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EXECUTIVE SUMMARY 

Smith, M.m, Baird, SJ. (2005). Representativeness of past observer coverage, and future 
coverage required for estimation of New Zealand sea lion (Phocarctos hooken) captures in the 
SQU 6T fishery. 

New Zealand Fisheries Assessment Report ZOO5IS. 39 p. 

This document repoas on the two main tasks of Objective 2 of the project ENV2000102. It 
examines the representativeness of observer coverage of the squid (Nototodnrus spp.) trawl fishery 
in SQU 6T in the 1992-2002 seasons. It also provides estimates of the observer coverage 
proportion necessary to achieve coefficients of variation (c.v.) of 10%. 20%. and 30% for a future 
estimate of the total New Zealand sea lion (Phocarctos hooken? captures in a season. 

The representativeness of the observer coverage is assessed using tables of observer coverage 
proportions in relation to numbers of tows, vessels, and nationality and from kernel density plots of 
the commercial fishing effort plotted beside the observed effort in relation to spatial and temporal 
variables. On these criteria the observer coverage is a good representation of the commercial fishery 
especially fiom 1998 tu2002. 

A new method was developed for obtaining the observed proportion of tows required to attain a 
specified C.V. To estimate all the variation that can occur between tows within a season, the method 
uses an overdispersed Poisson generalised linear model with vessel random effects. An over- 
dispersed component allows for variation in the capture rates due to spatial, temporal, and other 
external causes, while the vessel random effects introduce correlation between captures by the same 
vessel. An expression is derived f a  the C.V. of the predicted total number of captures in the fishery 
in terms of the parameters of the model, including the variances of the random effects components. 
Data from 1998 to 2002, which excluded any tows where a Sea Lion Exclusion Device was present 
with its cover net open, were used to fit the model by Bayesian methods. Once the year effects are 
accounted for there is virtually no over-dispion and a Poisson generalised linear model with 
vessel effects was finally fitted. 

The capture rate and total fishing effort for a season appear in the expression for the C.V. as their 
product. Thus, for a future season, the proportion of observed tows required can be related to the 
predicted total captures for that season. A figure is presented containing the proportions of observed 
tows required to attain c.v.s of lo%, 20%. and 30%. plotted against the predicted total numbers of 
captures. A table of the coverage for various values of the predicted total number of captures is also 
included. For example, when the predicted total number of sea lian captures is 70, to attain a C.V. of 
30% the proportion of tows that need to be observed is about 21%, and to attain c.v.s of 20% and 
1096, the proportions of tows that need to be observed are about 42% and 72% respectively. 



1. INTRODUCTION 

The Ministry of Fisheries has statutory obligations to provide advice on the adverse effects of 
fishing on associated or dependent species in order to avoid, remedy, or mitigate these effects. The 
capture of New Zealand sea lions (Phocarctos hookeni during squid (Nototodnrus spp.) trawl 
fishing effort, particularly off the Auckland Islands Shelf (in area SQU 6T), has resulted from the 
overlap of the fishing grounds with the sea lion foraging areas. This species is classified as "range 
restricted" and therefore "threatened" under the DOC Threat Classification (Hitchmough 2002). 

Ministry of Fisheries observers have monitored the SQU 6T squid trawl fishery since 1988, and 
annual estimates of total captures are obtained by scaling the observed shilce rate to the total effort 
of the fleet (Baird 2001). S i  1993, vessels have complied with an in-season monitoring system 
that allows estimation of the number of captures during the season (February-June) (Doonan 2001). 
If this in-season estimate reaches or exceeds the maximum allowable limit of fishing mortality 
(Wi ,  the fishery is closed. ~ a r l y  closure of the fuhery occurred in aU years since 1996, 
except for 1999 (Baird & Doonan 2002, h a l a  et al. 2004). 

Annual changes in the rates of sea lion capture have been documented in the SQU 6T fishery, with 
an increasing bmd since 1993 (Doonan 2001). These strike rates may be variable within a fishing 
season. Appropriate levels of observer coverage are required to ensure that statistically robust 
estimates of total sea lion captures can be provided to the managers of the southem squid fishery. 
The observer coverage, expressed as the proportion of al l  tows that are observed, must be 
representative of the total effort, both spatially and temporally, and of the vessels. The changing 
nature of the fishery, particularly the testing and use of Sea Lion Exclusion Devices (SLEDS), 
demands that the amount of observer coverage is reviewed continually. 

This report is concerned with Objective 2 of the project ENV2000102: For New Zealand sea lions 
taken in the southern squidfishmy, provide estimates of the level of observer coverage required to 
achieve the point estimates of sea lion capture with target c.v.8 of lo%, 20%, and 30%. 

2. METHODS 

There are five parts to this methods section. The fmt subsection outlines the data sources used. In 
the second subsection, we consider the methods for determining how representative the observer 
coverage has been in the years 1992-2002. In the third subsection, we examine the approach to 
calculation of the coefficient of variation (c.v.) of the estimate of total captures that has been used 
in the past, and present a new approach for consideration. In the fouxth subsection, we present a 
new model for New Zealand sea lion captures that enables the coefficient of variation to be 
calculated when there is overdispersion, and a simple structure for the correlation of captures 
witbin groups of tows. Finally, we add distributional assumptions to the model so that it can be 
fitted by Bayesian methods to obtain the parameter estimates used to derive the coverage proportion 
required to attain a specified coefficient of variation. 

2.1 Data sources and treatment 

Two primary data sources were used: 
the MFish observer data based on observer logbooks and obtained from MFish databases 
obs and obs-lfs. 
the commercial filing data reported to the Minishy of Fisheries on Trawl Catch Effort 
Processing Retum (TCEPR) f o m  obtained from MFish catch and effort system warehou. 

Observer data were extracted for the observed squid trips in SQU 6T for 1992-2002. These trips 
were generally in the main part of the fishing season (February-June). The following observer data 



were extracted for each fishing o p t i o n :  vessel identifier, trip, tow, gear type, latitude and 
longitude, date, time, number of New Zealand sea lions, as recorded by Wish scientific observers. 

The following total fishing effort data for each fishing operation were extracted: vessel identifier 
and characteristics (including nationality), hip, fishing operation identifier,, target species, , g a t  
type, starting latitude and longitude, and s t h g  time and date. 

Information from the autopsy programme contracted to the Department of Conservation (DOC) 
under a Conservation Services Programme (CSP) project in which all dead sea lions are returned 
from the squid fishery for autopsy (for examples, see Duignan et al. (2003)) was used to verify the 
records in the observer database, including the sex of the animals. 

Data on the use of SLEDS were obtained from observer logbooks in 2000 and from the industry 
data collected for the in season work in other years of SLED use (2001 and 2002). When the device 
was present it was used with the cover net either tied down or left open. The latter situation allows 
the potential escape of the sea lion fromthe net. In 2000, all observed tows with the device present 
had the cover net tied down. Thus, there are three categories of tow in relation to SLED use: device 
absent, device present with cover net open, and device present with cover. net tied down. For the 
observer data, 21 of the observed tows, all in 2002, did not have the SLED category available; these 
involved 6 trips by 4 vessels. The category for these tows was inferred on the basis of the SLED 
status and gear of the tows adjacent in time to the tow with the missing category. 

From a total of 4493 observed tows, 3 were omitted from the final dataset after grooming. One tow 
in 1994 was omitted as it had no start or finish latitude and longitude coordinates and no start or end 
times. Two other observed tows, in the 1992 and 2002 seasons, were omitted fromthe observer data 
because they had zero duration times. None of these tows appeared in the commercial data. 

2.2 ~e~resentativeness of observer coverage 

Because capture rates (mean number of captures per tow) are likely to vary spatially and temporally 
over the fishing season, it is important that the extent of the commercial fishery be covered by a 
representative observer programme. To measure whether the observer coverage is representative, 
we look at important characteristics that are available in the commercial and observer data, and 
from other sources, which may relate to possible capture rates. This involves examining, for each 
season, coverage by tows, by vessels, and by nationality. Following the method used by Doonan 
(2001), kernel density plots of the commercial and observed tows for the variables latitude, 
longitude, and day of the year are used to compare the dishibutions of commercial and observer 
tows in relation to each variable. The plots include all the observer tows, whether the SLED was 
present or not. 

2.3 Observer coverage to meet a specified coefficient of variation 

Determination of the sample size required for a study is a common application of statistical 
methodology and Lenth (2001) discussed many of the practical issues. An aim of this study is to 
determine the observer coverage required to meet the criterion of estimating the total New Zealand 
sea lions captured in a season to the accuracy of a specified coefficient of variation. 

In undertaking this work, we have identified a number of problems associated with estimating the 
coefficient of variation for the total captures of New Zealand sea lions in a season and we discuss 
these in the next section. We introduce a new approach to the calculation of the coefficient of 
variation that overcomes many of these difficulties. We also develop a model for sea lion captures 
that allows for variation in the strike rate between tows, and which also allows for the correlation of 
captures between tows within some groups of tows. Difficulties can arise in the fitting of the model 



because of the nature of the sea lion capture data where a very large proportion (over 90%) of tows 
have no captures and very few tows capture more than one sea lion. 

2.3.1 Approaches to the calculation of the coefficient of variation 

Adopting the swey  sampling notation that upper case letters refer to finite population quantities 
and lower case letters refer to sample quantities, the ratio estimate of the total number of sea lions 
captured in a season T. is given by 

where r is the number of captures observed in the season, N is the total number of commercial tows 
in the season, and n is the number of observed tows. t/n is the estimated "strike rate" for the season 
and this is scaled up by the total effort to estimate the total number of captures in the fishery. The 
primary objective of this study is to estimate the observer coverage proportion 

necessary to estimate the total number of captures accurate to a specified coefficient of variation. 

23.1.1 A simple random sample approach 

Bradford (2001) and Doonan (2001) have used the finite population formula from survey sampling 
theory to calculate the variance of f , which assumes that the observed tows are a simple random 
sample from the population of all commercial tows. This approach follows Cochran (1977). and 
gives 

where 

is the finite population variance of the number of captures per tow, 

is the population total captures and y,, B, . . ., y, are the individual captures for the commercial 
tows. Cochran (1977) presented these formulae applied to sample and population means and it is a 
simple exercise to rearrange these for the sample total t and the population total T. The coefficient 
of variation of f is 

where ~ ( f )  denotesthe mean of the estimated total number of sea lion captures. 

Estimation is based on the subset of captures for the observed tows, which we denote by 
yl, y2, . . ., y,,. This subset is "representative" of all the captures because it is assumed to be a simple 



random sample from the finite population. It follows that the ratio estimate, f , is an unbiased 

estimate of T, meaning that ~ ( f  ) =T . Furthermore the sample veance 

is an unbiased estimate of the finite population variance S' (Cochran 1977). The estimated c:v. is 
then given by 

The use of the estimate s2, given by Quation (2). is problematic because the data are count data and 
sZ is an inefficient estimator in such situations. Furthermore, in the presence of "outliers", the rare 
multiple capture tows that can occur, 2 can be an unstable estimate of the fmite population variance 
9. 

Another approach is to assume that the finite population, yl, y2, ..., y ~ ,  is an independent sample 
from a super population. This incorporates the idea of the representativeness of the observer sample 
because it is a subsample from the same super population. The advantage is that the variance can be 
related to the estimate of T via the variance hction of the distribution of the superpopulation, 
which enables the calculation of the C.V. for different estimates of the total caphnes. For example 
Doonan (2001) assumed the bmomial distribution (ignoring multiple captures) for the super 
population, which leads to a hypergeometric distribution for the finite population given T and gives 
an estimate of the C.V. of 

that is expressed in terms of the total capture estimate 'f . 
Dmnan (2001) also raised the issue of the simple random sample from a f ~ t e  population 
assumption for the observed tows. This assumption is clearly violated, because observers are 
assigned to vessels not individual tows. Furthermore, the mechanism for placing observers on 
vessels does not appear to involve randomisation, so it would be wrong to assume that the set of 
observed vessels is a simple random sample. A vesse1.i~ selected to be observed and observers are 
placed on the vessel when it is in port. We assume that every tow made by the vessel is observed 
until the vessel reaches port again and the observers disembark This definesthe term observed trip 
and a single vessel may have more than one observed trip in a season. A vessel may visit a port 
without the observers disembarking and a vessel may also be observed for part of the season and 
not observed for the other part. In the commercial data there is no record corresponding to trip as 
defined by port visits, so even if it were appropriate to consider the observed trips a simple random 
sample there is no sampling frame of trips available. 

23.1.2 A predictive approach 

We adopt a different approach to the calculation of the variance of f that does not involve any 
assumptions that either the observed tows or the observed vessels are a simple random sample. 

The total number of captures for the season, T, is estimated from the observed sample by f given 
in Equation (1). In the predictive approach T is predicted, not estimated, because it is not a fixed 



f ~ t e  population parameter, but an unknown random quantity. The finite population of a fishery 
season is not well defined because there is a complex stopping rule that determines the end of the 
season, which could, in some seasons, involve closing the fishery based on the estimated number of 
captures. Fishing success also contributes to the variation in the number of tows in the season.This, 
and the fact that we are trying to predict the total number of captures (which is an unknown random 
quantity), rather than estimate a parameter make the predictive approach attractive. Using the 
notation above where the fmt n values yl, yz, ..., y,,, of the commercial captures yl, y2, .... yN, 
represent the captures on the n observed tows and the last N - n represent the captures on the 
unobserved tows we see that 

The prediction of T requires the prediction of the total of the unknown unobserved captures (for the 
N - n unobserved tows) and, to do this, it is assumed that the observed sample is representative of 
the unobserved sample. The advantage of the predictive approach is that it is no longer necessary to 
make the unreasonable assumption that the observed sample is a simple random sample from some 
finite population. Prediction of unobserved values based on values of covariates is a common 
procedure for linear models; see, for example, Neter & Wasserman (1974). 

Under the predictive approach the observed total is known and the N - n unknowns are estimated 
using the estimated shike rate. Using the representativeness of the observed tows in the sense that, 
on average, the strike rate of the unobserved tows is the same as the average strike rate for the 
observed tows, Equation (4) gives 

as a predictor of T. To calculate the c.v. of the predictor f , we need to obtain expressions for its 
mean and variance. The required expressions for the mean and mean square error of f are derived 
in Appendix A. 

The assumption of representativeness of the observer tows says that the marginal distribution of the 
number of captures for a single tow has a mean p and a variance (TZ and that these are the same for 
every tow, whether observed or unobserved. Correlation structllle between some tows can be 
incorporated by allowing the covariance matrix of the vector of captures y = Cy,, h, . .., yN), to have 
offdiagonal terms, while every entry on the diagonal is 2. Under this assumption, the mean of f 
is 

and consequently f is an unbiased estimate of the mean total number of captures. To obtain an 
expression for the variance and hence the coefficient of variation we allow for the two sources of 
error in predicting T by 9,. These are: the error associated with estimating the &an strike rate p 
from the observer sample; and the random error of the true total number of captures in the 
unobserved tows. Because f is an unbiased estimate of the mean of T, the variance of f (as a 
predictor of ZJ is the mean square error of prediction 

Where no correlation exists between tows it follows from Equation (Al) in the Appendix A with 
K = 0, that the MSE of prediction is 



The C.V. is 

which is the same, when the estimates of p and o are substituted, as the estimated C.V. for the 

simple random sample approach given by Equation (3). Calculation of the MSE of f is tractable 
even when there is correlation structure in the tow capture variables and the derivations in 
Appendix A enable this calculation to made for the model we are proposing.. 

2.4 Development of a model for sea lion captures 

In reply to our initial bid for objective 2 of ENV2000102 the Ministry of Fisheries 
requested that we consider correlation structure for the numbers of captures between groups of tows 
when estimating appropriate levels of observer coverage. When correlation is present, the simple 
random sampleltinite population approach is not practicable, nor is it justikd. Even if the simple 
random sample relates to vessels rather than tows, it becomes impossible to express the coeficient 
of variation in terms of the sampling fraction of tows. Furthermore, it is a non-trivial task to obtain 
a suitable model that allows for correlation structure in count data as well as incorporating variation 
in strike rates between tows. 

Before developing a model for New Zealand sea lion captures, we will first discuss sources and the 
nature of the variab'ity in captures. The mean number of captures for a single tow can depend on a 
number of factors. These may include the density of sea lions in the area ofthe tow, the behaviour 
of sea lions at the time of day and time of year, and the fishing practices and gear used by the vessel 
crew. The component of the mean capture rate due to the density and behaviour of the sea lions is 
likely to vary both temporally and spatially over the fishery. 

Given the mean capture rate for the particular tow, the number of sea lions captured can be assumed 
to have a Poisson distribution. Variabity in the meancaptm. rate between tows will ensure that 
the observed captures have what is known as "extra-Poisson variation" or "overdispersed Poisson 
variation". Overdispersed Poisson models have made extensive appearances in the theoretical and 
applied literature since the late 1970s and are still an area of active research; see, for example, Cox 
(1983), Breslow (1984), Morton (1987), Daniels & Gatsonis (1999). and Booth et al(2003). 

A common approach to modelling over-dispersion is to use a mixture distribution where the mean 
of the Poisson distribution is given a probability distribution. It is well known that if y has a Poisson 
distributionwith mean q, i d  q i s  distributed according to a Gamma distribkon, then the 
marginal distribution of y is a negative binomial distribution. The negative biomial model is often 
used to model overdispersion in a Poisson model (see, for example, Morton (1987)). 
Unfortunately, other useful mixing distributions used in conjunction with the Poisson model do not 
give mixture distributions in closed f o m  However, if we represent the mixture by the Poisson 
mean scaled by a positive random variable centred on 1, it is possible to calculate the change to the 
variance of y brought about by the mixing distribution, even when the marginal distribution is not in 
closed form. We will refer to the scaling random variable as an overdispersion effect. Any mixing 
distribution that has a scale invariant form can be represented this way, including the Gamma and 
other distributions that could be applied in this situation. 



Another important contribution to variation is from the possible correlation between tows carried 
out by the same vessel. There are several forms of correlation that may be present. Serial 
correlation could result because successive tows are often canied out in close proximity and there 
may be a spatial variation in the mean catch rate. It could also arise when fishing practices 
contribute to an increased or reduced capture rate for the vessel. Doonan (2001) raised the issue of 
correlation between tows and its effect on the C.V. of the estimate and on the confidence intervals. 
Manly et al. (2002) considered serial correlation in their approach to the coverage required for 
estimating sea bird captures. The limited numbers of captures in the observer data for New Zealand 
sea lions per season would appear to preclude fitting anything more than the very simplest of 
correlation structure. 

We use a vessel random effects correlation structure model because vessels are easily identified in 
'both the commercial a d  the observer data. Because a single random effect is used for each vessel, 
it wiU be an average over the tows for the vessel of any serial correlation structure, and it will 
include any other vessel-related effects, such as vessel fishing practices and where and when during 
the season it fishes. We model the vessel random effect as the random scaling of the mean caphue 
rate by a random variable with a value that is common toall tows by a vessel, and this results in a 
correlation between all tows by the same vessel. Where, in the same season, some tows by a 
particular vessel are observed and some are not, we will assign a single random effect to all 
observed tows made by the vessel and a second independent random effect to all unobserved tows 
made. 

The partial specification of a model that encapsulates the variation between tows in capture rates 
and a within-vessel correlation structure is defined below. At this stage, in order to calculate the C.V. 

of 'f , it is unnecessary to make any assumptions about the form of pmbabiity distribution models 
the vessel random effects and the overdispersion effects have. Additional assumptions about 
probability models for the random scalings will be made for the process of estimating the 
parameters of the model. The model, which is defined in thefollowing paragraphs, is the simplest 
model that satisfies our requirements of a model for estimating variance components to estimate the 
observer coverage. These requirements are that the model has a fixed strike rate p for the season, 
accouuts for variation in the strike rate for individual tows by way of a variance component, and 
accounts for between tow correlation structure in the fom'of a vessel variance componenr 

2.4.1 The model 

Let ylk denote the number of captures for tow k by vessel j. The model, described below, is a 3 level : 

hierarchical model and is a special case of the model used by Daniels & Gatsonis (1999). 

Level 1. Within tow variation The yik, conditional on the mein capture rate qlk, have 

independent Poisson distributions mean qIk. 

Level 2. Within vessel variation The qik are given by 
. . 

'ljk =rip,, . .. 

where the ulk, conditional on the vessel mean shike rate qI ,  are independent random 

variables with mean 1 and variance @ . The u , ~  are the overdispersion effects. 



Level 3. Between vessel variation. The q l  , are given by 

rl] = wv, 

where the vj, conditional on the overall mean sac rate p , are independent random variables 
with mean 1 and variance yr . The vl are the vessel random effects. 

Models of this form have been treated by Morton (1987) and Christiansen & Moms (1997). It 
follows h m  the model, that . . 

and, taking logarithms, the random effects can be written as 

Consequently the model is a 3-parameter, p , I$, and y , random effects model that falls into the 
class of Poisson hierarchical Generalised Linear Models (GLM) with random effects (having 
unspecified probabiity models), with the log link function; (see Lee & Nelder 1996). It d i e t s  from 
a Generalised Linear Mixed Model (GLMM) (see McCulloch & Seade 2001) because we do not 
assume that the random effects, the bj and the e k  are normally distributed, nor do we assume that 
they have mean 0. The idea of constraining multiplicative random effects by making their means 1, 
rather than making the mean of their logarithms 0, was introduced by Lee & Nelder (1996) in their 
work on hierarchical GLMs. 

Note that no assumptions have been made at this stage about the form of the distniutions of the 
random scalings up and v,. Nevertheless, an expression can be obtained for the mean square error 
and consequendy for the coefficient of variation of f . 
We need to introduce further notation. nj is the number of tows by vessel j and M is the number of 
vessels involved in the season. Numbering the vessels in order so that the f M  m vessels are the 
observed vessels, it follows that 

where 

is the total captures for all tows by vessel j. Recall that the same fishing vessel &be counted in 
both the observed and in the unobserved sets of vessels if, during the season, some but not all of its 
tows were observed. 

Equation (A4) in Appendix A gives the MSE of f as 

The squared coefficient of variation is then 



At the end of the season the tow numbers per vessel and sampling hction will be known and all 
that is needed to estimate the C.V. of f is f itself and the estimates of p , @, and v . The square 
C.V. is estimated by 

. . . . . . -. . . . 

using f as the estimate of Np, for the estimated strike rate, and denoting by t$ and @ 
whatever estimates are used for the variance components@ and v respectively. 

It is more difficult to determine the sampling fraction because there are more unlmowus. For any 
future season, the estimate of the mean strike rate, p, is unavailable, the number of commercial 
tows, N, is unknown, as are the numbers of tows by individual vessels, observed and unobserved. 
The estimated strike rate and, more especially, N vary considerably from season to season 
(Table 1). The standard method of using values £ram the previous season to calculate coverage 
required can therefore be quite misleading because the answer will vary considerably with Nand 
p . The s~ong  dependence of the coefficient of variation on the mean total number of all captures, 
Np , apparent from Quation Q, enables us to describe the coverage required in terms of this 
variable, to a p a t  extent Rather than producing graphs of the coverage required for a range of N 
and a range of p, the coverage required can essentially be plotted against the estimated total number 
of captures. For example, if you estimate the total number of captures to be 70, then you will need a 
coverage of about 21% to achieve a coefficient of variation of 30%. 

The covariance component in (8) contains the expressions .: ~ 

Note that the first expression above represents the proportion of possible ordered pairs of tows for 
the m observed vessels relative to the number of pairs if a l l  n tows had been made by a single 
vessel. Similarly, the second expression is the proportion of ordered pairs for the M - rn unobserved 
vessels. The number of ordered pairs of tows within each vessel is important in the correlated 
model because each pair of tows by the same vessel contributes yf to the total variance. The values 
of these expressions relate to the numbers of vessels that are likely to fish in the fishery, and if that 
does not vary much fiom season to season the values of the expressions wiU be reasonably static. 
With the exception of the unusual 2001 season, when almost all tows were observed, there has been 
little variation in their values from 1998 on (Table 2). The sum of the two proportions varied 



between 20.9% and 24.7% for the four years when theobserver coverage fraction varied between 
and 23.0% and 38.8% (Table3). 

To calculate the coverage fraction required we need to solve the following cubic equation for f 

where c is the specified coefficient of variation, 

A=l+(( l+@)( l+v)-~)p 
and 

A is the contribution to the C.V. from the Poisson e m  variance plus overdispersion variance plus 
the vessel random effects variance, and B is the contribution from correlation between tows within 
each vessel. 

Rearranging Equation (9) and substituting the estimates for the parameters gives the cubic equation 
that is solved to obtain the observer coverage required for different values of f . 

Sf (I- f )Z+(cZf+A-i )  f - A = o  (10) 

where and & are estimates of A and B respectively and f is the estimate of Np . 

The next subsection addresses the methods for estimating 4 and so that suitable estimates of A 

and B, 1 and 6 ,  can be found and used to calculate sampling fractions as solutions to the cubic 
equation (10) for different values of f . 

2.5 Estimation of the components of variance 

Different methods are proposed in the large litexatwe for fitting mixed Poisson generalised linear 
models. However, there is no real consensus as to which method is best. Most concentrate on the 
problem of estimating the fixed effects coefficients. The accuracy of the estimation of any random 
effects is only secondary and relates only to the construction of approximate confidence intervals or 
to other approximate inferences. To estimate coverage required, we are primarily concerned with 
obtaining good estimates'of the components of variance associated with the random effects, a much 
more difficult uroblem. Methods that movide sound estimates of fixed effects are often not 
satisfactory for estimating random effects parameters. The difficulties of estimating components of 
variance in the GeneralisedLinear Model settine were addressed bv Tsutakawa (1988). Pauler et al. 
(1999). Daniels & Kass (1999). andLee &  elder (2001). 

We decided to use Bayesian methods for fitting the model for several reasons. Frequentist-based 
methods, which include generalised estimating equations, penalised likelihood, and empirical Bayes 
methods are pnmanly based on approximations to the likelihood, which is unavailable in closed 
form. Maximum likelihood estimates of variances in Poisson random effects models are well 
hown to be problematic, and Aragon et al. (1992) showed that infinite maximum likelihood 
estimates of random effects parameters are possible. There appears to be no general agreement as to 
which methods are appropriate in different situations, though Lee & Nelder (2001) showed via 
simulations that their method greatly reduces the estimation of variance components bias that exists 



in the methods of Schall(1991) and Breslaw & Clayton (1993). Different methods can give widely 
differing estimates of the V~I%UKX components, even when both methods give estimates of fixed 
effects that agree to a great extent. Booth et al. (2003) compared two methods that yield very 
different estimates of the random effects parameter for the same data. 

The Bayesian approach allows more flexibility in the models that can be fitted (Daniels & Gatsonis 
1999) and the availability of the program W i U G S  (Gilk et al. 1994) for fitting a variety of 
Bayesian models makes the approach attractive. The approach also works especially well for 
predictive models, as all sources of uncertainty are accounted for if a full Bayesian analysis is 
carried out 

To implement a Bayesian approach to estimation of the random effect variance,we need to assign 
probability distributions to the oveidispersion and vessel random effects abd prior distributions to 
the ~ n k n ~ w n  parameters. 

. 

For the overdispersion effects (level 2 of the model) we will use the Gamma distribution, so that the 
u,k are independent Gamma random variables with shape parameter = €I1 and rate parameter = 8,. 
This ensures the mean of all the overdispersion effects are is 1 and the variance is 

Using the Gamma distribution is equivalent to the assumption that the distributions of the yjh 
conditional on the vessel means pj ,  are independent negative biiomial random variables with 

means p j  and common heterogeneity parameter 0,. 

The assignment of a distniution to the vessel random effects, together with the assignment of a 
prior distribution to any fixed parameters, requires care fc& two reasons. In practice, it is difficult to - 
check any distributio& assu&tion for the random effects without h u g  amo& of data. The 
second problem concerns the prior on the variance of the random effects distribution. In a Bayesian 
approach without strong prior information, it is common to use a non-informative prior that may be 
improper in the sense that the integral of its density is infinite. Natarajan & Kass (2000) have 
shown that for GLMMs an improper prior on the variance of the random effects always gives an 
improper joint posterior distribution for the parameters. A consequence of tbis is that estimates of 
the random effects parameters are unreliable because the Markov Chain Monte Carlo (MCMC) 
method used for fitting does not converge. Maximum likelihood methods, which can be related to 
Bayesian methods with uniform improper prim, do not escape the consequences either and can 
yield an unreliable estimate of the random effects variance. In some situations the maximum 
likelihood estimate is at infinity (&agon et al. 1992). 

Because flexible correlation shucture can be incorporated, it is common in the literature to assume 
that the logarithms of the vessel effects (as we define them) have a normal distribution with mean 0. 
This is the assumption that the model is a GLMM and is equivalent to assuming a lognormal 
distribution for the vp However we want to allow a thick tail in the distribution of the vj which gives 
larger probabilities of a large value for a vessel effect than the lognomral distribution does. With 
this in mind we have chosen to use a Gamma distribution for the vessel random effects. Thus we 
have assumed that the v, are independent Gamma random variables with shape parameter = 0, and 
rate parameter = 0,. Again, this ensures that all the vessel random effects have mean 1 and' 
variance 

Since 0, and 0, are the reciprocals of the variances they can be described as precision parameters. 



The priors for the various parameters of the distributions of random effects need to be specified. If 
an unsuitable prior is chosen, the posterior distribution may be improper (having an infinite 
integral) or close to W i g  improper. Some non-informative priors have this property, and other 
standard prim have proved unsatisfactory. Christiansen & Moms (1997) and Daniels & Kass 
(1999) suggested the use of a "uniform shrinkage prior" for the precision parameter where a 
Gamma prior is used for the random effects. This type of prior distribution is proper and produce 
sound estimates of the random effects variance parameters in simulations carried out by Natarajan 
& Kass (2000) on a logit model. Nevertheless, the prior on the precision parameter is diffuse 
because it has an infinite mean, as has the corresponding prior induced for variance. 

The shrinkage refexred to here is the shrinkage of the predicted values of the random effects 
towards 1. With no shrinking of the predicted random effects towards 1, very small values will be 
assigned to random effects for those vessels that had no captures and large values will be assigned 
to those vessels that had well above average capture rates. This type of over-fitting occurs because 
of the nature of Poisson responses. With ova-fitting of the vessel randomeffects the estimate of the 
variance of these effects will be too high. Without compensating for over-fitting of the vessel 
effects, we are ignoring the possibiity that, more often than not, a vessel with an observed zero 
capture rate will have an under-predicted random effect, and a vessel with a well above average 
observed capture rate will have an ova-predicted random effect Daniels & Kass (1999) gave the 
argument that leads to the derivation of the density for the prior on a precision parameter 8, which 
is equivalent to a uniform prior on the amount of shrinkage of the predicted random effects towards 
1. This density is 

where v is a hyper-parameter that is the median of the prior distribution. The smaller v is, the 
more diffuse the prior is and the smaller the degree of shrinkage towards 1, that occurs in the 
predicted random effects. This prior is used for the precision parameters for both the over- 
dispersion and the vessel random effects. 

The data used for fitting the model using the W i U G S  program comprised the observed tows 
from the 1998 to the 2002 squid seasons in SQU 6T. These years were selected because they 
represent the current levels of activity in terms of the numbers of tows in the season and the current 
regime of observer coverage. From the 1999 season onwards, SLEDS were used on some tows. All 
tows where the SLED was present with the cover open were excluded from the analysis. Thus 1667 
tows aie in the data set for fitting the model, and for these tows 100 sea lions were captured. 

Because the data cover five different years, the model for estimatingthe random effects variances 
includes a different mean capture rate for each year. A hierarchical normal prior structure was used 
for the logarithms of the year capture rates with a diffuse normal hyper-prior on the mean and a 
diffuse Gamma(O.001, 0.001) hyper-prior for the variance. Any vessel that fished in SQU 6T in 
more than one year was assigned a different random effect for 'each year. 

Because we require only estimates of the overdispersion and random effects variances, the year 
means are nuisance parameters for our purposes. 

It is assumed that the variances of the random effects and overdispersion effects do not vary over 
the five years of the data used in fitting the model. 



3. RESULTS 

3.1 Representativeness of coverage 

To investigate the representativeness of coverage, data from all 11 seasons from 1992 to 2002 are 
used. Start positions of the commercial tows and the observer tows are shown in Figure 1. 
Coordinates of the latitude and longitude in the commercial data are truncated to the next 0.1" and 
this would result in a grid pattern of commercial tow positions in Figure 1. We added random 
values between 0.0' and 0.1' to all commercial coordinates to break up the grid pattern in this plot 
While it is difficult to judge the density of effort from Figure 1, in most years the observer coverage 
follows the commercial coverage. 

Density plots of observer tows and commercial tows against latitude, longitude, and date are 
presented in Figures 2-7. These show that the temporal and spatial representativeness of the 
observer coverage is good, especially in recent years. From the 1998 season a coverage level of at 
least 20% of commercial tows was targeted in the fishery and the increased emphasis on 
representativeness of the observer coverage is apparent in Figures 5-7. In 2001, coverage was 
98.5%; however small differences between the commercial and observed densities by latitude and 
longitude are apparent in Figure 6. These are due to the coarse truncation towards 0 to the next 0.1" 
for the coordinates in all the commercial data. The effects of truncation has beenonly partially 
cornpensated for by adding O.OSO to the latitudes and longitudes when making the density plots. 

A breakdown of the numbers of commercial and observed tows and percentage coverage by nation 
for the 11 seasons is given in Table 3. Coverage is variable by nation ovw the different seasons. 
However, coverage of the principal nation p u p ,  the Commonwealth of Independent States (US) 
that carried out 66.7% of all commercial tows in the fishery, is very similar to the coverage of all 
tows for each season. The numbers of tows by year for the commercial fleet including those vessels 
that had observers present and the corresponding percentage coverage for each fishing season and 
for all seasons combined are given in Table 4. The table also gives the numbers of vessels involved 
in the fishery and their coverage percentage. 

Overall, the observer coverage represents the commercial effort well in the SQU 6T fishery, for the 
characteristics investigated here (temporal, spatial, vessel and nationality). 

3.2 Coverage requlred to estimate the total captures wlth a specified coefficient of 
variation 

Fitting the Bayesian model, using the program W i U G S ,  to estimate the components of variance 
involved h e  steps and used the data for the seasons 1998 to 2002. These data exclude all tows 
where a SLED was present with the cover open because the model takes no account of any effekt of 
an open S W  on the mean capture rate. Fitly, attempts were made to fit the full model with over- 
dispersion and vessel random effects components. This proved unsuccessful because there was little 
evidence of convergence of the Markov Chain Monte Carlo (MCMC) sequence that BUGS 
produced. Additional attempts were made to fit the model using a purpose built Gibbs' sampling 
program (see, for example, Garnerman (1997, chapter 5) in the statistical package R @aka & 
Gentleman 1996). Convergence was never attained despite trying numerous variations on lengths of 
the chains, numbers of iterations for thebumin of the chain, prior distniutions on the parameters 
and disbibutions on the overdispersion random effects and vessel random effects. 

The frequencies of the observed numbers of captures are compared with the expected frequencies 
(Table 5) if the distribution of the number of captures is Poisson with mean equal to the strike rate 
for the year (given in Table 1). It is clear that for the seasons 1998-2001 (and for most of the earlier 
seasons) the Poisson model has an extremely good fit, and this explains why fitting a model with 



both overdispersion effects and random effects was not successful. Only 2002, when there was one 
tow where four sea lions were captured, and 1997 show small signs of overdispersion. There is 
simply no evidence in the data of overdispenion. This may be because the sample sizes for each 
year are not large enough. While over-dispersion may be 0c.curring because of different capture 
rates for different tows, the capture rates are so small that there are insufficient data to detect i t  
Therefore it did not appear to be possible to fit a model that had both over-dispersion effects and 
random effects. 

Consequently we fitted the Poisson model with vessel random effects but no over-dispersion 
effects. The model has six parameten in all, five mean capture rates (one for each of the yem 
included in the data) and the precision parameter of the vessel random effects. The prior on the 
vessel random effects precision parameter, €4, is the prior given by the density in Equation (11). A 
value for the hyperparameter v is ~equired and the assignment of a value is difficult. This 
parameter deternines the degree of shrinkage of the random effects towards 1; the smaller v , the 
less the shrinkage. There appears to be insufficient additional infomation in the data to help assign 
a value to v because a nm under WinBUGS with a non-informative prior assigned to v did not 
converge. The mean, median and the 95% credible interval for the posterior distribution of the 
variance of the vessel random effects are given in Table 6. It is clear that the variance increases as 
v decreases; however the rate of increase reduces as v gets smaller. It was decided to use v = 0.05 
because this represents a low level of informativeness in the prior on the variance. 

A run of WmBUGS using 3 chains, each with different starting values and each with a bum-in of 
5000 was carried out After bum-in, each chain was nm for 10 000 iterations retaining.every 5* 
iteration. Convergence was checked by comparing the characteristics of the three chains in Figure 8 
and by the Rhat statistic in Table 7. The near coincidence of the medians and intervals of the 3 
chains and the values of Rhat close to 1 suggest that the chains have converged. The time series 
plots of the recorded values of the chains are given in Figure 9 and these appear stationary, which 
also suggests that convergence has been reached 

As a check on the fit of the model, we plot the residuals against the predicted values of the strike 
rates. The pedicted strike rates include predicted values of the vessel effects. The results are plotted 
in Figure 10. Panel (a) plots the raw residuals, which are in bands because the number of captures 
takes only values 0, 1.2, and in one tow 4. Because interpretation is difficult we have plotted the 
randomised residuals, using the method of Durn & Smyth (1996). in panel @). This method 
spreads out the residuals over a continuum and makes interpretation of discrete model fits easier. 
Each vertical band in panel (b) represents the residuals for the tows from a single vessel. There does 
not appear to be any problem with the fit of the model based on the residual plots. 

Figure 11 plots the predicted vessel random effects against year. Our mcdel'assumes a common 
variance for all years and there is some evidence that the variance of the random effects differ by 
year. It would be possible to enhance the model to allow for different variances for different years, 
possibly by using a hierarchical approach where the variance for each year is chosen from a hyper- 
distribution. Little is likely to be gained from fitting the more complex model because there are so 
few captures per year, and also because we are interested in an overall vessel random effects 
variance to be applied to future seasons. 

To obtain the plots of coverage required as a function of the predicted total number of captures 'f , 
we use Equation (10) and obtain estimates of the parameters using the mcdel. We are estimating the 
variance of the overdispersion effects, $, to be 0 and therefore we require only the estimate of the 
variance of the vessel effects, y ~ ,  and the sum of the proportion of ordered pairs of tows by the 
observed and unobserved vessels to estimate A and B. The posterior median is used as the estimate 
of yr for two reasons. Firstly, the posterior distribution of the variance of the vessel random effects 
is very skewed to the right and the posterior mean might give an inflated estimate. Secondly, the 



solution of the cubic equation is a non-hear function of the estimate of y ~ .  When the posterior 
median is used as the estimate of y~ , the estimated coverage proportions will be median values. 

The posterior median of y~ is I) = 0.249 flable 7). This estimate of the variance of the vessel 
random effects corresponds to a very small correlation between pairs of tows by the same vessel. If 
the mean strike rate is 0.05, then the correlation is 0.0124, and if the strike rate is 0.10 the 
correlation is 0.0244. Nevertheless, the within-vessel correlation mahes a significant conhibution to 
the C.V. of the predicted total captures. 

In the last five seasons the sum of the proportions of the ordered pairs of tows for each season has 
been reasonably constant, apart from the 2001 season when almost a l l  tows were observed flable 
2). The large value for this season arises from the fact that only five vessels were unobserved and 
these made only nine tows in total. As an estimate of this proportion for use in the coverage 
required calculation, we use the average of the seasons 1998-2MH) and 2002. This is 23.5%. The 
estimate of B is then 

The quantity A includes the strike rate, p , which is unknown. To show that it has little effect on the 
value of A, we calculate two estimates of A, one with p=0.05 and one with p =0.10. Because 

$=o,  

and the estimates of A are: 

P A 
0.05 1.013 
0.10 1.025 

The results of solving the cubic equation, Equation (10). for different values of f using the two 
values for A are plotted in Figure 12: the two curves are almost the same. Reading from Figure 12, 
for examule. we see that to attain an estimated C.V. of 30% for'a mdicted total number of caoaues 
of 75, werequire the coverage to be just over 20%. The curves &nd on the estimate of the bessel 
random effects variance, y~ . The coverage proportions requiredfor c.v.s of 10%,20%, and 30% for 
predicted value of T as multiples of 10 in the range 50 to 100, under the two scenarios of the mean 
capture rate p equal to 0.05 and 0.10 are given in Table 8. 

As a sensitivity check on the effect of the estimate y~ on the coverage required, we carried out a 
BUGS run with the value of the median of the prior on the vessel random effects of 0.5 (rather than 
0.05). For this value there is more shrinkage of the predicted vessel effects towards 1 and it 
produced an estimate of I) = 0.192 (see Table 6). Figure 13 is a plot of the coverage required 
curves similar to those in Figure 8 using this estimate. With the reduction in the within-vessel 
correlation there is a reduction in the coverage required compared with that dqlayed in Figure 8. 
Reading from Figure 13, for a predicted total capture of 75 animals the coverage required to attain a 
C.V. of 30% is now about 18%. 

Table 1 includes estimates of the total captures for each year together with estimates of the C.V. The 
C.V. estimates were obtained from Equation (8) using the estimate 9 = 0.249. 



4. DISCUSSION 

In our approach to estimating coverage required to attain a specifed coefficient of variation, we 
have made a number of changes from what has been done in the past. We have adopted a predictive 
approach to calculating the variance of the estimator of the total captures through the predictive 
mean square error. This approach does not assume that the observed tows form a simple random 
sample from a l l  the commercial tows, and yet still incorporates both the uncertainty about the 
estimate of the strike rate and the uncertainty about the captures for the unobserved tows. 

Past work to obtain coverage proportion required has used bootstrap estimates of the variance of the 
total number of captures from any one year. The main uncertainties from one year to the next are N, 
the total number tows in the fishery, and p , the strike rate for that year. We have shown that the 
sampling fraction required can be expressed in terms of the estimate of the mean number of total 
captures in the fishery and therefore almost all the uncertainty about future is subsumed in this 
quantity. 

A vessel grouping of tows comprises the tows made by a single vessel in a single year. There are 54 
vessel groups in the 1998-2002 data, with 11 vessels observed every year except 1998. The data 
involve 29 actual vessels where 12 vessels were observed for only one of the years, 12 vessels were 
observed for 2 of the years, 2 vessels were observed in 3 of the years and 3 vessels were observed 
in 4 of the 5 years. It may have been possible to fit a more complex hierarchical model that allowed 
for differences in the random effects distributions, between the vessels grouped by nation, for 
example. However, the aim of the analysis was to obtain an estimate of the ''typical'' random effects 
variance for use in estimating coverage required, and this combined with the difficulties of fitting a 
more complex model suggested that the extra complexity was not warranted. 

The form of Equation (A4), in Appendix A, for the coefficient of variation highlights the 
inefficiency of the estimator f when there are correlations present. Rearranging Equation (9) the 
square C.V. of f can bewritten as 

where 

B is the contribution to the c.v? from the within vessel correlation and unlike the tint part of 
Equation (12). B does not go to 0 as the observer sample size, n, gets large. A consequence of this is 
that, no matter how large the observer sample is, a sampling proportion of at least 

is required to achieve a specified c.v., c. Using our estimates, this bound is less than 0 for c = 30% 
but for c = 20% and 10% the bounds are 17.3% and 58.7% respectively. The existence of these 
bounds is suggested by the shape of the curves in Figure 8. 

Finally it is important to highlight the paucity of data that are available for estimating important 
quantities in this fishery. Over the 5 years h m  1998 to 2002, 1667 tows have been observed and 
yet it is very difficult to estimate the vessel random effects variance and we are unable to estimate 
an overdispersion variance. One hundred captures were observed over the 5 years and this means 
that there are typically about 20 captures from which to estimate the year's mean capture rate. If no 
captures had been made, then very little could be said about capture rate overall, except perhaps 



that it was below a certain value with 95% confidence, and obviously nothing could be said about 
any differences between capture rates for the different years. In count data the sample size is 
relevant only for determining the standard errors of estimates through the expected number of 
captures in the sample. This is the product of the sample size and the capture rate. Therefore, 
effectively, the estimated standard errors of the yearly capture rates depend on the total number of 
captures for the season through the sampling fraction. By this argument the effective sample size 
for capture data is the number of caphues not the number of tows. It is a nice irony that the more 
effective any mitigation practice is for the reduction of sea lion captures the less certain we are 
about the degree of their effectiveness. 

The authors thank: Ian Doonan of NIWA for helpful discussions and Paul Starr of SEAFIC for 
supplying the data on SLED usage in the observed vessels. 
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Table 1: Numbers of tows in the observed and commercial data sets used in the estimation of coverage 
analysis together with numbers of captures of New Zealand sea lions and strike for the observed tows 
Commercial and observed tows that had open SLEDS (which oeenrred only in the 2001 and 2002 
seasons) are excluded from the data used for this purpose. Also included in the table are the predicted 
total New Zealand sea lion captures for the commercial fishery (excluding tows withopen SLEDS) as 
well as the estimated cv. obtained using the random vessel effects model. These estimates are not 
official estimates. 

Observed Commercial 
Number Strike Number Coverage 

Year of tows Captures rate (%) of tows (%I 

Predicted 
total 

captures C.V. (%) 

79 40.1 
18 43.3 
43 52.6 
112 43.0 
104 31.5 
147 21.9 
65 28.8 
13 38.6 
69 22.0 
34 3.2 
76 24.9. 

Table 2: Numbers of observed and unobserved tows and the proportIo11~ of all pairs of tows that occur 
within the same vessel for each year. Also included are the numbers of vessels in the SQU 6T fishery 
that were observed and the numbers that were unobserved. The data used for this table excludes all 
tows that had open SLEDs 

Rollortion of oairs of tows 
Number of tows Number of vessels that an within vessel (%) 

Year Observed Unobserved Obse~ed Unobserved Observed Unobserved Sum 



Table 3: ObSeNer coverage by nationality of vessel. The number of commercial tows (Com.) and 
percentage covered (Cov.) by the observer program is shown for each nationality and for each of the 
seasons. The total coverage for the combined seasons is also given. CIS denotes the Commonwealth of 
Independent States, formerly republics within the USSR. 

1992 
1993 
1994 
1995 
1996 
1997 
1998 
1999 
2000 
2001 
2002 

Total 

China .CIS Jspan Kor'ea NZ Poland 
Com. COv(%) Corn. Cov(%) Com. Cov(%) Com. Cov(%) Com. Cov(%) Corn. Cov(%) 

Table 4: Numbers and observer coverage of vessels, trips, and tows for 1992 to 2002 in the SQU 6T 
fishery. The values in brackets are for the data where all obSeNed tows using an open SLED are 
excluded. In 2001 and 2002, 278 and 125 observed tows, respectively, had open SLEDs In 2000, the 
SLED was used on some tows but all had the cover tied down. 

Year Commercial Observed Observer coverage 
vessels tows vessels t~ips tows vessels tows 

1992 49 2 154 
1993 39 707 
1994 43 4677 
1995 50 4005 
1996 52 4460 
1997 42 3710 
1998 36 1463 
1999 35 402 
2000 26 1207 
2001 23 585 
2002 28 1648 

Total 129 25018 



Table 5: Frequencies of tows that caught 0, 1, 2, or 3 or more New Zealand sea lions by year. The 
columns headed Observed are the actual frequencies observed and the columar headed Expected are 
the expected frequencies by year assuming that the number of caphwes foUowed a Poisson distribution 
model with mean given by the observed strike rate for that year, obtained IromTable 1. 

Year 

1992 
1993 
1994 
1995 
1996 
1997 
1998 
1999 
2000 
2001 
2002 

Observed Expected 
Caphue3 per tow Capturfs per tow 

0 1 2 3+ 0 1 2 3+ 

Table 6: Mean, median and 95% credibility interval for the posterior distribution of the variance of the 
vessel random effects for different values of the hyperparameter v in the prior on the random effects 
precision parameter 02. 

V mean 25% 50% 97.5% 

Table 7: The mean, standard deviation and percentiles of the posterior distribution of the parameters 
and the expected deviance obtained from the Markov Chain Monte Carlo sample using the package 
BUGS. Rhat is the potential scale reduction factor whlch measures convergence of the (at 
convergence, Rbat = 1) and neff is a measure of effective sample size. The mu parameters are the 
strike rates for the seasons and varm is the variance of all the vessel random effects. 

parameter mean sd 2.5% 25% 50% 75% 97.5% Rhat n.eff 
mu1998 0.046 0.016 0.022 0.035 0.043 0.054 0.084 1.000 6000 
mu.1999 0.032 0.017 0.009 0.020 0.029 0.041 0.073 1.000 6000 
mu.2000 0.071 0.024 0.039 0.055 0.067 0.081 0.129 1.001 4000 
mu.2001 0.115 0.033 0.065 0.093 0.111 0.132 0.191 1.001 2800 
mu.2002 0.052 0.015 0.028 0.041 0.050 0.060 0.087 1.001 6000 
vawe 0.302 0.231 0.026 0.132 0.249 0.413 0.891 1.008 730 
deviance 751.7 9.156 733.7 745.5 751.8 758.4 768.8 1.002 1100 



Table 8: Percentage coverage required to attain c v s  of 10%,20%, and 30% when predicted values of 
the total captures are 50,60,70,80,90, and 100. Although the differences are only small, sets of values 
of the coverage required are given where the mean strike rate is 5% and 10%. 

Strike Coef. of Predicted total captures 
rate variation (%) 50 60 70 80 90 100 



Figure 1: Plob of start positions of observed tows (+) and commercial tows (a) by year. The bottom 
right panel combines all years. The Auckland IsIands, the 200 m depth contour, and the boundarg of 
the SQU 6T area are Lncluded. In the original commercial data the coordinates of the tows were 
truncated to 0.1'. Random positional components have been added to each coordinate to allow for this 
and to prevent a large number of points coinciding in the plot. 
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F i e  2: Density plots of obse~er  coverage against latitude, longitude, and day of year for 1992 and 
1993 seasons. 
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Figure 3: Density plots of observer coverage against latitude, longitude, and day of year for 1994 and 
1995 seasons. 
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l?igure 4: Density plots of observer coverage against latitude, longitude, and day of year for 1996 and 
1997 seasons. 
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Figure 5: Density plots of observer, coverage against latitude, longitude, and day of year for 1998 and 
1999 seasons. 



4Y 30' 50' s w 30' 51' 

latitude 

1 Feb 1 t.4U 1 Apr 1 May 1 Jun 

date 

longitude 

1 Feb 1 t.4U 1 Apr 1 b y  1 1 n  

date 

Figure 6: Density plots of observer coverage against latitude, longitude, and day of year for 2000 and 
2001 seasons. 
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Figure 7: Density plots of observer coverage against latitude, lon'gitude, and day of year for 2002 season 
and all 11 seasons c o m b i i .  



Figure 8: Diagnostic plots for the convergence of the three chains used to estimate the vessel random 
effects model. mayr[ll, ..., mu.yr[fil denote the strike rates for the seagous 199&2002, varxe is the 
random effect varlance and deviance is the deviance at each sample of the parameter values parameter 
values If convergence of the &ah has occurred, the three different &ah wUl give similar m e d h  
and intervals There is little evidence that convergence of the ehaias has not happened. 



Figure 9: Plots of the 3 chains in the MCMC sample from the posterior distribution of the parameters 
model used for estimating the variance of the vessel random effects. See the Figure 8 caption for 
notation 
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F i e  10: Residual plots of the residuals against the fitted strike rate values. (a) gives the raw residuals 
and @) the randomised residuals. Randomisation removes the pattern that is de to the discreteness of 
the datn. Each vertical band contains the tows of a single vessel. 



Figure 11: Plot of median predicted vessel random etTects against the year of tishing. 
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Figure 12: Coverage required to estimate the total number of captures with a coefficient of variation of 
lo%, 2070, and 30% plotted against the estimated total number of captures in the commercial season. 
Note that the lines for the alternative strike rates of 0.05 and 0.10 almost coincide. These curves use the 
estimate of 0.249 for the variance of the vessel random effects. 
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Figure 13: Coverage required to estimate the total number of captures with a coefficient of variation of 
lo%, 20%, and 30% plotted against the estimated total number of captures in the commercial season 
In this plot the variance of the vessel random effeets is estimated to be 0.192. 



APPENDIX A: CHARACTERISTICS OF THE PREDICTOR OF THE TOTAL NUMBER 
OF CAPTURES 

Using the model described in Section 5.2 we obtain expressions for the mean predictive error and 
the mean square predictive error using the characteristics of the marginal distribution of the vector 
of tow by tow captures y. y comprises the captures for all N tows of the season ordered by observed 
tows and then the unobserved tows. We will use the notation y,, for number of captures for the kLb 
tow of the jh vessel. 

The model implies that mean capture rate for each tow is the same, p. Thus 

E ( T ) = N ~  

and so the mean predictive error is 

To obtain the mean square predictive error we require the covariance structure of the marginal 
distribution of all the tows. This is relatively simple under the model assumptions. The model 
implies that there is no covariance between tows by different vessels and that the covariance 
between pairs of tows by the same vessel is the same for each pair and does not depend on the 
vessel. We denote this covariance by K. The model also assumes the over-dispersion component of 
variance, I), is the same for each vessel and so the. variance of the number of captures, which we 

denote by d, is the same for each tow. Expressions for d and K in terms of p, I), and are 
derived at the end of this appendix. 

The total captures for vessel j, 6 is given by 

t r=  C;=, y,* 

where j is ordered so that the first m vessels comprise the observed vessels and the remaining N -  m 
vessels are un0bSe~ed 

E ( t l ) = n p  

and the covariance betweenthe total captures by different vessels is 0. 

The mean square predictive error of f is 



To obtain expressions for d and K in tern of p, $ and \~r we need to confirm that the expected 
value of yjk is p and calculate expressions for the variance of yjk and the covariance between the 
captures for two tows by the same vessel, yit and yx. 

To obtain the covariance of yjk and yx (for different tows by the same vessel) we note that 

Thus 

K=c~~(Y~,Y~P)'vP~ 

Substituting expressions (A2) and (A3) into equation (Al) gives 

1-f ~ s ~ ( f ) = - ( i + ( ( ~ + $ ) ( i + ~ ) - i ) p ) ~ p  
f 


