by combining both fishing selectiv-
ity and length-bin sampling relative frequencies
(ie. p; =P(K})n;/N;) (MLPLB estimation). The
parameter estimates for the VB model (equation 2)
fitted using IWLS, MLP and MLPLB estimation
methods are given in Table 1, which also gives the
parameter estimates for the additional parameters
0p and A in the VBA model (equation 3). These last
estimates were obtained by MLPLB while fixing
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Table 1: ~ Growth model parameter estimates obtained for HIMI trawl fishery length-at-age data.
Fitting method Model parameters (SE)
Loo K tn (&%) A &)

IWLS 1975.5 0.03947 -2.3041 0.1069

(74.8) (0.0023) (0.1173) (0.0169)
MLPLB 2870.8 0.02056 —4.2897 0.1034

(286.6) (0.0027) (0.2056) (0.0141)
MLP 3129.8 0.02188 -2.7700 0.1095

(286.2) (0.0025) (0.1352) (0.0152)
MLPLB (VBA) 2870.8 0.02056 —4.2897 0.0400 5.1085 0.1012

(0.0034) (0.0602) (0.0148)

the estimates of 6 = (L, k, ty) to those obtained
from the fit of the VB model (equation 2) using
MLPLB. Figure 4 shows the fitted VB curves using
the above three estimation methods along with the
fit of the VBA model.

Mark-recapture data

Figure 5 shows the annual growth rates, R, from
the mark-recapture model versus length-at-release
for days-at-liberty greater than 175. Note that some
increments can be negative due to measurement
error. The predicted VB relationships using equa-
tion (7) and the IWLS and MLPLB parameter esti-
mates, assuming E(e.|L,) is zero, are also shown
in Figure 5, along with the fitted loess smoother
(Insightful, 2001, p. 435) with 99% confidence bars
shown at seven different release lengths. The pre-
dicted curves are not completely smooth due to
variation in predicted R caused by variation in
days-at-liberty. So although the observed annual
growth rates, R, shown in Figure 5 do not depend
on days-at-liberty, each observed value has an
associated value of D and the corresponding pre-
dictions from equation (7) can be seen to depend
on D. Some smoothing of the predictions in an
attempt to remove this variation, has been carried
out by averaging predictions across values of D for
each unique value of length-at-release and fitting
a spline smoother through these averaged predic-
tions.

The effect of adjusting predictions of annual
growth from equation (7) fornon-zero E(e. | L,) using
equation (8) is shown in Figure 6. Alternatively,
when equation (7) was adjusted using E(e. | L,) cal-
culated assuming a uniform distribution, U(-c, c),
for random deviations from L, using equation
(A9) in Appendix 2, and calculating c=/3cL,
(i.e. equating variances since the variance of V

. 1.2 _
given V~ U(—, c) is 3¢ ), gave very similar results

to those obtained using equation (8) (graphs not
shown). Figure 7 shows that the bias in L, given
by E(e.|L,) (1 - exp{-xD})! (see Appendix 2),
expressed as a percentage of L,, calculated for each
of the equations (A9) to (A12) given in Appendix 2,
was no greater than —2% for the observed range of
release lengths.

Discussion

The effect of the fixed sample size rule used for
the length-bin sampling on sampling frequencies
can be clearly seen in Figure 2 where, for the 400
to 1000 mm length range, sample sizes are con-
stant at near 500 (corresponding to approximately
100 fish per season for each 100 mm bin, since the
equivalent of almost five seasons were combined),
whereas the random length-frequency sample
shows a very peaked distribution for this length
range.

Figure 3 shows the good fit of the IWLS-esti-
mated VB curve to the observed length—age data,
but due to the combined effect of (i) the length-bin
sampling method and (ii) the length-dependent
fishing selectivity, these data do not fairly represent
the distributions of length-at-age for the wild popu-
lation, assuming in the case of (ii) that the selectiv-
ity function (equation 1) is valid. Note the relatively
small number of fish either greater than 1 000 mm
in length or greater than 20 years in age. This is due
to the combined effect of natural and fishing mor-
tality and the effect of trawl selectivity as quanti-
fied by equation (1). Figure 4 shows that if only the
effect of fishing selectivity is considered on length
bin relative probabilities, then the IWLS-fitted
curve underestimates mean length-at-age for ages
above 15 years. When length bin relative sampling
frequencies were also included in defining relative
probabilities, the maximum likelihood- (MLPLB)
and IWLS-estimated curves were more similar but
the former was ‘flatter” and gave slightly lower
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predictions of mean length-at-age for ages in the 8-
20 year range. This translated to larger predictions
for the MLPLB-fitted curve for ages below 5 years
and above 25 years. The predicted length-at-age-
zero is 242 mm (SE = 5 mm), which is unrealistically
large for post-larval fish compared to the value
obtained from the IWLS-estimated VB parameters
of 172 mm (SE = 5 mm). This could be interpreted as
a failure of the MLPLB-fitted curve to give realistic
predictions for these young ages, especially since
the assumed selectivity curve for the 200 to 400 mm
length range suggests that larger fish of a given age
in the wild population are over-selected relative to
their smaller cohorts for this young age range. This
apparent failure could also throw doubt on predic-
tions for ages above 5 years; however, it is not the
estimation method that is at fault, since Figure 5
shows that for the 400 to 1 000 mm length range,
the MLPLB-estimated VB parameters give better
predictions (i.e. closer to the curve obtained from
the loess smoother) of observed values of R from
the independent mark-recapture data than those
obtained from the IWLS-estimated VB parame-
ters. The problem lies in the inflexibility of the VB
model, given that it has only three free parameters.
If there is an early-age (i.e. below age 5) phase of
growth which is different from a later-age growth
phase, then extra model terms and parameters to
adjust the VB model are required. The VBA model
(equation 3) went some way towards rectifying
this problem (see Figure 4b) with a predicted mean
length-at-age-zero of 197 mm (SE = 5 mm).

Figure 5 shows that growth rates from mark-
recapture studies are lower, on average, than
expected from the fitted VB curves, and although
only data for days-at-liberty greater than 175 were
used, some component of D for the observed val-
ues in Figure 5 could be made up of a period of zero
growth after tagging (Xiao, 1994). Another possible
cause of this apparent bias could be that meas-
urement errors may not, on average, cancel out.
Therefore, if the error in recapture length minus the
error in release length is, on average, negative and
actual growth is close to zero, then this could result
in what appears to be ‘negative’ growth. Candy
et al. (2005) presented a method for adjusting for
these ‘nuisance’ effects on observed growth based,
in part, on the binomial /logistic model mentioned
earlier. Figure 6 shows that the bias in applying the
Fabens form of the VB model with VB parameters
estimated from length-at-age data is relatively
small. When the different adjustments for this bias
given in Appendix 2 were applied, it was found
that the absolute value of expected bias was small
as long as length-at-release did not approach the
estimate of the VB parameter representing asymp-
totic length.
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In work not described above, the length-at-
recapture data were combined with the length-at-
age data to provide a maximum likelihood esti-
mation procedure which simultaneously obtained
MLPLB estimates from the length-at-age data and
maximum likelihood estimates from the length-at-
recapture data conditional on the lengths-at-release
using the Fabens model. Separate error variance
parameters were estimated for each dataset. Since
the Fabens model conditions on length-at-release,
the corresponding error variance would be expected
to be much smaller than that for the length-at-age
data, which proved to be the case. Neither the
effect of fishing selectivity on the VB estimates for
the Fabens model, nor the different theoretical val-
ues of the L, parameter between the two models
that condition on either age or length-at-release
were considered. This is reasonable, since very few
lengths-at-recapture were greater than 1 030 mm,
which is the length at which fishing selectivity
starts to decline from 1, and for the restricted range
of lengths-at-release, given earlier results, any dis-
crepancy between expected values of L, is likely to
be small. If bias correction of the Fabens-based esti-
mate of L, is required, given the results in Figure 7,
then the linear distribution-free bias adjustment of
Wang (1998) would be a good approach to take (see
Appendix 2). The results of this maximum likeli-
hood estimation were not reported here, both for
brevity and because the estimation gave a close to
linear relationship between length and age, due to
an extremely large estimate of L, resulting from
the strong influence of the mark-recapture data.
This mean length-at-age relationship was not con-
sidered realistic, and reflects the limited range of
both length-at-release and days-at-liberty in the
data and the lack of a strong trend in growth rate
with release length (Figure 5). This lack of trend
is possibly due to the variable magnitude of tag-
ging ‘shock” on growth, so the above approach was
not pursued further here. More detail can be made
available on request (S. Candy).

If fishing selectivity is assumed to be age-
dependent rather than length-dependent, due for
example to ontogenetic movement of older fish to
deeper water beyond the depth range of the trawl
gear, then only the length-bin sampling relative
frequencies need to be considered for estimation,
since in this case p; =n;N/ (nN j). Here, it has
been assumed that any such movement is length-
dependent and this, when combined with possible
gear avoidance by larger fish due to their increased
ability to swim faster than the tow speed, results in
the under-selection of larger fish as quantified by
equation (1). The estimation method has been for-
mulated in a way that easily accommodates other
forms of selectivity function to equation (1) since



selectivity enters the VP log-likelihood (equatlon 5)
via the length bin midpoint values given by ng
Also, to some degree, the uncertainty in the selec-
tivity-at-length 1Ls taken into account since the p],
incorporating P; ’, are expected values so that the
marginal length-bin frequencies for the length-at-
age sample are realisations from a multinomial dis-
tribution about this expected value, as seen from
the last term in equation (5). This can be seen in
practice in Table 1 where the standard errors for
the MLPLB and MLP parameter estimates are sub-
stantially larger than those for the IWLS estimates.
However, uncertainty in the VB parameter esti-
mates due to any inaccuracy in the selectivity func-
tion parameter values, or due to mis-specification
of its functional form, are not accounted for. If it
were possible to estimate the P; ~ simultaneously
with the VB parameters either non-parametri-
cally or parametrically (i.e. via a selectivity func-
tion) using the length-at-age data alone, then the
uncertainty in selectivity could be fully accounted
for. However, Candy (2005), using simulation,
found that only if the correct VB parameters were
pre-specified and not estimated, could the P] ) be
reliably estimated from the length-at-age sample.
Also, ageing errors, in terms of their precision and
bias, have not been accounted for in the estima-
tion procedures and further research is planned on
quantifying the with- and between-reader ageing
error (D. Welsford, pers. comm.) in order to incor-
porate the precision of these errors into estimation.
To do this, methods developed for fitting non-
linear models with measurement error (Carroll et
al., 1995) could be incorporated into the VP likeli-
hood.

Simulation studies carried out by Candy (2005)
using lognormal errors (i.e. which have the same
variance-to-mean relationship as the constant CV
normal error model used here) showed that the
maximum VP likelihood estimator of the VB param-
eters was reliable given correctly specified values

of p] , and was superior to the other estimators
cons1dered, including that obtained using inverse-
probability weighted least squares (Pfeffermann,
1993). Also, considering length-bin sampling alone,
these simulation studies showed that length-bin
sampling of 100 fish per 100 mm length bin gave
considerably more efficient (i.e. lower variance)
estimates of mean length-at-age predicted from VB
parameter estimates when the VP likelihood was
used compared to ordinary least squares estimates
obtained using simple random subsampling of the
LF sample for age determination with the same
total sample size.

von Bertalanffy growth model for toothfish

In the general statistical literature, estimation
of regression model parameters under response-
biased sampling, where sample units are selected
with a probability that is a function of the response,
has been studied in the case of linear (DeMets
and Halperin, 1977; Hausman and Wise, 1981;
Jewell, 1985; Vardi, 1985; Pfeffermann, 1993), gen-
eralised linear (Chen, 2001) and multilevel linear
(Pfeffermann et al., 1998) regression. This study
and that of Candy (2005) are the first studies to con-
sider response-stratified sampling in the context of
fitting a non-linear model, and also the first studies
to consider the combined effects of two separate
response-biased sampling processes on estima-
tion.

Conclusions

A von Bertalanffy growth model with a young-
age adjustment was fitted to length-at-age data for
Patagonian toothfish caught by the Heard Island
trawl fishery, taking into account the length-bin sub-
sampling process used to select fish for ageing from
the random length-frequency samples, and also
taking into account an assumed length-dependent
fishing selectivity function. When predictions from
the Fabens form of the VB model were compared to
growth rates obtained from mark-recapture stud-
ies, although in general growth was over-predicted,
the model fitted using the definition of maximum
likelihood that incorporated variable probability
sample selection gave a greater correspondence
to the mark-recapture growth than that obtained
when sampling probabilities were ignored.
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Figure 1:

Relative selection probability, P(L), versus length, L, with upper arm estimated

by Candy (2006) and with assumed lower breakpoint and lower limb.
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sample (dashed line, triangles) and the subsample of aged fish (solid line, circles)
aggregated across five fishing seasons. Points shown at length bin midpoint.
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Figure 3:  Length-at-age data for HIMI trawl fishery and IWLS-fitted VB curve.



von Bertalanffy growth model for toothfish

1800 -

1600 -

1400

1200

1000 -

Total length (mm)

800

600

400

200

Figure 4(a):

! ! ! ! ! ! !
5 10 15 20 25 30 35

Age (adjusted) (years)

VB curves for a range of parameter values. These were for IWLS fit (dashed line),
MLPLB fit (solid line), and MLP fit (dash-dot line), MLPLB fit of the VBA model (dash-
dot-dot-dot line) (see Figure 4b).

500 —

450

400

350

Total length (mm)

300

250

200

1 2 3 4 5

Age (adjusted) (years)

Figure 4(b): VB curves for a range of parameter values for reduced length and age ranges. IWLS

fit (dashed line), MLPLB fit (solid line), and MLP fit (dash-dot line), MLPLB fit of the
VBA model (dash-dot-dot-dot line).
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obtained from equation (7) and VB parameters estimated using length-at-age
data combined with IWLS (dashed black line) and MLPLB (solid grey line) and
loess curve (solid black line) fitted to the observed values of R. Bars on the loess
curve represent 99% confidence limits.
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Annual growth rates, R, versus length-at-release showing smoothed predictions obtained
from equation (7) with VB parameters estimated using length-at-age data combined with
IWLS (solid black line) and MLPLB (solid grey line) and corresponding bias-corrected
predictions (dashed lines) obtained by combining equations (7) and (8).
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Figure7:  Bias in L, due to non-zero expected error expressed as a percentage of
the asymptote parameter versus length-at-release assuming: (i) a uniform
distribution for random individual-fish deviations from the population
average asymptote and mortality rate twice the VB rate parameter (dash-
dot line), (ii) as for (i) except mortality rate equal to the VB rate parameter
(dashed line), (iii) distribution-free random individual-fish deviations with
skew of zero and with mortality rate twice the VB rate parameter (dash-dot-
dot-dot line), and (iv) as for (iii), except mortality rate equal to the VB rate
parameter (solid line).

Liste des tableaux

Estimations des parametres du modele de croissance fondées sur les données de longueurs selon I'age
de la pécherie au chalut de I'HIMI.

Liste des figures

Probabilité relative de sélection P(L), en fonction dela longueur L. Les valeurs correspondant a l'intervalle
supérieur de longueurs sont estimées par Candy (2006), celles du premier intervalle de longueurs, et du
point de rupture sont basées sur des suppositions.

Nombre de poissons échantillonnés par intervalle de longueurs de 100 mm pour chaque échantillon
de fréquences de longueurs (tirets, triangles) et sous-échantillon de poissons dont 1’dge a été déterminé
(trait plein, cercles) agrégés sur cing saisons de péche. Les points indiquent le milieu de l'intervalle de
longueurs.

Données de longueur selon ’age pour la pécherie au chalut de I'HIMI et courbe de VB ajustée par les
IWLS.

Courbe de VB pour une série de valeurs paramétriques. Ces valeurs correspondent aux ajustements par
les IWLS (tirets), par le MLPLB (trait plein) et le MLP (tiret-point), ainsi qu’a 1’ajustement du modele de
VBA par le MLPLB (tiret-point-point-point) (voir figure 4b).

Courbe de VB pour une série de valeurs paramétriques correspondant a des intervalles de longueurs
et d’ages réduits. Ces valeurs correspondent aux ajustements par les IWLS (tirets), par le MLPLB (trait
plein) et le MLP (tiret-point), ainsi qu’a I’ajustement du modele de VBA par le MLPLB (tiret-point-point-
point).
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Figure 5: Taux de croissance annuels R, en fonction de la longueur a la remise a ’eau montrant les valeurs prévues,
lissées, obtenues par 1’équation (7) et les parametres de VB estimés au moyen des données de longueurs
selon 1’age combinées aux IWLS (tirets noirs) et au MLPLB (trait plein gris) et courbe loess (trait plein
noir) ajustée aux valeurs observées de R. Les barres sur la courbe loess représentent les limites de
confiance a 99%.

Figure 6: Taux de croissance annuels R, en fonction de la longueur a la remise a ’eau montrant les valeurs
prévues, lissées, obtenues par I’équation (7), les parametres de VB étant estimés au moyen des données
de longueurs selon ’age combinées aux IWLS (trait plein noir) et au MLPLB (trait plein gris) et valeurs
prévues correspondantes avec correction des biais (tirets) obtenues en combinant les équations (7)
et (8).

Figure 7: Biais de L,, dus a une erreur prévue non nulle, exprimés en pourcentage de 1’asymptote en fonction
de la longueur a la remise a I'eau, en présumant: i) une distribution uniforme des écarts aléatoires de
spécimens de poissons par rapport a I’asymptote moyenne de la population et un taux de mortalité du
double de celui dérivé du parametre de VB (tiret-point), ii) comme i) mais le taux de mortalité est égal
au taux dérivé du parametre de VB (tirets), iii) déviations aléatoires sans distribution, de spécimens de
poissons sans biais et avec un taux de mortalité du double de celui provenant du parametre de VB (tiret-
point-point-point), et iv) comme iii), mais le taux de mortalité étant égal au taux dérivé du parametre de
VB (trait plein).

Crucok Tadnul

Tabm. 1: OmueHKH mapaMeTpoB MOJIEIH POCTA, MOITYyUCHHBIE IO TaHHBIM O PACIpEIeNICHNH JJIMH 110 BO3pacTaM
npu TpajgoBoM npomsicie HIMIL

CIMCcOK PHCYHKOB

Puc. 1: OtHocuTenbHas BeposiTHOCTh oTOopa P(L) B 3aBucuMocTn OT JuMHBI L; BepxHss BETBb paccuuTaHa
Kanmm (Candy, 2006), a HIOKHSS TOYKA H3JI0MA ¥ HUYKHSSA BETBb PHHSTHL.

Puc. 2: KonnuecTBo pbIObI, 0TOOpaHHO# 10 MHTepBaiaM JIuHbBl 100 MM 1Sl Ka)XKJ0i BBIOOPKH 4acTOT JUIMH
(TyHKTHpHAS TUHUS, TPEYTOJIEHUKH ), H TIOBEIOOPKA PBHIOBI, BO3PACT KOTOPO OBLI OIpeesieH (CIUIONIHAS
JIUHUSL, KPYKKH), arperHPOBAaHHBIE IO MSATH IPOMBICIIOBBIM Ce30HaM. TOUKU COOTBETCTBYIOT CEpPEIUHE
MHTEpBaNa JINHBI.

Puc. 3: JlaHHble O pachpefeNeHuH JUIMH 10 Bo3pacTy Ui TpanoBoro npomsicia HIMI u kpusas VB,
monobpanHast mo IWLS.

Puc. 4(a): KpuBbie VB s paznuunbix 3HaueHHi napamerpoB. Kpusbie nomo6panst nmo IWLS (myHkTupHas
nnanst), MLPLB (cimommaas nuawst), MLP (tpuxmysktapHas nuaus), ¥ MLPLB B mogenmu VBA
(JTMHUS U3 MYHKTHPA C TpeMs ToYKaMK) (cM. puc. 4b).

Puc. 4(b): Kpuspie VB mms pasnuyHBIX 3HAYEHUH MapaMeTpoOB TPH MEHBINUX WANa3oHaX [UIMHBI U
Bo3pacta. Kpusbie nonodpanst no IWLS (nynxrupnast nuaust), MLPLB (cromnas nuuus), MLP
(wrpuxmyHkTHpHas auHNA), 1 MLPLB B Monmenmn VBA (7vHNS U3 IyHKTHPA ¢ TPEMS TOYKAMH).

Puc. 5: Esxerozinble TeMIibl pocTa R B 3aBUCMMOCTH OT JATTMHBI TIPH 0CBOOOKICHNH, TTOKa3bIBAIOIIHE CIIa)KCHHbBIE
pe3yabTaThl PacyeToB 0 ypaBHEHHMIO (7) 1 mapameTpaM VB, MomyueHHBIM 0 JTaHHBIM O PAaCTIpeIeICHUT
JUIMH TI0 Bo3pactaM B couetanuu ¢ IWLS (mynxrupnas yepnas aunust) 1 MLPLB (crmoninast cepast
JIMHWSA ), ¥ KPUBasi JIOKAIBHO B3BEIIEHHOH perpeccuu (loess) (CruromHas depHas JHHNSA ), TOI00paHHas K
HaOmonaBIMMest 3HadeHusIM R. «Ycbl» Ha KpuBoi loess mokasbiBatoT 99% 1oBepUTEIbHBIE TIPEIIEIBI.

Puc. 6: Exeronnple Temmbel pocta R B 3aBHCHMOCTH OT JUIMHBI IIPU OCBOOOXKICHHH, ITOKA3bIBAIOIINC
CIJIa)KEHHBIE Pe3yJIbTaThl PacueToB 1o ypaBHeHHIO (7) U mapamerpam VB, mosy4eHHBIM MO JAaHHBIM
0 pacrpeneNeHu  JIUH 10 Bo3pacTaMm B coderanmu ¢ IWLS (cmmommHas gepnas muaust) 1 MLPLB
(crutomHast cepast JIMHKS), ¥ COOTBETCTBYIOIINE PACUETHI C ITONPABKOW Ha CHCTEMAaTHYECKYIO OIIMOKY
(TTyHKTHpHBIE TUHUN), TOTYYCHHBIC ITyTeM KOMOMHUpOBaHUs ypaBHeHHH (7) 1 (8).

Puc. 7: Cucremarnyeckas ommoxa L, 13-3a OTIIMUHOM OT HYJISI 0XKH/JaeMOH OITMOKH, BEIpayKEHHast KaK ITPOLICHT
OT aCHMITOTHYECKOTO TapaMeTpa, B 3aBHCUMOCTH OT JJIMHBI NPH OCBOOOKACHHUM TIPH JIOITYIICHUH
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0: (1) paBHOMEpPHOM paclpeC/ICHHH MPUCYIIUX OCO0AM CIy4alHBIX OTKJIOHEHHM OT CpemaHei
ACHMITOTHI TIOMYJISIIMHU U KO3 (HUIMEeHTe CMEPTHOCTH, B JIBa pa3a MPEBBIIAIOIIEM TOT apameTp VB
(IUTpUXIyHKTHpHAS TUHAA), (i) KaKk a7 (i), 32 UCKIIOUYEHHEM TOTO, YTO KOA(PPHUINEHT CMEPTHOCTH
paBeH kodhduuueHTy B nmapamerpax VB (myHkTupHas nuHus), (iil) HenapaMeTpUuecKuX CIIydaifHbIX
OTKJIOHEHUSX, TPUCYIIUX OCOOSIM, C HYJICBBIM CMEIICHUEM U ¢ KOI(PQUIIMESHTOM CMEPTHOCTH, B [Ba
pas3a MPEeBBIMIAIONIMM ATOT Mapamerp VB (IMHUS W3 MyHKTHpa ¢ Tpems TOYKaMmu), W (iv) Kak s
(ii1), 32 UCKITIOYEHHUEM TOTO, YTO KOI(PHUIMEHT CMEPTHOCTH paBeH Kod(pPHIIMEeHTY B mapamerpax VB
(crmonTHAasT THHUS).

Lista de las tablas

Estimaciones de parametros del modelo de crecimiento ajustado a los datos de talla por edad de la
pesqueria de arrastre efectuada en HIMI.

Lista de las figuras

Curva de la probabilidad relativa de selecciéon P(L) en funcién de la talla L. Los valores correspondientes
al brazo superior a la derecha fueron estimados por Candy (2006), y los correspondientes al punto de
disminucién y brazo inferior a la izquierda se basaron en suposiciones.

Numero de peces muestreados por intervalo de tallas de 100 mm para cada frecuencia de tallas de la
muestra (linea entrecortada, tridangulos) y niimero de peces muestreados durante cinco temporadas de
pesca para la determinacion de la edad (linea continua, circulos). Los puntos fueron graficados en el
punto medio del intervalo de tallas.

Talla por edad para la pesqueria de arrastre en HIMI y curva de crecimiento de VB ajustada con el
método IWLS.

Curvas de crecimiento de VB para un rango de valores de los parametros, correspondientes al ajuste
con el método IWLS (linea entrecortada), el método MLPLB (linea continua), y MLP (linea de puntos
y rayas). El ajuste con el método MLPLB del modelo VBA (linea de rayas y tres puntos) aparece en la
figura 4(b).

Curvas de crecimiento de VB para un rango de valores de los pardmetros para tallas y edades menores,
correspondientes al ajuste con el método IWLS (linea entrecortada), el método MLPLB (linea continua),
MLP (linea de puntos y rayas), y ajuste con el método MLPLB del modelo VBA (linea de rayas y tres
puntos).

Tasas de crecimiento anual, R, en funcién de la talla del pez liberado, mostrando los valores pronosticados
suavizados obtenidos de la ecuacién (7) y estimando los parametros de VB mediante los datos de talla
por edad en combinacién con el método IWLS (linea negra entrecortada) y el método MLPLB (linea gris
continua). La curva LOESS (linea negra continua) representa el ajuste a los valores observados de R, y las
barras de esta curva representan el intervalo de confianza de 99%.

Tasas de crecimiento anual, R, en funcién de la talla del pez liberado, mostrando los valores pronosticados
suavizados obtenidos de la ecuacién (7) y estimando los parametros de VB mediante los datos de talla
por edad en combinacién con el método IWLS (linea negra continua) y el método MLPLB (linea gris
continua), y valores pronosticados correspondientes con correcciéon del error (lineas entrecortadas)
obtenidos mediante la combinacién de las ecuaciones (7) y (8).

Margen de error de L,, cuando se supone un error esperado distinto de cero, expresado como porcentaje
de la asintota en funcién de la talla del pez al ser liberado y suponiendo: (i) una distribucién uniforme de
la desviacién al azar de cada pez en relacién con la asintota del promedio de la poblacién y una tasa de
mortalidad igual al doble de la tasa derivada de los pardmetros de VB (linea negra de rayas y puntos), (ii)
al igual que (i) excepto con una tasa de mortalidad idéntica a la derivada de los pardmetros de VB (linea
entrecortada), (iii) desviacion al azar de cada pez sin sesgo y tasa de mortalidad igual al doble de la tasa
derivada de los parametros de VB (linea negra de rayas y tres puntos), y (iv) al igual que (iii), excepto
con una tasa de mortalidad idéntica a la derivada de los pardmetros de VB (linea continua).
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APPENDIX 1

SPECIFICATION OF THE LIKELIHOOD FOR THE AGE-LENGTH SAMPLE
UNDER RESPONSE-STRATIFIED SAMPLING ACCOUNTING
FOR LENGTH-DEPENDENT FISHING SELECTIVITY

The following theory is an expansion of that given by Jewell (1985) for response-stratified sampling for regression
modelling to account for length-dependent fishing selectivity.

The probability density function (PDF) of length conditional on age, considering the length-bin sample as a response-
stratified (RS) sample obtained by r independent sampling processes (i.e. one for each bin) in contrast to the VP
sampling protocol, described in the introduction, which has one sampling process only, is given by

frs (L =1|A™ =a) = 37 Prob(L™ =1,1 e B AP =a)

= 25 (A1)
where
(LEB), ALP)) is the set of random variables from the LB sample for length and age respectively (for the remainder for
probabilities A0 = a will be abbreviated to A0 and L0 = I abbreviated to L), s; = Prob(L*®) | LtP) e B;, A'P)), and b; =

P}:ob(L(LB) € B;| A®P). Specifying the density of length conditional on age for the wild population as f(L{%) = | APeP)),
then

1(Por) 1‘ A(P"p)jl (1) - )
sj = f( [KiaK;)
i IK; f( 1(Pop) _ 1‘ A(Pop)) i
h (A2)
where [ (L=1) is an indicator function given by
(KK
I[KH,K]')(L =)=1; Kiq << K;
=0 ; otherwise
and
Prob(A(LB)‘L(LB) eB]»)Prob(L(LB) eB]-)
b: =
: (LB)
Prob(A ) . .

Component s;, given by equation (A2), is easily determined from the theoretical distribution of length given age in
the wild population as specified by equation (2). Component b; is more difficult to specify, so each term in equation (A3)
is now specified in terms of known quantities and quantities to be estimated. First note that

n.
Prob(L(LB) IS Bj):—]/ Z;q”j =n,
» =

where the 7; are assumed to be fixed and therefore the proportions /7 are also fixed.
The other term in the numerator of equation (A3), in the absence of age-dependent fishing selectivity, is given by
Prob(A®® | LIB) e Bj) = Prob(APo) | LP) € Bj)

and further

Prob(L(POP) €B; ‘A(POP))Prob(A(POP))

Prob(L(P"”) ij)

Prob(A(POP)‘L(POP) € Bj) =
(A4)
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The denominator of equation (A4) is given by

Pmb(L(Pop)e B].)zlypmb(L(LF)e Bj)zl’ .
TR

(LF) N (N j N ) Yj
where ¥j = Prob (L € Bj) TN and C’ —Z] 25 ( I]< - ) (i.e. scaling the expected value of the LF sample probability
j

by the selectivity function). The first term in the numerator of equation (A4) is given by
Prob(L(P ) B]-|A(P "”)j =% f (L(P o) 1|A(” "P))dz
K,

so combining terms gives

b = 1ﬂP(K}) K; 1(Por) _ 4| 4(Pop) ) 4
S [ <i]ar) .

n; P(K5) k.
] P P
where C:Z;l?} (y )J.valf(L( op) :Z‘A( Dp))dl
] I

after noting that both the terms C” and Prob(A") / Prob(A"P) drop out of equation (A5) due to the scaling by C (this is
also the case for n which is removed below).

Therefore, after replacing the parameters y; by their sufficient statistics, N;/N; j=1,...,r, in equation (A5) gives
K e[ 1(Pop) _ 4| 4(Pop)
np(K) j , f(L _I‘A dl

TN rnP()

Sl A =

Earlier, the definition frs (L(LB )= I\A) = z;:lsjb i was given so that combining the s and b terms and carrying out the
summation gives

-1
n;P(K’ n;P(K"
L o S I

Since it was specified earlier that p; =n]-P(I<}»)/ N, then assuming (L") = | A) is the normal/constant CV density
function and conditioning on the N;, the negative log-likelihood obtained from equation (A6) for length and age
sampled under length-dependent fishing selectivity and length-bin subsampling is exactly the same as that for VP
sampling derived from f;,p(L® = 1| A) and given by equation (5). Note that since likelihoods condition on both L and
A, the indicator function I X (1) is known a posteria, so that the first summation in equation (A6) combined with the
indicator function values coéresponds in terms of the log-likelihood to the log of the individual bin-specific probabilities
(without summation) in equation (4). It was assumed above that the n; are fixed before sampling takes place and are
achieved in the sampling process for all length bins, but in the description of the sampling protocol used for the HIMI
fisheries, the nominal fixed sample size was not achieved in bins located in the tails of the length distribution (i.e. less
than 400 mm or greater than 1 000 mm). For these length bins where 1; is variable, the same conditioning argument can
be used for the likelihood as was done for the length-frequency sample proportions by conditioning on the sufficient
statistics for the proportions for these bins given by their realised sample values 7;/7.
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APPENDIX 2

INVESTIGATION OF BIAS IN PREDICTIONS OF MARK-RECAPTURE GROWTH
USING THE FABENS MODEL AND A RANDOM-ASYMPTOTE VB LENGTH-AT-AGE MODEL

In order to investigate more explicitly the expectation E(e. | L,) in equations (6) and (7), consider a random-effect
version of the VB model (equation 2) whereby the asymptote parameter L,, varies across fish according to a uniform
distribution between lower and upper limits of L., — ¢ and L, + c respectively, as in Francis (1988). Therefore a random
fish has a VB asymptote of L., + V where V is distributed as U(-c, c¢) and the expected value and skew of the distribution
for V are both zero. Note that with only one observation per fish, it is not possible to estimate the random effect V = v
simultaneously with the error term € in equation (2) in the following random effects model of length-at-release

L, = (L +0) (1 —exp{—K(A - tp)}). (A7)

Using equation (A7) to redefine equation (6) gives

(L, +0)

L. = (LOO-H;){l—(l— Ly Jexp{—KD}} +el

which can be re-expressed as

L, =L, {1—{1—5']exp{—@}} +v(1-exp{-xD})+ e, (A8)

‘00

It can reasonably be assumed that E(e'c L,) =0 for all values of L,. The expected value of L. conditional on L, and D

is now given, after re-expressing equation (A8), by
E(L.|L, D) =[L, + E(v | L,)I(1 — exp{-«D}) + L, exp{—«D}.

From the above, and from equation (6), then E(e. | L,) = E(v| L,)(1 — exp{-xD}). The distribution of V = v conditional
on L, can be expressed using Bayes theorem as

ARG
f( ‘Lr) fL(Lr)

The distribution of L, conditional on v, given (equation A7), depends on the unobserved distribution of age-at-first-
capture, A. If it is assumed that A has an exponential distribution given by

fA(A) = Kmexp{_KmA}

then the distribution of f;(L, | v) is proportional to

K
1 L,+v-L, |«
L,+v-L, L,+v .

Given that the unconditional distribution of v is expressed by fy/(v) = (2¢)7}, then combining these density functions
and ignoring constants gives

K _q

£(olL,) =" 1 [wa—L,JK

L,+v| Ly+v

where

K _

e [Leto-l, L
¢ Lo+v\ Ly+v
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and where

’

c=— ;Lo<L,-c
=L -L,;L,>L,—c.

If it is assumed that k,, = 2k then

E(o|L,,L, <Ly, —c) :J:vf(v\Lr)dv

Ny Loty (Lote), L,L, 1 (Lot L -
2c Ly—c) (Lyp+c)(Ly—c)||2c \Ly—c) (Ly+c)(Ly—c) (A9)

and

E(o|L,,L, 2L, —c) :'[LCfLw of (v|L, )do

_[(Lr +Lw)ln[L°2:rCJ+{Lr —(Ly, +C)}[1+ Lijcﬂ[ln[Lijcj_ - ‘LiLr:C)T

Note that the lower limit in the above integral for the case where L, > L,, — ¢ is L, — L,,, because for this range of L,
the value of v cannot be below L, — L,.. Note also that, given L, < L,, as ¢ approaches zero then E(v | L,) also approaches
zero. This is as expected, since when c = 0 then equation (A7) is entirely deterministic and the Fabens model is simply
an algebraic re-expression of the VB model. If it is assumed, as in Francis (1988), that «,, = «, then

E(o|L,,L, <L, —c) :J‘izvf(v\Lr)dv

[ " (Lwﬂl_%
2c LOO—C (AlO)

and

E(o[L, L, > L, —c)=[ ©

L of (oL, )do

~(L,-L, —c)[ln(Lijcﬂl L.

Note that the above formulae derived assuming «,, = k are different from those obtained by Francis (1988) using
the same assumptions.

It is unrealistic to assume a uniform distribution for V, so if it is assumed less stringently that V has an expected
value of zero, variance 012,, and 3rd (central) moment of zero, then V could be distributed as a normal. In that case,
relating equations (2) and (A7) shows that e = v/L,, so that 0'% =125 Assuming that V is normally distributed does not
allow an explicit formula for E(v | L,) to be specified as in the case above of a uniform distribution; however, for values
of L, that allow integration over the complete, or close to complete (i.e. L, < L,, - 3c,) range of V, then E(v|L,) can be
expressed as the ratio of two expected values, so that

J‘L e ( L, )f (0)do
_[LQO 2o, f(v|L,)f (v)do

{vf (o]L,) }
- E{f (o]}

E(v|L,,L, <L, -30,)=

. . L,+v-L
and approximating f ( \L ) 70 (i.e. assuming that «,, = 2k and noting that any constant terms cancel in the

(L, + v)

above ratio) by a second-order Taylor series approximation about v =0 gives
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25%fz;=0 (Lr ‘ ’0)
fz;:O (Lr ‘ ’U) + %G% z;/:O (Lr ‘ ’U)

-1
- —202[1—2”][% ;L’ +o2 Lo 23Lr]

where f;_ (L, |[v) and fy— (L, |0) represent first and second derivatives respectively, with respect to v evaluated at v = 0.
If alternatively it is assumed that «,, = «, then the corresponding expression to equation (A11) is independent of L,, since
f(v|L,) = (L, +v)! so that

E(o|L,,L, <L, -3c,)=

-26°L,,

E(v|L,,L, <L, —30,)=
(v‘r r < Gu) 1402 - (A12)

Wang and Thomas (1995) calculate the equivalent expression to E(L,, + v |L,) in their equation (7), but in applying
the general expression for this expectation they use the assumption that age-at-capture has a uniform distribution,
which is unrealistic for our case of a long-lived species (see also Wang, 1998). Also, they do not account, as has been
done above, for the fact that the integration range over which this expectation is evaluated depends on the value of
length-at-release. Wang’s (1998) estimated bias adjustment for the Fabens model is distribution-free and only assumes
a linear relationship between E(v|L,) + L,, and L,, but this relationship is not exactly linear for the entire range of L, in
any of the relevant formulae given above. However, the results section shows (see Figure 7) that for a range in L, that
does not approach L., Wang's linear relationship is a qood approximation. Even so, Wang’s bias adjustment must be
estimated simultaneously with the VB parameters (L., k) from the mark-recapture data, so its use is not appropriate
when simply comparing the observed AGRs to those predicted using the length-at-age based estimates of the VB
parameters.
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