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OBJECTIVES:

1. Develop an assessment framework in which population dynamics models that include
predator-prey interactions can be fitted formally to the data used conventionally to
provide scientific management advice as well as to diet composition data.

2. Apply this framework to data for Pacific cod, Atka mackerel, and walleye pollock in
the Aleutian Islands and compare the results with those from conventional single
species assessments.

3. Evaluate, by means of simulation, the ability to quantify the functional form of the
predator-prey relationship using the types of data and sample sizes available for the
Aleutian Islands region.

NON TECHNICAL SUMMARY:

The conventional approach used to conduct stock assessments for fish species in the
Aleutian Islands and Bering Sea assumes that the rate of natural mortality is independent
of time (and age). The approach therefore ignores the dynamical implications of multi-
species predation. This conventional approach is extended so that the dynamics of the
modelled species are impacted by predation (inter- and intra-specific). The parameters of
the extended population dynamics model include those determining recruitment, fishery
and survey selectivity, and the feeding functional relationship. The values for, and
uncertainty about, these parameters can be estimated by fitting the multi-species model to
data on catches, survey and fishery catch-at-age and catch—at-length data, survey indices
of abundance, and data on daily ration and the fraction of each prey species by length
and by weight in the diet of each predator species.

The multi-species model is applied to data for walleye pollock, Pacific cod and Atka
mackerel in the Aleutian Islands. The sensitivity of the outcomes from the assessment to
the form of the feeding functional relationship is explored by considering seven
alternative relationships (linear, Holling Types Il and Ill, predator inference, predator
pre-emption, Hassel-Varley, and Ecosim-like). Akaike's Information Criterion (AIC) is
used to select among these relationships. The results suggest that the predator pre-
emption feeding functional relationship provides the best fits to the data.

The results from the “best” multi-species model differ from those of an assessment that
ignores multi-species interactions in that the estimates of age-0 abundance and total
mortality for younger animals are generally much higher for assessments that allow for
multi-species predation. Trends in spawning biomass are generally robust to whether or
not intra- and inter-species predation is included in the assessment, but for Atka



mackerel at least, there are noteworthy differences in both trend and absolute levels of
spawning biomass. Estimates of the spawning biomass and age-0 abundance are also
sensitive to the choice of the feeding functional relationship, highlighting the importance
of considering several alternative feeding functional relationships and developing and
improving methods for selecting among them. The estimates of parameter uncertainty are
sensitive to the choice of the method for representing uncertainty, in particular there is
evidence that the model developed will need to be reparameterized if the Markov chain
Monte Carlo (MCMC) algorithm is to be used to sample parameter vectors from the
Bayesian posterior distribution for the parameters.

The results from the fits are used as the basis for a series of Monte Carlo simulations that
explore: a) the benefits of including multi-species predation in stock assessment models,
b) the power to select among alternative feeding functional relationships, and c) the
implications of different data collection schemes. The results suggest that the quantities
on which management reference points are currently based (e.g. spawning biomass) are
not greatly improved by including predation in stock assessment models. However,
estimates of the quantities needed to determine the amount of food available to predators
could be substantially improved by basing assessments on multi-species models. As
expected, increasing diet composition sample sizes leads to less biased and more precise
estimates of model outputs. However, the performance of estimation methods also
depends on the uncertainty associated with other model inputs such as catch, survey
indices of abundance and survey age-/length-compositions. The data are able to detect a
complicated (predator pre-emption) feeding functional relationship, but the ability to
correctly identify the simplest feeding functional relationship (a linear relationship)
remains poor even if sample sizes are increased, perhaps due to the fact that this feeding
functional relationship is nested within the other feeding functional relationships.

KEYWORDS: Atka mackerel, Aleutian Islands, Multi-species, Pacific cod,
Statistical Catch-at-age Analysis, Stock Assessment, Walleye Pollock



1. BACKGROUND / INTRODUCTION / STRUCTURE OF THIS
REPORT

Competition between Steller sea lions (Eumetopias jubatis) and fisheries for fish has been
posited as a factor contributing to population declines of the western (Aleutian) stock of
Steller sea lions in the late 1970s and 1980s (NRC, 2003). The three dominant groundfish
fisheries in the Aleutian Islands are based on walleye pollock (Theragra chalcogramma),
Atka mackerel (Pleurogrammus monopterygius), and Pacific cod (Gadus
macrocephalus). These species are also the main prey items of Steller sea lions in the
Aleutians, with overall frequencies of occurrence of 46.4%, 39.6%, and 16.1%,
respectively, in scat samples (Sinclair and Zepplin, 2002). Other potential marine
mammal predators of these fish include sea otters (Enhydris lutra), northern fur seals
(Callorhinus ursinus), Dall's porpoise (Phocoenoides dalli), harbor porpoise (Phocoena
phocoena), resident killer whales (Orcinus orca) and Pacific white-sided dolphins
(Lagenorhynchus obliquidens) (Perrin et al., 2002).

Changes in fisheries management have been implemented to reduce the conflict between
fisheries and marine mammal populations (Ferrero and Fritz, 2002). The consequences of
predator-prey interactions among the key fish populations (primarily predation by Pacific
cod on walleye pollock and Atka mackerel) need to be accounted for to enable reliable
predictions regarding the impact of management actions on the food available for marine
mammals to be made. However, at present, the assessment models for these species (e.g.
Barbeaux et al., 2003; Lowe et al., 2003; Thompson and Dorn, 2003), while based on
complicated age- and length-structured population dynamics models, do not include a
mechanism to allow for predator-prey interactions. A variety of multi-species models,
including EcoPath with Ecosim (EwE) and MSVPA have been applied to data for the
Alaska region (e.g. Livingston and Methot, 1998; Trites et al., 1999; Livingston and
Jurardo-Molina, 2000; Aydin et al., 2002; Ciannelli et al., 2004; Jurardo-Molina et al.,
2005a, b; Guénette et al. 2006). However, approaches such as EwE are not designed for
providing short-term tactical advice and models such as MSVPA are unable to represent
uncertainty and utilize data in the same way as the stock assessments presently used for
target species. There is a need therefore for a multi-species statistical catch-at-age
framework that generalizes current assessment techniques by utilizing catch, survey
index and survey age- and size-composition data as well as diet data for parameter
estimation.

Most current multi-species models can be categorized as “whole system” models or
“minimal realistic” models. “Whole system” models (such as EwE (Christensen and
Walters, 2004) and Atlantis (Fulton ef al., 2004)) tend to capture a broad range of species
(or groups of species) at the cost of the ability to represent species at the level of
resolution commonly incorporated in standard stock assessments models. These models
often have no (e.g. Atlantis) or limited (EwE) facilities for formal parameter estimation.
Rather than providing a basis for developing tactical management advice, these models
provide the ability to evaluate management options in a strategic sense. In contrast,
“minimal realistic” models focus on a small number of species, but model each species in
more detail than is possible or common when applying “whole system” models. The



number of species included in “minimal realistic models” can be chosen so that the bulk
of the predation on some key species of interest is accounted for (e.g. Punt and
Butterworth 1995). Approaches based on the “minimal realistic” model paradigm often
also include methods for formal parameterization and hence quantification of uncertainty.

This “minimum realistic modeling” approach to including predation in assessment
models has been used to model interactions among cod, capelin, polar cod, harp seals and
minke whales in the Barents Sea (e.g. MULTSPEC — Bogstad ef al., 1997; BORMICON
— Stefansson and Palsson, 1998); and among Cape hake, Cape fur seals and other
predatory fish off southern Africa (Punt and Butterworth, 1995). Northern boreal shelf
ecosystems are characterized by a relatively few species with strong interactions that
dominate the rest of the system (Livingston and Tjelmeland, 2000) making them ideal for
modelling using the “minimal realistic” modelling framework. For example, Livingston
and Methot (1998) incorporated predation by Pacific cod and northern fur seals on
walleye pollock into a single-species assessment of pollock in the eastern Bering Sea.
Their model also considered cannibalism on small pollock by larger pollock by means of
a Type I feeding functional relationship. However, since the assessment was for pollock
only, both predators were modeled as known “external forcing functions”. In reality,
however, there is uncertainty about the numbers of predators and their feeding functional
relationships.

The “minimal realistic modeling” approach has been selected for this project because:

1) this approach generalizes the current methods of stock assessment to include
predator-prey interactions, thereby facilitating direct comparison of the results
from this project with those from the current assessments of the three species of
interest;

i1) standard methods of fitting models and quantifying uncertainty can be applied;
and

ii1) the analyses focus on the species for which reliable data are available.

The report is structured around the three objectives listed in Chapter 2. Chapter 3
provides the mathematical specifications for how a standard stock assessment model (in
this case the package AMAK, which has been used by AFSC scientists to conduct stock
assessments of Bering Sea, Gulf of Alaska and Aleutian Islands fish stocks') can be
extended so that account can be taken of predation mortality and so that alternative
feeding functional relationships can be compared using standard model selection criteria.

Chapter 4 outlines the application of the modelling framework developed in Chapter 3 to
the actual case of walleye pollock, Pacific cod and Atka mackerel in the Aleutians
Islands, Alaska. The focus for the application was to obtain a baseline model that
adequately captured all the various data sources yet was nevertheless reasonably
parsimonious.

' AMAK employs an explicit age-structured model with the standard catch equation to fit to data on
catches, survey indices of relative abundance, and survey and catch age-compositions. It includes various
options for specifying selectivity-at-age and the relationship between stock and recruitment.



Studies that have involved fitting multi-species population dynamics models to data for
fish and marine mammal populations in the North Pacific (e.g. Livingston and Methot,
1998; Livingston and Jurando-Molina, 2000; Jurando-Molina et al. 2005a, b; Guénette et
al. 2006) and other regions (Punt and Butterworth, 1995; Schweder ef al. 1998; Bundy
and Fanning, 2005; Koen-Alonso and Yodzis, 2005) tend to suggest that the use of multi-
species models will lead to different conclusions than those from single-species models.
However, multi-species models typically require considerably more data than single-
species models, and often rely on more assumptions than their single-species
counterparts.

It might be anticipated therefore that multi-species models will lead to more accurate and
precise predictions when it is possible to: 1) correctly identify functional forms for key
biological processes and 2) estimate the values for the parameters for these processes
adequately. In contrast, it may the case that simpler models provide more robust
predictions than more complicated models (e.g. Ludwig and Walters, 1985). In the
context of multi-species models, it may be that models that ignore inter-specific predation
perform better at predicting many of the quantities of interest to management. Chapter 5
of this report therefore conducts a simulation evaluation of the approach developed in
Chapter 3 to assess the extent to which it is possible to select among alternative feeding
functional relationships and to provide more accurate and precise estimates of quantities
of management interest given the uncertainty associated with the data for the example
species. It also examines the value of different data collection strategies.

Chapter 6 of this report outlines some additional research priorities that arise from the
results of the analyses.



2. OBJECTIVES

The objectives for the study were:

1)

2)

3)

Develop an assessment framework in which population dynamics models that
include predator-prey interactions can be fitted formally to the data used
conventionally to provide scientific management advice as well as to diet
composition data.

Apply this framework to data for Pacific cod, Atka mackerel, and walleye pollock
in the Aleutian Islands and compare the results with those from conventional
single species assessments.

Evaluate, by means of simulation, the ability to quantify the functional form of
the predator-prey relationship using the types of data and sample sizes available
for the Aleutian Islands region.



3. MLMAK - A MULTI-SPECIES CATCH-AT-AGE ANALYSIS

3.1 Basic framework
The steps needed to formally include predator-prey interactions into a conventional
statistical catch-at-age stock assessment are:

1. The rate of natural mortality, M, needs to be made to depend on the abundance of
predators and prey through a feeding functional relationship. Mortality from
predators included in the model needs to separated from that due to factors not
included in the model (other predators, disease, etc.).

2. The likelihood function needs to include terms based on the diet composition
data. For the purposes of this project, the diet data are used to determine three
types of information about predation: a) the daily ration for each predator age-
class, b) the proportion of the total mass that each prey species (and “other prey”)
constitutes of the total mass consumed by each length-class of predator species,
and c) the length-structure of the prey consumed by predators of each predator
species and length-class.

3. The parameterization of the model, including the feeding functional relationship,
needs to be such that current single-species assessments (AMAK in this case) are
a special case of the model to enable statistically-based comparisons to be made
between single-species and multi-species assessments and among alternative
feeding functional relationships.

The following sections of this chapter outline the mathematical structure of the
population dynamics model (Section 3.2), how the values for the parameters of the model
are determined (Section 3.3), how it is possible to select among alternative functional
forms for predation mortality (Section 3.4), and how uncertainty can be quantified
(Section 3.5). This chapter avoids references to the specific details of the application to
walleye pollock, Pacific cod and Atka mackerel in the Aleutian Islands — these details are
provided in Chapter 4.

3.2 Population dynamics model
3.2.1 Basic dynamics

The numbers-at-age for the years y, +1,y, +2,..,», , where y, and y, are respectively
the first and last years considered in the model, are given by:

R
Er .
R, e ifa=0
Nk,a,y = Nk,a—l,y—lLk,a—l,y—l lfl S a< AL,k (3 1)
Nk,AL,wLyflLk,AL,/; Syt Nk,AL,k ,y—lLk,A]_’,( -1 ifa= AL,k
where N, is the number of animals of age a and species k at the start of year y,

Ry,  is the mean unfished recruitment for species &,

L., is the survival rate for animals of species k and age a during year y:



L =g He (3.2)

k,a,y

is the total mortality rate for animals of species & and age a during year y,

is the logarithm of the deviation from the mean recruitment for species k
in year y, and
is the oldest age considered for species 4.

3.2.2 Total mortality

The total mortality on animals of age a and species k during year y is due to: a) fishing, b)
predation by predators included in the model, and c) natural mortality due to factors not
included in the model, i.e.:

where P
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is the mortality rate for prey of species k and age a during year y due to the

modeled predators,
is fishing mortality rate by fleet f on animals of species & and age a during

year y, 1.e.:
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0 otherwise

is the observed catch (in weight) of species & by fleet f during year y,

is the logarithm of the mean fishing mortality rate by fleet f on animals of
species k over all years,

is the logarithm of the deviation from the mean fishing mortality for
species k and fleet / during year y,

is the selectivity of fleet f on animals of species k and age a during year y
(see Section 4.2.3), and

is the mortality rate for prey species k due to causes not included in the
model.

The mortality rate due to modeled predation during year y for prey of species k£ and age a,

[RE 1S:

Bc,a,y = Zl/kr,,uu,y (35)



where V' is the mortality rate during year y for prey of species k and age a due to
predators of species r and age u:

Vi, =N, 8, Vi (3.6)

r,u

i, 18 the predation rate due to an individual predator of species r and age u

during year y on “fully selected” prey of species £k and age a (see Section
4.2.1), and

7. 1s the selectivity of a predator of species r and age u for prey of species k

and age a (see Section 4.2.2).

3.2.3 Numbers of prey eaten, prey mass, and daily ration

The total number of prey of species k& and age a eaten during year y by predators of
species r and age u, £, , is given by:

Vr,ll
ru _ kay ~Ziay
Ek,a,y - k,a,y (l_e ) (37)

k,a,y

The number of prey of species k and age a eaten by predators of species r in length-class /
during year y is then:

B, =22 ) (3:8)

/

where y"*" 1is the age to length transition matrix for species r (the proportion of

animals of species » and age u that are in length-class /).

The mass of prey species k (including "other") consumed during year y by predators of
species 7 in length-class / , Q,:,’i , 1s given by:

0 =200 (3.9)

where O, is the mass of prey species k consumed during year y by predators of

species r and age u:

AL.k
z (E/:Zy Wi ) for modeled prey species k

Oy =4 (3.10)
o l_e—o;“) for "other" prey
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w is the mean weight of an individual of age a and species k in the
population,
O,"  is the mortality due to predators of species  and age u on "other" prey:

O =¢“N. 3.11)

(] ru,y

¢ is the predation rate by predators of species » and age u on “other” prey
(assumed to be independent of year), and
0, is the mass of “other” prey.

The model-estimate of the daily ration of a predator of species » and age u during year y
is given by:

f);’" - %(Z ot j /N, (3.12)
k

where N is the average number of predators of species » and age u during year y,

ru,y

approximated by:

X7 _ —Z,‘_,‘_V/Z
N,y =N,..e (3.13)
3.2.4 Initial conditions

Each species is assumed to be in deterministic unfished equilibrium at the start of the first
year considered in the model (year y,). Year y, is chosen to be one year before the first

year for which recruitment is estimated, i.e. yp, =y., — 4, +1 where y., is the first

year for which catch data are available for species £.

3.3 The objective function

The objective function consists of contributions from the data and from penalties. The
model is fitted to fisheries catches, age-compositions from fisheries, research survey
indices, age-compositions from surveys, and diet data from stomach samples. Three
sources of diet data are used to estimate the parameters of the predation model: a)
estimates of daily ration (total mass) required by each predator species at age, b) data on
the relative proportions of mass of various prey (including “other food”) in the diets of
predator species at length, and c) data on the relative proportions of /lengths of various
prey species in the diets of predator species at length.

The contribution of each of the data sources to the likelihood function is outlined below.

3.3.1 Data components in the likelihood function
3.3.1.1 Catches
The contribution of the catch data to the objective function is given by:



S
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L=Y| o }: }:1n(cgy/égny (3.14)

f=ly=ycu

is the (pre-specified) coefficient of variation of the catch data for species
k,

is the model-estimate of the catch (in mass) of species k by fleet f during
year y:

A F}Cfa ) ,
Zhwmudoﬂmq (3.15)
k,a,y

is the mean weight in fishery f of an animal of age a and species k during

year y, and
is the number of fisheries for species £.

3.3.1.2 Indices of abundance
The contribution of the survey indices of abundance to the objective function is given by:

where [ ;
sy

k,a,y

L, Zzth/“yp) (3.16)

s=l y

is the observed survey index of abundance for survey s, species k, and year
Vs

is the standard deviation of I} o

is the model-estimate of the survey index of abundance for survey s,
species k, and year y:

Ay g

_qszlia} ksa} k.a,y (317)

is the mean weight in survey s of an animal of age a and species & during

yeary,

is the selectivity of survey s on animals of species k and age a during year
v (see Section 4.2.3),

is the catchability coefficient for survey s and species &, and

is the number of surveys for species k.
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3.3.1.3 Fishery / survey catch-at-age data
The contribution of the fishery age-composition data to the objective function is based on
the assumption that the catch-at-age data are sampled multinomially from the catch, i.e.:

yL , AL'k , A s
L= % n/,>(4,,+0001)n(4,,+0.001) (3.18)
ko f y=yvc a=0
where nkf . Is the effective sample size for species £, fleet /, and year y,
A,-f’ o is the observed proportion that animals of age a constitute of the catch of
species k by fleet f during year y, and
jzl,f;a’y is the model-estimate of the proportion that animals of age a constitute of

the catch of species & by fleet f during year y, i.e.:

. N, S/
f _ k,a,y~k,a,y
T S — (3.19)
f
z Nk,h,ySk,h,y
h=0

The contribution of the survey catch-at-age data to the objective function follows
Equation 3.18, except that the model-predictions are based on the survey selectivity
pattern rather than the fishery selectivity pattern.

3.3.1.4 Fishery / survey catch-at-length data

The contribution of the fishery length-composition data to the objective function is based
on the assumption that the catch-at-length data are sampled multinomially from the catch,
Le.

L= > nl,>(4],,+0.001)n( 4/, +0.001) (3.20)
kK f

where n; ,is the effective sample size for species £, fleet £, and year y,

A’/ is the observed proportion that animals in length-class / constitute of the
catch of species £ by fleet f during year y, and

,’c,',’ , is the model-estimate of the proportion that animals in length-class /
constitute of the catch of species & by fleet f during year y, i.e.:

A=A ) (3.21)

The contribution of the survey catch-at-length data to the objective function follows
Equation 3.20, except that the model-predictions are based on the survey selectivity
pattern rather than the fishery selectivity pattern.
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3.3.1.5 Predator daily ration

The estimates of daily ration are assumed to be log-normally distributed, i.e. ignoring
constants independent of the model parameters, the contribution of the estimate of the
daily ration for a predator of species » and age u to the objective function is given by:

B (ln Qr,u _ ln 5r,u )2

L
’ 20;

(3.22)

where ST)”” is the average over the years included in the model of fl’y” ,
Q" s the observed daily ration (in kgs) of prey biomass needed to support a

predator of species » and age u, and
o, is the (assumed) variance of the logarithm of the daily ration.

3.3.1.6 Predator prey mass-composition

The data on the proportion by length-class of various prey species, include “other food”
in the diet of each predator species is assumed to be multinomially distributed, i.e.
ignoring constants independent of the model parameters, the contribution of the mass-
specific breakdown of the diet to the objective function is given by:

L=2.2.2.8) Ym0y, (323)
ro 0y k

where Q,:j is the model-estimate of the fraction of the diet (in mass) during year y of
a predator of species 7 in length-class / that consists of prey species 4:

0, =00 / > 0, (3.24)
-

r,l

g, is the effective sample size for the diet data on prey mass for predator

species r and length-class / during year y, and
w,::i is the observed proportion which prey species k constitutes of the diet

during year y of predators of species 7 in length-class /.

3.3.1.7 Predation prey length-composition

The data on the length-composition of the diet of various prey species in the stomachs of
each length-class of predator is assumed to be multinomially distributed, i.e. ignoring
constants independent of the model parameters, the contribution of the length breakdown
of each prey-species in the stomachs of each predator species to the negative of the
logarithm of the likelihood function is given by:

L= >>H!"> ¢! InT"! (3.25)
r ! k m
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where H ,:” is the effective sample size for the diet data on lengths of prey of species k&
for predator species  and length-class /,
7,7 is the observed fraction which animals in length-class m make up of the

component of the diet of predators of species » in length-class / that is
made up prey of species k,

T~k',f1 is the model-estimate of the fraction which animals in length-class m make

up of the component of the diet of predators of species 7 in length-class /
that is made up prey of species £:

r,l r,l k,a,m
Z”‘y Z(Ek,a,yl )

T = l (3.26)
z n, z Ek",a',y
y a'
n””' is the number of stomachs from predators of species 7 in length-class / that

were sampled during year y.

3.3.2 Model Constraints
In addition to the contributions to the objective function based on data, the values for the
parameters of the model are constrained based on penalty functions.

3.3.2.1 Recruitment
Two penalty functions pertain to recruitment. The first penalty function is based on the

assumption that the recruitment deviations for the years prior to a pre-specified year y; ,
are normally distributed about a mean of 0, i.e.:

VE & 2

A, =z[2(au 7 > (&) + (Vs —es +l)ln(0'R,k)} (3.27)
k A V=IRk

where oy, is the (assumed) standard deviation of the fluctuations in recruitment.

The second recruitment penalty is based on a stock-recruitment relationship, i.e.:

VL A 2
A=Yy (lnNk,y,O—lan,y+(0'R’k)2/2) + (L —yee +DIn(oy, )| (328)
k| 2 GR’,() Y=Ves

where f(’k, , 1s the model-estimate of the number of age-0 animals of species & at the
start of year y, i.e.:

b - 4hRy, B,
“ (1=h)B,, +(5h, ~1)B

k,y

(3.29)
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B, , is the spawning biomass of species k during year y:
A i
B, = (Z Oy My Nia, j Ly (3.30)
a=1
}%( is the steepness of the stock-recruitment for the species k£ (the expected
recruitment when the spawning biomass of species & is reduced to 20%
of that in an unfished state, B, ),
AL,/:
BO,k = (z a)k,an/lk,aNk,a,yP j(Lk,a,yP )pk (33 1)
a=1
oy, 1s the weight, at the time of spawning, of an animal of age a and species
k,
m, is the proportion of animals of species k and age a that are mature, and
o is the fraction of the year in which spawning occurs for species k.

3.3.2.2 Fishery / Survey Selectivity

If selectivities are modeled using a separate selectivity coefficient for each age and year
(as opposed to being calculated from a logistic curve), a penalty is placed on the second
differences of the deviations from one age to the next in a given year:

Ay =2

A= A (Wi + 0 a = 200 ) (3.32)
k f y a=0

where 4,  is the weight assigned to this penalty for species &, and

n,{;y’a is the logarithm of the selectivity for animals of species k and age a during

year y by fleet f.

A penalty is also placed on the average selectivity deviation over all years and ages for
each combination of fleet and species, to force selectivity to tend to be flat, i.e.:

A =3203 (7 ) (3.33)
k f

where 7/ is the mean selectivity deviation for fleet f'and species k over all years and
ages.

Penalties analogous to Equations 3.32 and 3.33 are imposed on the survey selectivities.
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3.3.2.3 Fishing mortality

A weak penalty is placed on fishing mortality during the early phases of the estimation
process. This penalty constrains fishing mortality for each year and species to be 0.2yr .,
Le.:

2
A, =0001F Y (Ze“k’ "o —0.2] (3.34)

k y=yci f

A penalty is also placed on the average fishing mortality deviation over all years, i.e.:
A, =203 (5) (3.35)
k S

where z/ is the average fishing mortality deviation over all years for fleet f and

species k.

3.4 Model selection

A wvariety of approaches have been developed historically to model predator-prey
interactions (May et al., 1979; Berryman, 1992; Skalski and Gilliam, 2001) based on how
a predator's feeding rate is assumed to respond to changes in prey and predator densities
(i.e. the feeding functional relationship). A variety of alternative forms of predator
functional response, from simple linear to more complicated representations, have been

proposed and compared using data from fisheries and similar sources (e.g. Koen-Alonso
and Yodzis, 2005).

AIC (Burnham and Anderson 2000), a likelihood-based method for selecting among
models, is used to select among alternative predator-prey feeding functional relationships
for a given combination of assessment and predator-prey data for the three stocks.
Alternative methods (such as DIC, Spiegelhalter et al. 2002, and the Bayes Factor, Kass
and Raftery, 1995) were examined as potential ways select among alternative models, but
the values for the quantities needed to use these methods proved to be too unstable.

3.5 Quantifying uncertainty

Comparisons are made between outputs from models that are based on different data
sources (e.g. models with and without diet data). AIC and similar methods cannot be used
for this purpose because these methods require the models to be based on the same data
set. Instead of comparing models based on different data sets using model selection
methods, the point estimates of various derived outputs (e.g. estimates of annual
recruitment and spawner biomass) and their estimated uncertainty are compared.

Ideally, the uncertainty associated with the model outputs from different model
formulations could be compared using posterior distributions obtained from the Markov
chain Monte Carlo (MCMC) algorithm (Hastings, 1970; Gelman et al., 1995). This
algorithm explores the posterior distribution by starting from a pre-specified vector of
parameter values (with its associated posterior density). It uses a "jump function" to
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select a new set of candidate values for the parameters and, based on the ratio of the
posterior density at the new point to that for the current point, decides whether to move to
(“accept”) the new point (the probability of moving is defined by the ratio of the two
posterior densities) or to reject it. If accepted, the algorithm resumes from the new point,
otherwise, it resumes from the current point. The posterior distribution (specifically the
uncertainty associated with various model outputs) is quantified by summarizing the set
of points that are accepted. Although conceptually straightforward, application of the
MCMC algorithm for a real problem requires careful consideration of model
parameterization and whether the algorithm has been run for sufficiently long that it has
converged adequately, so that the accepted points are a random sample from the posterior
distribution. Whether convergence has occurred is examined by applying the diagnostic
statistics developed by Geweke (1992), Heidelberger and Welch (1983), and Raftery and
Lewis (1992) and by examining the extent of auto-correlation among the samples in the
chain.

Although it was possible to determine posterior distributions for the model outputs for
some of the model configurations using the MCMC algorithm, this was computationally
infeasible in general. Rather than relying on MCMC for all cases, the uncertainty
associated with the model outputs was also determined using asymptotic methods and
(parametric) bootstrapping.
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4. APPLICATION TO ALEUTIAN ISLANDS POLLOCK, COD, AND
ATKA MACKEREL

The conventional catch-at-age-based stock assessments for walleye pollock, Pacific cod
and Atka mackerel (e.g. Barbeaux et al., 2003; Lowe et al., 2003; Thompson and Dorn,
2003) are age-structured (although selectivity for Pacific cod is length-based). Recent
assessments of pollock and mackerel have been conducted using AMAK while cod
assessments (for the entire Bering Sea and Aleutian Islands region) have been based on
the assessment package Synthesis. These assessments include specifications for the
population dynamics model and the observation model, but contain no predator-prey
interactions and do not make use of information on diets based on stomach samples.

This Chapter contrasts assessments of the three species based on a single-species stock
assessment method with those based on MLMAK. Sections 4.1 and 4.2 outline the data
on which the analyses are based and the additional specifications needed to implement
MLMAK for Pacific cod, Atka mackerel and walleye pollock in the Aleutian Islands.
Section 4.3 outlines how the various data sources are weighted and how the parameters of
the model in Chapter 3 are estimated. Section 4.4.1 contrasts the seven alternative feeding
functional relationships and uses AIC to identify a best model, Section 4.4.2 assesses the
extent to which the “best” model can mimic the available data, and Section 4.4.3
compares the outputs from the selected multi-species model with the single-species
assessments. Section 4.4.4 evaluates the precision of the estimates of two key
management-related quantities using the three methods of determining parameter
uncertainty outlined in Section 3.5.

4.1 Data used

MLMAK uses two sets of data types: one set that is assumed to be subject to
measurement error and a second set that is considered to be known exactly. Appendix A
outlines the data on which the analyses of this Chapter are based and the sources for those
data. The bulk of the data are those on which the single-species assessments for walleye
pollock, Pacific cod and Atka mackerel have been based. However, the data also include
information on the breakdown of the diet for each modelled species in mass by prey
species, the length-frequency of each of the modelled species in the diets of each
modelled predator species, and the daily ration for each predator age-class.

The analyses are based on there being one fishery for walleye pollock and Atka mackerel
and three fisheries (trawl, longline and pot) for Pacific cod. The assessments are based on
a single survey for each species (which provides age-composition data for pollock and
mackerel, and length-composition data for cod).

4.2 Additional model specifications

4.2.1 Predator functional response

Seven alternative forms ("Types") of predator functional response (the predation rate by
an individual predator at a given density of prey and predators — see Eqn 3.6) are
considered. The first (Type I) is a simple linear response:
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oy =07V (4.1)
Where v, is predation mortality due predators of species » on prey of species &, and

0"  determines the extent to which predation mortality changes with age (in
the absence of fluctuations in predator and prey numbers for those feeding
functional relationships that depend on predator and prey numbers):

0" =1+0"@d" (u+a") (4.2)
o8 is fraction by which predation mortality is higher at age 0 than at infinite
age, and
o' determines the rate at which predation mortality drops with age.

The six alternative predator functional responses (Skalski and Gilliam, 2001; Koen-
Alonso and Yodzis, 2005) are’:

Holling Type 1I:

s [1 +17,f]
AL A S | 43a
¢k,a,y 1_"_‘7/); ®;‘/,u ( )

where @'" is the number of prey available to predators of species  and age u during

year y relative to the number in year y,:

Z(Nk,a,yyl:,’g )

Q=22 4.4
" (W i) e

Equation 4.3a is parameterized so that v, 8" is the predation mortality due to predators

of species r and age u on “fully-selected” prey of species k in an unfished state (i.e.
O =1).
y

Holling Type III:
o _ VI:H’W (1 + \7,2 )((D;u )5/C?1

ka,y —

(4.3b)

S5

1+\7,j(CD;’“)

? For ease of presentation, the same symbols (v, ¥/ , \52 and O] ) are used for the parameters of these
functional responses, even though these parameters do not have the same meaning for each form.
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Predator interference:

r r,u ~r
» A [1 +v, }

k,a, = ~ =
Y (W -1)

(4.3¢)

where ‘P’;’” is a measure of the number of predators who would consume prey of

species k and age a during year y relative to the number in year y,:

2ANwuin)
TR (4.4b)

> (N, 752

r,u

Predator pre-emption:

e V0™ [ 1+ ]

S (v @ 145 (i -1)] (43d)
Hassel-Varley:

o[ 1a i
= .Vk. [Hkl, (4.3¢)
For + ()"

EcoSim:

oo u0” (4.30)

ka,y — ~
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4.2.2 Predator-prey size selectivity
The selectivity by predators of species » and age u for prey of species k and age a is
modeled using a gamma function:

rie=(GrniG)' exp| (Gt ~G) 1 7] (4.5)

where G;’, is the logarithm of the ratio of the expected length of an animal of species
r and age u to that of an animal of species &k and age a,
G = (a" - 1) B’ is the value of G, at which predator selectivity is 1, and

a’, B are the parameters of the predation selectivity function for predator species
r.
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4.2.3 Fishery and survey selectivity

Selectivity varies between the surveys (Eqn 3.17) and the fisheries (Eqn 3.4) for each
species and can be modeled using one of two approaches: 1) an asymptotic logistic curve,
or 2) age-specific coefficients. In the former case, time-varying selectivity can be
modeled using logistic curves for pre-specified periods of years, while in the latter case
time-varying selectivity can be modeled by estimating age-specific coefficients for
periods of years. Selectivity for species & is assumed to be independent of age above age
A

M,k *

Asymptotic logistic selectivity is modeled as:

1
Sty = [— Py J (4.6)
I+e ™4 Y

where A/ B{, ) are the parameters of the selectivity pattern for fleet / when it

k,y°
fishes for species k during year y.

Age-specific coefficients for fishery selectivity are modeled as:

e”;';a
Sf _

kay —

ifa<d,, @.7)

f .
JRUE otherwise

An analogous set of equations to equations 4.6 and 4.7 are used to model survey
selectivity.

4.3 Model parameterization

Age-specific selectivity for the pollock, mackerel and the three cod fisheries is modeled
using the "selectivity coefficients" approach (i.e. estimable selectivity parameters for
each age-class). Fishery selectivity is allowed to vary over time for mackerel (i.e. an
estimated selectivity parameter for each age-class and year), but not for pollock or cod.
Selectivity for the trawl fishery for cod is assumed to have changed in 1993 (based on
changes in the length-frequency of the catch by the trawl fleet at that time) although the
selectivity patterns for the longline and pot fisheries for cod are assumed to be time-
invariant. Survey selectivity is modeled using the "selectivity coefficients" approach for
all three species and does not vary over time. Fishery selectivity is assumed to be flat
above age 12 for pollock, and age 10 for mackerel and cod (i.e. A4, for the fisheries is

12 for pollock and 10 for cod and mackerel) while survey selectivity is assumed to be flat
above age 10 for all three species.

Table 4.1 lists the parameters of the population dynamics model for the application to
Pacific cod, Atka mackerel and walleye pollock. The application is based on setting the
plus-group age-class, 4, ,, to 15yr, 15yr and 12yr respectively for pollock, mackerel and

cod. The first year included in the penalty related to the stock-recruitment relationship



22

(yg, in Equation 3.28) is set to 1978 for pollock and cod, and 1977 for mackerel, based
on the specifications in the original AMAK and Synthesis assessments.

The pre-specified parameters of the population dynamics model include the steepness of
the stock-recruitment relationship (set to 0.6 for cod and pollock and 0.8 for mackerel),
the survey catchability coefficient (set to 1), the natural mortality rate for cod (0.37yr"),

and the logarithm of the mass of “other” prey (/nQ, =9.32). The values for steepness

and survey catchability are set to the values for the single-species assessments. Unlike the
situation for cod and mackerel, the natural mortality rate for cod is pre-specified. This is
because there are no age-composition data for cod on which estimation of this parameter
could be based.

The analyses of this chapter are based on selecting the same predation function for all
three species, primarily for ease of presentation.

4.3.1 Data weighting

The effective sample sizes assigned to the fishery age-compositions for pollock and
mackerel (Tables A.2 and A.3) are set to the values used in the 2003 stock assessments
while the effective samples size for the cod length-frequency data were chosen so that the
impact of the penalties on selectivity (Equations 3.32 and 3.33) does not dominate the
estimation of selectivity. Application of the approach of McAllister and lanelli (1999)
leads to values for the effective sample sizes larger than this. However, adopting such
effective sample sizes could lead to over-weighting the fishery length-composition data
for cod. The effective sample sizes for the survey age-composition data for pollock and
mackerel are also set to the values assumed in the assessment, while the effective sample
sizes for the cod survey length-frequency data are set to 200. The standard deviation for
the observation error about the catch biomass data (o) is set to 0.05 to ensure that the

model mimics the historical removals closely.

The effective sample sizes for the diet data are set to the minimum of the number of
stomachs examined and a maximum of 20. This is to prevent years in which large
numbers of stomachs were examined (see, in particular, Tables A.12, A.14, A.16) from
dominating the fits. The standard deviation of the logarithm of the diet data, o, is set to
0.05. This value is essentially arbitrary, but was chosen to ensure that the predation
model mimics the daily rations well.

The value of parameter that determines the magnitude of the penalty on the second
derivative of the selectivities (4, ,; Eqn 3.32) is set to 0.2 for the fisheries for cod and

pollock, and 0.4083 for the fishery for mackerel; the values for this parameter for pollock
and mackerel are taken from the 2003 assessments, while 4, , for cod is set equal to that
for pollock. The value for A, for the survey selectivities is set to 0.25 for all three

species. Weak penalties are imposed on the parameters that determine the predation
functions to ensure that they do not tend to infinity for those cases in which the data are
sparse or predation interactions appear weak (e.g. mackerel consumption of cod).
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4.4 Results and discussion

4.4.1 Selection of a base-case model

Table 4.2 contrasts seven predation models based on different choices for the feeding
functional relationship using AIC. The “predator pre-emption” feeding functional
relationship (see Eqn 4.3d) leads to the best fit to the data according to AIC; the
remaining models lead to fits that differ from that for Eqn 4.3d by 300+ units of AIC,
suggesting that the data strongly support Eqn 4.3d over the other feeding functional
relationships. Eqn 4.3d therefore forms the base-case for the remaining calculations of
this chapter. Note that the “no predation” model is not included in Table 4.2 because the
likelihood function for this model is not the same as that for the “with predation” models
because the “no predation” model is not fitted to the diet data.

Table 4.3 explores the fit of the base-case model compared to the other models (including
the “no predation” model) in terms of the values for the various contributions to the
objective function (the assorted penalties are combined into a single number in Table 4.3
for ease of presentation). The values for the contributions to the objective function are
expressed as differences from those for the “predator pre-emption” model (i.e. negative
values in Table 4.3 indicate fits that are better than those for the “predator pre-emption”
model and vice versa). The base-case model leads to the best fits to the daily rations, the
weight composition of the diets, the catch biomass data, and the survey indices of
abundance. In contrast, other “with predation” models provide better fits to the fishery
age-/length-compositions (Type II), the survey age-/length-compositions (predator
interference), and the length-composition of the diets (Type III). The “no predation”
model leads to fits to the catch biomass, fishery age-/length-compositions, and the survey
indices of abundance that are better than those of the “predator pre-emption” model.
However, this is perhaps not unexpected because the “no predation” model has almost as
any many parameters as the “with predation” models, but does not have to fit nearly as
many data sources.

Although AIC suggests that the “predator pre-emption” model leads to the best fits to the
data (Table 4.2), it is not necessarily the case that key management-related model outputs
are highly sensitive to how predation (both inter- and intra-species) is included in the
assessment model. Figures 4.1 and 4.2 therefore contrast the estimated time-trajectories
of spawning biomass and age-0 abundance for each of the seven “with predation”
models. In general, all of the predation models lead to similar trends in spawning biomass
for cod, particularly after about 1990 (Fig. 4.1) and there are few differences among the
predation models in terms of the estimated time-trajectory of age-0 abundance of cod.
This result is perhaps not too surprising because cod tends not be preyed on to a
substantial extent by pollock and mackerel. There are more differences among the
predation models in terms of the time-trajectories of spawning biomass and age-0
abundance for pollock and mackerel. For example, the Type I and Type III predation
models lead to notably different trends in mackerel spawning biomass (Fig. 4.1) while the
type III predation model leads to markedly more variable estimates of the abundance of
age-0 pollock (Fig. 4.2). The base-case model generally leads to among the highest levels
of age-0 abundance for both pollock and mackerel. In general, the differences among the
predation models, in terms of trends in spawning biomass, are greatest for the early years
(although this is not the case for pollock for which the results from the Type I and Type
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III feeding functional relationship are quite different from the results of models based on
the other feeding functional relationships even for recent years).

4.4.2 Model fit diagnostics for the base-case model

Figures 4.3-4.6 show the observed and base-case model-predicted survey indices of
abundance, survey age-/length-compositions, fishery age-/length-compositions, and
fishery catch biomasses respectively. Figures 4.7 and 4.8 summarize the fits to the survey
and fishery age-/length-compositions using bubble plots. The model mimics the survey
indices of abundance adequately, with the model estimates intersecting all but four of the
95% confidence intervals for the data (Fig. 4.3). The model follows the point estimates of
abundance for mackerel and cod, but does not mimic the point estimates of abundance for
pollock particularly well (although the recent estimates of pollock abundance are very
imprecise). The model fits the survey age-compositions for pollock and cod well (Figs
4.4a and 4.4b). However, the survey length-composition data for cod vary substantially
from one year to the next and the model is consequently not able to mimic these data well
(Fig. 4.4¢). In contrast to the situation for the survey length-composition data, the model
fits the fishery length-compositions for cod (Figs 4.5¢c, 4.5d, and 4.5¢) adequately. The
model also fits the mackerel fishery age-compositions closely (Figure 4.5b). However,
the fits to the fishery age-compositions for pollock, which also exhibit considerable inter-
annual variation, are poor (Figure 4.5a). The model mimics the catches almost exactly,
although the model is not able to match the catches of cod by the trawl fishery in some
recent years exactly (Fig. 4.6).

Figure 4.9 shows the fit of the base-case model to the information on daily rations. The
error bars in Fig. 4.9 are based on the assumed standard error (o, =0.05) assigned to be

logarithms of the daily rations. As expected given the value for this standard error, the
model mimics the rations almost exactly. However, the ability to mimic the rations for
ages 2-4 is poorer than is the case for the remaining ages. Figure 4.10 shows the fits to
the length-composition of pollock and mackerel of various lengths in the diets of pollock,
mackerel and cod of various lengths. Results are only shown for those combinations of
prey and predator for which the sample sizes are reasonably large (see Tables A.18, A.20
and A.22). The model mimics the prey lengths of pollock in the stomachs of pollock and
mackerel (Figs 4.10a and 4.10b) and of Atka mackerel in the stomachs of Pacific cod
(Fig. 4.10d) well. However, the model tends to under-predict the lengths of walleye
pollock in the stomachs of Pacific cod (Figure 4.10c). Figures 4.11 and 4.12 summarize
the fits to the diet length- and weight-composition data in the form of bubble plots. In
general, the residuals are small. However, there are some cases in which there are large
residuals (e.g. the fraction of “other prey” in the diet of mackerel; Fig. 4.11, centre right
panel).

4.4.3. Comparison of the “with” and “no” predation models

Figures 4.13 and 4.14 contrast the estimated time-trajectories of spawning biomass and
age-0 abundance from the base-case “with predation” model and the “no predation”
model. The results for Pacific cod are similar for the two models and the time-trajectory
of spawning biomass for pollock is also similar until the late 1990s when the “no
predation” model indicates an increase in the abundance of pollock, but the “with
predation” model suggests a decline. The spawning biomass of mackerel is estimated to
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be lower for the “with predation” model. The estimates of age-0 abundance are higher for
the “with predation” model for pollock and cod (as expected). However, this is not the
case for mackerel (Fig. 4.15), although this is consistent with the differences in the
estimates of spawning biomass. As expected, natural mortality for younger ages is higher
for the “with predation” model (Figs 4.15 and 4.16), with the consequence that the ages
for which total mortality is highest for pollock and mackerel are the younger rather than
the older age-classes (Fig. 4.16). The patterns over time of total mortality for Pacific cod
are robust to whether predation is explicitly modelled or not (Fig. 4.16, right panels), but
this is less evident for pollock and mackerel (Fig. 4.16, left and centre panels).

Fishery and survey selectivity are generally robust to whether predation is modelled
explicitly or not (Figs 4.17 and 4.18) although the survey selectivity pattern for mackerel
from the “with predation” model is domed-shaped rather than being asymptotic, as is the
case for the “no predation” model. The difference in survey selectivity for mackerel
between the two models is consistent with the differences in absolute biomass between
the two models for this species.

Figure 4.19 shows the estimated predator selectivity patterns. As expected, predation
mortality is greatest on younger (smaller) animals and the average age of prey increases
with predator age.

4.4.4 Parameter uncertainty

The results from the MCMC algorithm are based on 5,000,000 cycles, of which the first
1,000,000 were taken to be a ‘burn’, and the resulting chain was thinned by basing
posterior inference on every 2,000°th element in the resulting chain. Figures 4.20 and
4.21 provide diagnostic plots for the objective function and the spawning biomass in
1994. The panels in these diagnostic plots show the trace, the posterior density function
(estimated using a normal kernel density), the correlation at different lags, the 50-point
moving average against cycle number (dotted line in the rightmost panels), and the
running mean and running 95% probability intervals (solid lines in the rightmost panels).
All plots suggest that there is still considerable autocorrelation in the chain even with a
thinning ratio of 2,000. Moreover, the auto-correlation for the objective function tends to
asymptote at high lags suggesting that it will be necessary to reparameterize the model if
improved convergence diagnostics are to be obtained and that running the MCMC
algorithm for longer is unlikely to resolve the problem’. Results (not shown here) indicate
that the MCMC algorithm converges fairly rapidly for the “no predation” model,
indicating that it is the introduction of predation or its parameterization that has led to the
convergence problems evident in Figures 4.20 and 4.21.

Figures 4.22 and 4.23 contrast the coefficients of variance for age-0 abundance and
spawner abundance. The estimated coefficients of variation differ quite markedly among
the three methods of measuring parameter uncertainty. The upper panels compare the
CVs from three methods for measuring this uncertainty: a) inverting the Hessian matrix
(“asymptotic”), b) using parametric bootstrapping (500 replicates) (“bootstrap”) and c)
applying the Markov chain Monte Carlo algorithm to draw parameter vectors from the

?'5,000,000 cycles of the MCMC algorithm required a month of run time.
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multivariate posterior distribution (“Bayesian”), while the lower panels compare the
asymptotic coefficients of variation for the base-case “with predation” model with those
for the “no predation” model.

The “Bayesian” results should be interpreted with some caution because the results in
Figs 4.20 and 4.21 indicate that the MCMC algorithm probably failed to converge.
Specifically, the bootstrap indicates much poorer precision than the Bayesian and
asymptotic methods for recruitment (Fig. 4.22, upper panels) while the asymptotic
method generally indicates higher coefficients of variation for spawning biomass than the
Bayesian and bootstrap methods (Fig. 4.23, upper panels). In general, the estimates of
recruitment for the earliest and most recent years are the least precise according to the
Bayesian and asymptotic methods and this also evident to some extent for the estimates
of spawning biomass.

The asymptotic coefficients of variation for spawning biomass and recruitment of cod
and pollock (Figs 4.22 and 4.23, lower panels) are very similar for the “no predation” and
base-case “with predation” methods, but the estimates from the “no predation” method
are indicated to be notably less precise than those from the base-case “with predation”
method for Atka mackerel.

4.4.5 General discussion

The “with predation” models are capable of adequately mimicking the data on which
stock assessments are conventionally conducted as well as most of the data on diets based
on stomach content sampling. However, and perhaps as expected, the fits to the catch,
survey index and age-length composition information by the base-case “with predation”
model are not as good as those of the “no predation” model, suggesting that there is some
conflict between the diet data and the other sources of information on abundance.
However, the estimates of recruitment and spawning biomass from the base-case “with
predation” and “no predation” models are either equally precise (or the “with predation”
model is more precise). However, it should be noted that the estimates of uncertainty are
sensitive to the choice of the method for measuring parameter uncertainty.

The choices for some of the effective sample sizes are relatively arbitrary (e.g. a
maximum of 20 for the diet composition data). While the values for the effective sample
sizes cannot be treated as estimable parameters, consideration should be given in future
work to applying the approach of McAllister and lanelli (1999), perhaps implemented
using the approach of MacCall (2003), to refine these effective sample sizes. Given the
apparent conflict between the diet data and the remaining sources of information, it
would not be unexpected that the results are sensitive to changes to the effective sample
sizes (and hence the weights assigned to the various data sources).

The time-trajectories for quantities of management interest (viz. recruitment and
spawning biomass) differ among choices for the feeding functional relationship (Figs 4.1
and 4.2), while Table 4.2 suggests that the data are capable of selecting among alternative
feeding functional relationships. In fact, the model that leads to the estimates of the
spawning biomass and age-0 abundance which differ the most from the base-case “with
predation” model (Type I) also has the highest AAIC value (Table 4.2). Chapter 5
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explores model selection further by means of simulation. The results from the “with
predation” models also differ from those of the “no predation” model (e.g. Figs 4.13 and
4.14), with the extent of difference being greatest for Atka mackerel and least for Pacific
cod.
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Table 4.1. Estimable parameters for the Aleutian Island stocks of pollock, mackerel, and

cod.
. . Number of parameters
Parameter Description
Pollock Mackerel Cod Total
. Pre-specified
M
X natural mortality 1 1 0.37) 2
a’ prey size selectivity 1% 1% 1% 3%
yog prey size selectivity 1% 1% 1% 3%
’ . « » Pre-specified Pre-specified Pre-specified
Q) logarithm of “other prey” abundance 9.32) 9.32) (9.32)
v, predation parameter (all Types) 4% 4% 4% 12%
v, predation parameter (Eqns 4.3a-f) 3% 3* 3% 9*
5,’( predation parameter (Eqns 4.3c, 4.3d) 3* 3* 3* 9%
o/ predation parameter (Types 4.4b, 4.4¢) 3% 3* 3* 9*
o’ determines age-dependence of predation 1% 1% 1% 3%
@ determines age-dependence of predation 1% 1% 1% 3%
. . . Pre-specified Pre-specified Pre-specified
h -
L steepness of the stock-recruitment relationship (0.6) (0.8) (0.6)
R, mean unfished recruitment 1 1 1 3
6‘,5 y logarithm of year-specific deviation in recruitment 42 42 34 118
O extent of recruitment variability Pre-igesc)l fied Pre-igeg)l fied Pre-s(%eglﬁed
77;{; logarithm of fishery selectivities 12 270 20 302
qz survey catchability coefficient Pre-sE) f )C ified Pre-s? le )C ified Pre-s? le )C ified
M logarithm of survey selectivites 10 10 10 30
6‘,{, y logarithm of year-specific deviation in fishing mortality 24 25 63 112
,u,{ logarithm of average fishing mortality over all years 1 1 3 5
Total” 99 358 139 596"

* if estimated.
& all “with predation models”
+ linear model
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Figure 4.1. Time-trajectories of spawning biomass (1980-present) for the base-case “with
predation” model and for the six alternative feeding functional relationships.
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Figure 4.6. Fit of the base-case “with predation” model to the fishery catch biomass data.
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Figure 4.8. Bubble plots summarizing the fits to the fishery age-/length-composition data.
The numbers at the top of each plot indicate the contribution of the data source to the
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Figure 4.10(c). Fit of the base-case “with predation” model to the length-composition of
walleye pollock in the diet of Pacific cod in various length-classes.
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Figure 4.11. Bubble plots summarizing the fits to the diet weight-composition data. The
numbers at the top of each plot indicate the contribution of the data source to the
objective function.
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objective function.



Walleye pollock

Atka mackerel

Spawning biomass

@
@
8
£
o
5
=3
£
€
H
]
a
%
oy
T T T T T
1980 1985 1990 1995 2000
Year
Pacific cod
o
=4
s
5]
@
@
8
E g9
s 3
5
2
£ 24
]
a
o o |
&
— No predation
o - T = Base-case model

T T T T T
1980 1985 1990 1995 2000

Year

1980 1985 1990 1995 2000

Year

50

Figure 4.13. Time-trajectories of spawning biomass (1980-present) for the “no predation”

and the base-case “with predation” models.
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(a) “No predation”

Walleye pollock Atka mackerel Pacific cod

(b) “With predation”

Walleye pollock Atka mackerel Pacific cod

Figure 4.16. Total mortality-at-age by species (1976-present) for the “no predation” and
the base-case “with predation” models.
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Figure 4.19. Predator selectivity-at-age by predator and prey species based on the

predator pre-emption “with predation” model.
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Figure 4.22. Time-trajectories of the coefficient of variation of recruitment (age-0
abundance) for the model based on the predator pre-emption feeding functional
relationship using three alternative methods of quantifying uncertainty (upper panels) and
time-trajectories of the (asymptotic) coefficient of variation of recruitment based on the
“no predation” and base-case “with predation” methods.
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Figure 4.23. Time-trajectories of the coefficient of variation of spawning biomass for the
model based on the predator pre-emption feeding functional relationship using three
alternative methods of quantifying uncertainty (upper panels) and time-trajectories of the
(asymptotic) coefficient of variation of spawning biomass based on the “no predation”
and base-case “with predation” methods.



61

5. SIMULATION EVALUATON

The standard way to assess whether a new statistical estimation method can perform
better than existing methods is Monte Carlo simulation. Monte Carlo simulation is
therefore used to address the following questions:

Does a multi-species assessment model provide more reliable predictions of
recruitment (age-0 abundance) and spawning biomass than equivalent models that
ignore multi-species interactions?

Is it possible to use diet data to distinguish reliably among alternative feeding
functional relationships?

How does the accuracy and precision of model outputs from multi-species models
pertain to the sample sizes for diet composition used for model fitting purposes,
e.g. what is the relationship between sample size and the bias / precision of the
estimates of the parameters of the feeding functional relationship.

5.1 Methods
The steps when using Monte Carlo simulation to evaluate alternative estimation methods
(e.g. Hilborn, 1979; Mapstone et al., 1996; Punt et al., 2002; Fig. 5.1) are:

1.

Specification of a model of nature (the operating model); this model defines the
truth for the simulations. For the purposes of the analyses of this chapter, this
model is the multi-species model defined in Chapter 3 where the values for its
parameters are set by fitting it to the actual data for Pacific cod, Atka mackerel
and walleye pollock under two different assumptions about the true form of the
feeding functional relationship: 1) Type I, and 2) predator pre-emption. These two
predation models were chosen because the Type I relationship is the simplest of
the models considered (see Section 4.2) while the predator pre-emption model led
to the best fits to the actual data for walleye pollock, Atka mackerel, and Pacific
cod in the Aleutians (see Table 4.2).

Identification of alternative data collection schemes, viz. sample sizes,
specifications for the frequency of collection of data, and the range of predator
sizes to sample.

Generation of alternative data sets based on each of the alternative data collection
schemes and analysis of these data using the modeling framework outlined above.
Given specifications for the frequency of sampling, the diet weight- and length-
composition data are assumed to be multinomial samples about the expected
frequencies, while the daily rations are assumed to be log-normally distributed
about their expected values. The pseudo survey abundance data are assumed to be
normally distributed about their expected values with CVs based on the actual
data. The pseudo proportion-at-age data for the surveys and fisheries are assumed
to be multinomially distributed with effective sample sizes as assumed when
fitting the model to the actual data.

Application of each candidate estimator to each pseudo data set (50 data sets per
scenario’). For the purposes of this study, the alternative estimators are: a) a

* A number sufficiently large to be able to evaluate qualitative differences among alternative model
formulations and data set choices.
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model that ignores predation and b) models that include predation based on each
of the different feeding functional relationships.

5. Quantification of the results of the simulations in terms of the bias and precision
of the estimates of key model outputs, whether model selection criteria correctly
identify the true feeding functional relationship, and the relationship between bias
and precision and sample size.

5.1.1 Experimental treatments

5.1.1.1 Predation versus non-predation models

A simulation experiment is used to evaluate whether allowing for multi-species effects
leads to more reliable (less biased and more precise) estimates of recruitment (age-0
abundance) and spawning biomass. This experiment involves applying three estimation
methods to the pseudo data sets generated based on the Type I and predator pre-emption
feeding functional relationships (the two operating models). The estimation methods are
1) the model that ignores predation; 2) the simplest variant, i.e. assuming a Type |
feeding functional relationship; and 3) the model selected for walleye pollock, Atka
mackerel and Pacific cod in the Aleutians, i.e. a predator pre-emption feeding functional
relationship. This experiment therefore examines the implications of using predation
versus non-predation models in terms of the bias and precision of key model outputs
when the feeding functional relationship is known exactly, as well as the implications of
incorrect assumptions regarding the feeding functional relationship when conducting
multi-species assessments using MLMAK. The data sets for this experiment are based on
the survey standard deviations and effective sample sizes on which the analyses in
Chapter 4 were based.

5.1.1.2 Selecting the correct feeding functional relationship

This experiment involves generating data from models in which predation is governed
either by the Type I or the predator pre-emption feeding functional relationships and then
applying models based on six of the seven feeding functional relationships’. AIC is then
used to select among the seven feeding functional relationships. The objective of this
experiment is to determine how often the correct feeding functional relationship is
selected.

5.1.1.3 Impact of increased sample sizes

The stomach sample sizes for the actual data are relatively low (see Tables A.12, A.14,
A.16, A.18, A.20 and A.22). The previous two experiments are therefore repeated: (a)
when the sample sizes for the diet data are quadrupled, and (b) when the sample sizes are
set to 100 for all sizes classes and years (rather than just the years for which data were
actually collected).

5.2 Results and discussion

5.2.1 Predation versus non-predation models

Figures 5.2-5.4 show the relative error distributions for recruitment (age-0 abundance),
recruitment expressed relative to the mean recruitment over the period considered in the
model, and spawning biomass for the three estimation methods when the operating model

> Results are not shown for analyses based on the Type III feeding functional relationship owing to
convergence problems.
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is a model that includes predation with a Type I feeding functional relationship. Results
are shown in Figure 5.3 for recruitment expressed relative to the mean recruitment to
assess how well each estimation model is able to determines trends in (rather than
absolute levels of) recruitment.

The “no predation” model performs poorly in terms of estimating recruitment in absolute
terms for walleye pollock (Fig. 5.2), although this is perhaps not surprising because
walleye pollock is preyed on by both Atka mackerel and Pacific cod, and predation
mortality on young pollock is consequently estimated to be very high. The estimation
methods that account for predation lead to less biased estimates of recruitment of walleye
pollock and Atka mackerel, although the estimates are less precise than those obtained
using the “no predation” model. In contrast to the situation for walleye pollock and Atka
mackerel, all three methods lead to estimates of cod recruitment with similar levels of
bias and precision (Fig. 5.2). When expressed relative to mean recruitment, the “with
predation” estimation methods again outperform the “no predation” estimation method
for walleye pollock (Fig. 5.3), but the size of the effect is much less than was the case in
Figure 5.2. The estimation method based on a Type I feeding functional relationship
leads to estimates of recruitment relative to mean recruitment with the lowest bias and
variance (Fig. 5.3), although this is perhaps not unexpected given that the operating
model for these simulations is based on a Type I feeding functional relationship. The
median absolute relative error (MARE) is a statistic that combines the impact of bias and
precision, but is less sensitive to outliers than the root mean square error. This statistic
has been used in several previous studies of estimator performance (e.g. Punt, 2003;
Wilberg and Bence, 2006). Figure 5.5 contrasts the ability of the three estimators to
estimate recruitment and spawning biomass using this measure. Figure 5.5 confirms that
the “with predation” models lead to better estimates of recruitment of walleye pollock
than the “no predation” model, while the situation is unclear for mackerel and there is
little to choose between the three estimators for Pacific cod.

The “with predation” estimation methods lead to estimates of spawning biomass that are
closer to being unbiased than the “no predation™ estimation method, but these estimates
are less precise (Fig. 5.4). When expressed as median absolute relative errors (Fig. 5.5),
estimation based on a predator pre-emption feeding functional relationship is best for
Atka mackerel. The “no predation” model leads to estimates with the lowest MAREs for
Pacific cod for the years 1985-90, but there is otherwise little to choose among the three
estimation methods for Pacific cod. The situation for walleye pollock is complicated with
the estimation method based on the predator pre-emption feeding functional relationship
leading to high MARE:s for the early years (presumably because of the poor precision —
Fig. 5.4c¢), the “no predation” method being best between 1975 and 1980 and after 2002,
and the estimation method based on a Type I feeding functional relationship leading to
the lowest MARES for the remaining years.

Figures 5.2-5.5 were based on an operating model in which the true feeding functional
relationship was a Type I relationship. Figures 5.6-5.9 shows the same results as Figures
5.2-5.5, but for the case in which the operating model involves the predator pre-emption
feeding functional relationship. The estimation method based on the predator pre-emption
model performs better than the other two methods fairly consistently in contrast to the
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case when the operating model was based on the Type I feeding functional relationship
when the estimation method based on a Type I feeding functional relationship was only
marginally better than the other two methods (if it was better at all). This is probably
caused by the Type I feeding functional relationship being nested within the predator pre-
emption feeding functional relationship. The performance of all of the estimation
methods is poor in terms of estimating spawning biomass for the earliest years of the
modelled period, even when the correct feeding functional relationship is assumed (Fig.
5.8¢).

5.2.2 Selecting the correct feeding functional relationship

Figure 5.10 summarizes the results of the experiment in which six “with predation”
models are applied to data sets generated by an operating model with: a) a Type I feeding
functional relationship, and b) a predator pre-emption feeding functional relationship, in
terms of the percentage of times each alternative feeding functional relationship is
selected using AIC. As was the case when assessing the ability to estimate recruitment
and spawning biomass, there are noteworthy differences between the two operating
models. Specifically, the probability of selecting the correct feeding functional
relationship is low when the Type I feeding functional relationship is correct, but high for
the case in which the predator pre-emption feeding functional relationship is correct. This
could again be attributed to the fact that the Type I feeding functional relationship is
nested within the other five feeding functional relationships.

5.2.3 Impact of increased sample sizes

Figures 5.11 and 5.12 contrast the ability of the three estimators to estimate recruitment
and spawning biomass based on the Median Absolute Relative Error when the diet
weight and length sample sizes are quadrupled while Figures 5.13 and 5.14 show these
MAREs when there are diet data for all years from 1980 and the sample size for each
combination of predator species and predator length-class is 100. As expected, increasing
the diet composition sample sizes generally leads to more accurate and precise estimates
(see Figures 5.15 and 5.16 which contrast the MARESs for each alternative data collection
scheme for the case in which the estimation and operating models are identical). The
effect of increased diet composition sample sizes is more marked for pollock and
mackerel when the operating model is the Type I feeding functional relationship (Figure
5.15) [results not shown here show that the MAREs for the predator pre-emption feeding
functional relationship exhibit the same patterns as those in Figure 5.15 when the
operating model is based on the Type I feeding functional relationship].

The results for the predator pre-emption feeding functional relationship (Fig. 5.16) are
more complicated than those for the Type I feeding functional relationship. The estimates
of age-0 abundance for mackerel and (particularly) pollock are better with the largest data
set, but the estimates of age-0 abundance for mackerel are very poor for the earliest years,
which impacts the time-trajectories of spawning biomass for this species.

Figure 5.17 suggests that increasing the diet composition sample sizes does not markedly
increase the probability of selecting the Type I feeding functional relationship when this
feeding functional relationship is correct. In fact, the second simplest feeding functional
relationship is selected most frequently using AIC when the Type I feeding functional
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relationship is correct and diet composition samples are available for all predator species
and length-classes since 1980.

5.2.4 General discussion

The results of this chapter indicate that including predation in stock assessment models
and fitting such models to diet composition data will not necessarily lead to improved
estimates of age-0 abundance and spawning biomass, and that any such improvements
are likely to depend on the quality of the diet composition data. Most management
regimes for target species depend on estimates of spawning biomass and the abundance
of the population vulnerable to the gear (e.g. Anon. 2005). The results of this chapter
suggest that relatively little is to be gained by using estimation methods that include
predation if the aim is to estimate these quantities. In contrast, the estimates of age-0
abundance (in absolute terms) can be improved markedly by using a predation model.
Estimates of age-0 abundance in absolute terms could be useful for assessing the food
available to predator species (such as Steller Sea Lions in the case of pollock, mackerel
and cod in the Aleutians).

The analyses suggest that the ability to detect the correct feeding functional relationship
using data on diet composition and abundance may be relatively weak (Figs 5.2 and
5.17). However, it is perhaps noteworthy that it was possible to correctly detect a
complicated feeding functional relationship, but not one that was nested within a suite of
alternative feeding functional relationships. Moreover, the ability to estimate quantities of
management interest such as spawning biomass and age-0 abundance was not markedly
impacted by an inability to correctly detect the correct form of the feeding functional
relationship (within the range of feeding functional relationships that are able to mimic
the data adequately).

The analyses of this chapter only considered modifications to the sample sizes for the diet
composition data. However, the performance of the estimation methods also depend on
the sample sizes for the other data types included in the assessment, specifically the
survey estimates of abundance and the catch and survey age- /length-composition data.
Results not shown here indicate that markedly increasing the sample sizes for these data
types as well as those for the diet composition data leads to estimates of age-0 abundance
and spawning biomass with very small median absolute relative errors.

One potentially major weakness of all of the models considered in this chapter
(estimation and operating) is that they all have annual time-steps and are fitted to
information on diet composition collected during summer surveys. Unfortunately, there
are no data to estimate diet compositions during other seasons and this could lead to poor
estimation performance, but there is at present no way to quantify the extent of bias.
Collection of additional diet composition data could help to resolve this source of
uncertainty.



Catch, survey index Multispecies population Diet data
age-structure data dynamics model

Select feeding
functional relationships

Choice of data
collection scheme |Bayesian evaluation of uncertaintyi

— i

g

Generation of a pseudo data set
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Application of the model
to the generated data set

Repeat

Summary of results in terms
of bias and variance

Figure 5.1. Summary of the process of using simulation to evaluate a data collection
scheme.
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Figure 5.5. Time-trajectories of median absolute relative error for recruitment (upper

panels) and spawning biomass (lower panels).

Results are shown for (a) the “no

predation” model (solid lines), (b) the predation model with a Type I feeding functional
relationship (dashed lines), and (c) the predation model with a predator pre-emption
feeding functional relationship (dotted lines). The operating model is the predation model
with a Type I feeding functional relationship.
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Figure 5.9. Time-trajectories of median absolute relative error for recruitment (upper
panels) and spawning biomass (lower panels). Results are shown for (a) the “no
predation” model (solid lines), (b) the predation model with a Type I feeding functional
relationship (dashed lines), and (c) the predation model with a predator pre-emption
feeding functional relationship (dotted lines). The operating model is the predation model
with a predator pre-emption feeding functional relationship.
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(a) Type I feeding functional relationship
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Figure 5.10. Frequency with which each of six alternative feeding functional
relationships are selected using AIC for operating models based on (a) a Type I feeding
functional relationship, and (b) a predator pre-emption feeding functional relationship.
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Figure 5.11. Time-trajectories of median absolute relative error for recruitment (upper
panels) and spawning biomass (lower panels). Results are shown for (a) the “no
predation” model (solid lines), (b) the predation model with a Type I feeding functional
relationship (dashed lines), and (c) the predation model with a predator pre-emption
feeding functional relationship (dotted lines). The operating model is the predation model
with a Type I feeding functional relationship when the diet sample sizes are multiplied by
four.
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Figure 5.12. Time-trajectories of median absolute relative error for recruitment (upper
panels) and spawning biomass (lower panels).
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Results are shown for (a) the “no

predation” model (solid lines), (b) the predation model with a Type I feeding functional
relationship (dashed lines), and (c) the predation model with a predator pre-emption
feeding functional relationship (dotted lines). The operating model is the predation model
with a predator pre-emption feeding functional relationship when the diet sample sizes
are multiplied by four.
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Figure 5.13. Time-trajectories of median absolute relative error for recruitment (upper
panels) and spawning biomass (lower panels). Results are shown for (a) the “no
predation” model (solid lines), (b) the predation model with a Type I feeding functional
relationship (dashed lines), and (c) the predation model with a predator pre-emption
feeding functional relationship (dotted lines). The operating model is the predation model
with a Type I feeding functional relationship when the diet sample sizes are 100 for years
and predator lengths since 1980.
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Figure 5.14. Time-trajectories of median absolute relative error for recruitment (upper

panels) and spawning biomass (lower panels).

Results are shown for (a) the “no

predation” model (solid lines), (b) the predation model with a Type I feeding functional
relationship (dashed lines), and (c) the predation model with a predator pre-emption
feeding functional relationship (dotted lines). The operating model is the predation model
with a predator pre-emption feeding functional relationship when the diet sample sizes
are 100 for years and predator lengths since 1980.
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Figure 5.15. Time-trajectories of median absolute relative error for recruitment (upper
panels) and spawning biomass (lower panels). Results are shown for (a) the base-case
data collection scheme (solid lines), (b) quadrupling the base-case diet sample sizes
(dashed lines), and (c) setting the diet sample sizes to 100 for years and predator lengths
since 1980 (dotted lines). The operating and estimation model are both the predation
model with a Type I feeding functional relationship.
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Figure 5.16. Time-trajectories of median absolute relative error for recruitment (upper
panels) and spawning biomass (lower panels). Results are shown for (a) the base-case
data collection scheme (solid lines), (b) quadrupling the base-case diet sample sizes
(dashed lines), and (c) setting the diet sample sizes to 100 for years and predator lengths
since 1980 (dotted lines). The operating and estimation model are both the predation
model with a predator pre-emption feeding functional relationship.
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(b) Diet sample sizes are 100 for years and predator lengths since 1980
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Figure 5.17. Frequency with which each of six alternative feeding functional
relationships are selected using AIC for operating models based on a Type I feeding
functional relationship when (a) the diet composition sample sizes are multiplied by four,
and (b) the diet sample sizes are 100 for years and predator lengths since 1980.
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6. EXTENSION AND FUTURE WORK

The major way in which this project could be extended would be to add additional
predator and prey species (although this might increase the computational demands of the
calculations to the point that they are essentially infeasible given current computing
resources) and to examine sensitivity to various fixed inputs (e.g. M for cod) as well as
how the data are weighted. The methods developed in the project can be extended in
several other ways.

(1) Allowance could be made for each predator species to have a different feeding
functional relationship. This extension will be necessary if additional predator
species are included in the model, but the amount of diet data is even less for
these species than for pollock, mackerel and cod in the Aleutians.

(2) The fits to the diet composition by length (Fig 4.10c) suggest that the ability to
mimic the consumption of pollock by cod is poorer than desirable. It might be
possible to rectify this concern by allowing each predator-prey interaction to be
based on a different length-selectivity pattern (i.e. values for the parameters of
Eqn 4.5).

(3) The model is fitted to daily ration in weight, but a more ideal way to represent
consumption would be in terms of calorific needs — implementing this would,
however, require a model of calorific content to be developed.

(4) The model is based on an annual time-step and ignores spatial considerations. In
principle, the model time-step could be shortened (particularly if diet data were
available seasonally) and allowance could be made for multiple spatial strata.
Ultimately, whether such extensions are justified depends on the availability of
suitable data.

(5) The model could be reparameterized to attempt improve the performance of the
MCMC algorithm.

(6) The modelling framework could be used to provide the technical basis for
evaluating the robustness of current harvest strategies to uncertainty related to
multi-species interactions if management advice remains being based on single-
species assessments (e.g. Goodman et al., 2002; Marasco et al. 2007).

(7) The analyses could be used to examine whether there are between-species
correlations in various biologically parameters, such as recruitment, and, if so,
priors could be placed on such correlations.
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Appendix A : The Data Used in the Application to Pollock, Akta Mackerel and
Pacific Cod in the Aleutian Islands

The data used in MLMAK were obtained from:

(1) The single-species assessments conducted using AMAK. AMAK data for
walleye pollock (MODELA10 A.DAT, MODELA10 A.CTR) and Atka
mackerel (ATKAO03.DAT, ATKAO03.CTR) in the Aleutians were provided
respectively by Steve Barbeaux and Sandra Lowe (AFSC). The assessment
authors also provided information on mean length-at-age and variance of
length-at-age.

(2) Length-composition and other data for Pacific cod on the Aleutian Shelf from
the AFSC Observer and Survey programs provided by Grant Thompson
(AFSQ).

(3) Diet data extracted from the AFSC REEM database on stomach samples for
the three species in the Aleutians provided by Kerim Aydin (AFSC) and Geoff
Lang (AFSC).

A.1 Data subject to measurement error

A.1.1 Catch biomass

Catch biomass (1000mt) by species from 1979 to 2003 are listed in Table A.1. Sources:
pollock (column NRA w/o E of Table 1A.4 of Anon. (2003)); mackerel (column “total
BSAI” of Table 15.1 of Anon. (2003) — includes discards and CDQ catches); and cod
(Table 2.1b of Anon. (2003)). Catch data are provided for six cod fisheries in Anon
(2003). These catches are combined into catches by three fisheries when applying
MLMAK: a) trawls (foreign + joint venture + domestic), b) longline (foreign +
domestic), and c) pots (domestic). Catch data are also available for “other” fisheries for
cod, but the magnitude of these catches is small (1-3% of the total in 5 of the 25 years;
zero otherwise) and so these catches were ignored for the analyses of this report.

A.1.2 Fishery age- and length-compositions

Fishery age-compositions (expressed as proportions) and the associated effective sample
sizes' for pollock and mackerel were obtained from the assessment authors (Tables A.2
and A.3). The fishery length-compositions for cod (expressed as proportions) (Tables
A.4-A.6) were calculated from data collected by the AFSC observer program and
supplied by Grant Thomson (AFSC).

A.1.3 Survey indices of abundance

The survey indices of abundance and their standard errors are listed in Table A.7.
Sources: pollock (Table 1A.9 of Anon. (2003)); mackerel (Tables 15.4 and 15.5 of Anon.
(2003)); cod (Grant Thompson, AFSC, pers. commn).

A.1.4 Survey age- and length-compositions
Survey age-compositions (expressed as proportions) and the associated effective sample
sizes for pollock and mackerel were obtained from the assessment authors (Tables A.8

' The effective sample sizes for the walleye pollock and Atka mackerel fisheries and surveys were taken
from the single-species assessments, while the effective sample sizes for Pacific cod were assigned.
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and A.9). The survey length-compositions for cod (expressed as proportions) (Table
A.10) were calculated from data supplied by Grant Thomson (AFSC).

A.1.5 Daily ration

Table A.11 lists the daily weight of prey required to support a predator of a given age.
The values in Table A.11 were calculated from von Bertalanffy parameters (Essington et
al., 2001) that were estimated by fitting a growth curve to data on population weight-at-
age. The daily consumption rate of an individual predator of age ¢ in kg prey/kg predator,
C,, can be calculated using the Equation:

C = k(Woo )lid VV;JrO‘SAil

Al
! 365 1)

where kand W, are estimated by fitting the von Bertalanffy growth function in weight
to observed population weights-at-age, i.e.

0

A 1/(1-d
Wo=w (1—e*"“*d)(“’°))/ " (A2)

W..s 1sthe weight of animal of age 7 in the middle of the year,

A is the theoretical age at which weight is zero,
d is a scaling factor representing how metabolic rate changes with size, and
A is the proportion of food ingested that is assimilated.

A.1.6 Proportions of prey by weight

The numbers of fish sampled for stomach contents by year and predator species, and the
split of the length-specific diet by prey-species, are listed in Tables A.12-A.17. These
data were extracted from the AFSC REEM Food Habits database.

A.1.7 Proportions of prey by length

The numbers of predator stomachs sampled for lengths of prey by predator and prey
species length-class are listed in Tables A.18-A.23. These data were extracted from the
AFSC REEM Food Habits database.

A.2 Data assumed known without error

A.2.1 Fishery weights-at-age

Tables A.24-A.26 list the fishery weights-at-age. The fishery weights-at-age are year-
specific for pollock, but time-invariant for mackerel and cod. The data for pollock and
mackerel were taken from Tables 1A.6 and 15.6 of Anon (2003). Mean weights-at-age
for the cod fisheries were calculated from the relationships between length and age, and
weight and length (Anon (2003), pg. 132).

A.2.2 Surveys weights-at-age
Tables A.27 and A.28 list the survey weights-at-age for pollock and mackerel. Sources:
pollock (Steve Barbeaux, AFSC, pers. commn) and mackerel (Table 15.6 of Anon.
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(2003)). The survey weights-at-age for cod are assumed to be same as the fishery
weights-at-age (see Table A.26).

A.2.3 Population weight- and maturity-at-age

Table A.29 lists the population weight-at-age and maturity-at-age vectors. Sources:
(pollock maturity Table 1A.13 of Anon. (2003); pollock population weight-at-age Steve
Barbeaux, AFSC, pers. commn; mackerel maturity Table 15.7 of Anon. (2003) and
Sandra Lowe, AFSC, pers commn; mackerel population weights-at-age are set to the
fishery weights-at-age in Table 15.6 of Anon (2003); cod population weights-at-age are
set to the weights-at-age in the surveys and fisheries.

A.2.4 Age-length transition matrices

Tables A.30-A.32 list the length-at-age distributions (by 5cm length bins) for the three
species. These matrices were calculated for each species from the mean length at each
age and the associated standard deviations, assuming that length-at-age is normally
distributed. The mean lengths-at-age for pollock were calculated for each age as the
average of the mean lengths-at-age from surveys conducted during 1997, 2000, 2002 and
2004 (Steve Barbeaux, AFSC, pers. commn). The standard deviation of length-at-age for
each age was set to that for the year for which the mean length-at-age for that age was the
highest. The mean lengths-at-age for mackerel and their associated standard deviations
were calculated using the raw length-age data obtained from surveys conducted during
1991, 1994, 1997, 2000, 2002 and 2004 (Sandra Lowe, AFSC, pers. commn). Mean
length-at-age and its variance for cod were obtained from pg. 132 of Anon. (2003).
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