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EXECUTIVE SUMMARY 

Smith, M.H.; Baird, S.J. (2007). Estimation of incidental captures of New Zealand sea lions 
(Phocarctos hookeri) in New Zealand fisheries in 2003-04, with particular reference to the 
SQU 6T squid trawl fishery. 

New Zealand Fisheries Assessment Report 200717. 32 p. 

In 2003-04, 20 New Zealand sea lions (Phocarctos hookeri) were observed caught in New Zealand 
commercial fisheries. In waters around the Auckland Islands, 16 were observed caught in squid 
(Nototodarus spp.) trawl nets during February-April 2004 and 2 in scampi (Metanephrops 
challengeri) trawl nets during October-November 2003. All were landed dead. The remaining 
observed captures comprised one released alive from a squid trawl off the southern slope of the 
Stewart-Snares shelf (in SQU IT) in September 2004 and one landed dead from a southern blue 
whiting (Micromesistius australis) trawl net off the Campbell Rise. 

Assessments of New Zealand sea lion captures in the SQU 6T squid trawl fishery around the Auckland 
Islands are made annually. In this report we estimate the number of sea lion captures in the waters 
surrounding the Auckland Islands during January to June in 2004 in trawls targeting squid (the main 
SQU 6T fishery). We document the captures in the other fisheries. 

A new method is used that improves on past estimation methods used in the main SQU 6T fishery. 
The approach is a model-based prediction method that includes random effects for vessels and uses 
observer data from the last 13 years for the model fitting. This allows us to address two sources of bias 
that have been a problem with previous methods. Firstly, the model-based method allows correction 
for differences in capture rates between the observed and the unobserved tows in the fishery. 
Secondly, by using vessel random effects, both the extra variability from the correlation in the capture 
rates for tows by the same vessel and the uncertainty that arises because not all the vessels were 
observed, is accounted for. Predictive distributions for the actual numbers of sea lion captures or 
deaths are obtained by predicting the numbers of unobserved captures (or deaths), which are then 
added to the16 sea lion captures that were observed in the 2004 season. 

The use of sea lion exclusion devices (SLEDs) with cover nets open for all but 78 of the 1597 
commercial tows in 2004 makes the prediction of the actual number of sea lion captures plus deaths 
from fishing interactions impossible, as very little is known about survival rate of sea lions that escape 
through open SLEDs. Instead, the actual number of sea lions that are captured and landed on deck is 
predicted and the number of sea lions that escape through open SLEDs is also predicted. The total 
number of sea lions captured and landed in the 2004 season has a predicted value of 48.1 (the mean of 
the predictive distribution), and a 95% predictive interval of between 30 and 76. The predicted value 
of the actual number of sea lions that escape through open SLEDs is 137.1 with a 95% prediction 
interval of between 44 and 332. The actual number of sea lion interactions (defined to be the number 
of landed captures plus the number escaping from SLEDs) has a predicted value of 185.2 and a 95% 
prediction interval of between 87 and 376. 

The actual total number captured or dying after escaping from SLEDs through the open cover, can be 
predicted if a value for the survival rate for sea lions escaping from SLEDs is assumed. Assuming, for 
example, that 50% survive, the total number of sea lion captures plus deaths after escaping has a 
predicted value of 116.7 and a 95% predictive interval of between 62 and 217. 

Because the sea lion interaction rates vary among tows, the mean strike rate for the season is defined 
to be the average, over all the commercial tows, of the mean sea lion interaction rates per tow. The 
mean strike rate for the 2004 season is estimated to be 7.1 % (posterior mean) with a 95% credibility 
interval of between 3.3% and 14.5%. The estimated mean strike rate for the 2004 season is larger than 
(but not significantly different from) the official strike rate of 5.3% used in the management of the 
SQU 6T fishery. 
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1. INTRODUCTION 

The New Zealand (Hooker's) sea lion, Phocarctos hookeri, is the only endemic pinniped in New 
Zealand, with 95% of the annual pup production occurring at the three breeding locations in the 
Auckland Islands group, on Enderby Island, Dundas Island, and Figure of Eight Island (Gales & 
Fletcher 1999). New Zealand sea lions are gazetted as 'threatened' under the World Conservation 
Union (IUCN) and the New Zealand Department of Conservation (DoC) threat classification systems 
(Hilton-Taylor 2000, Hitchmough 2002). The species is protected under the Wildlife Act 1953 and the 
Marine Mammals Protection Act 1978. Statutory obligations require the Ministry of Fisheries (MFish) 
to monitor the bycatch of associated or dependent species during commercial fishing operations in 
New Zealand waters. The MFish Scientific Observer Programme collects data on the incidental catch 
of New Zealand sea lions as part of its monitoring programme. The work reported here is for the 
MFish project ENV2004/02, Objective 1: To estimate the level of New Zealand sea lion incidental 
captures in New Zealand Fisheries for the fishing year 2003-04, including separate estimates for SQU 
6T and other areas as appropriate (including confidence limits and an investigation of any statistical 
bias in the estimates). 

Captures of sea lions have been recorded in trawl fisheries south of 46° S (for example, see Baird 
2005a, 2005b). Most reported captures are in the SQU 6T squid trawl fishery and annual totals of sea 
lion captures are estimated each year. This work presents the data and results of model-based 
estimation of New Zealand sea lions in the SQU 6T squid fishery during February-June. Captures in 
other trawl fisheries during 2003-04 are documented at the end of the report. 

2. NEW ZEALAND SEA LIONS AND THE SQU 6T SQUID TRAWL FISHERY 

The foraging area and depths used by New Zealand sea lions overlap with the concentration of the 
squid trawl fishery around the Auckland Islands during January to June, resulting in the incidental 
capture of sea lions. Since the 1996-97 fishing year, the fishery has had an allowable catch of 32 369 t 
of squid, but catches have fluctuated, with annual reported catches between 950 t (in 1997-98) and 34 
635 t (in 2003-04) (Sullivan et al. 2005). In recent years the effort in the fishery has been restricted by 
management policies aimed at protecting New Zealand sea lions, which place a limit on the incidental 
take of sea lions for each season, known as the FRML (fishing related mortality limit). Before 2003-
04, fishing related mortality has been monitored by inseason estimation of sea lion captures based on 
industry collected data that included data from observed tows and captures. 

Vessels operate under a code of practice designed to minimise marine mammal capture and have been 
restricted to fishing outside a 12 nautical mile zone around the Auckland Islands since 1982. In the 
Auckland Islands part of the SQU 6T fishing area, mitigation devices known as Sea Lion Exclusion 
Devices (SLEDs) (Anon. 2002) have been trialed since the 2000 season. The SLED provides a 
potential escape route for the animals. The escape route can be blocked by tying down a cover net, and 
initially observed tows with the cover net tied down were used to estimate the catch rate. Cover net 
use has varied from the 2000 season when all observed tows with SLEDs in the 2000 season had the 
cover in place to the 2004 season, which was the first when all observed tows with SLEDs had the 
escape cover open (see Table 1). The use of SLEDs has developed over recent years and although use 
is mandatory SLED design has not been regulated other than to minimize the spacing of the vertical 
bars preventing sea lions entering the cod end. 
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Table 1: Observed effort in the SQU 6T fishery including SLED use and sea lion capture numbers and 
rates. 

Effort (tows) Captures Capture rate (%) 
SLED Net Net 

Season No SLED Covered No cover Closed Open Closed Open 

1992 218 8 3.7 
1993 197 5 2.5 
1994 433 4 0.9 
1995 286 8 2.8 
1996 555 13 2.3 
1997 731 29 4.0 
1998 337 15 4.5 
1999 156 5 3.2 
2000 284 154 0 25 5.7 
2001 297 278 33 5 11.1 1.8 
2002 176 262 125 22 0 5.0 0.0 
2003 159 237 24 10 0 2.5 0.0 
2004 59 0 733 2 14 3.4 1.9 

Total 3592 950 1160 179 19 3.9 1.6 

The 2004 season was the first managed using a predetermined official constant fishing related 
mortality rate per tow (strike rate) of 5.3%. For tows with a SLED approved by MFish, the strike rate 
was discounted by 20% (= 0.8 x 5.3% = 4.24%). (To gain approval by MFish, the spacing of the 
vertical bars in the SLED had to be within a specified range and the vessel had to give 3 days warning 
of departure on a trip to allow for the inspection of any SLEDs carried and the possible placement of 
observers on the vessel.) An FRML of 124 sea lions was set and this determined the number of tows 
permitted in the season through the official strike rate (including the discounted rate for tows with 
approved SLEDs). 

In the past, the simple ratio estimate has been used to estimate the total sea lion captures for a season. 
This method calculates the observed strike rate equal to the number of observed captures divided by 
the number of observed tows for the season. The estimate of the total captures is then obtained by 
multiplying the total number of tows for the season by the observed strike rate. From the 2001 season 
on, when SLEDs with open cover nets have been used, the calculation of the observed strike rate only 
used the observed tows that either had no SLED or a SLED present with the cover net tied down. In 
the 2004 season, almost all of the observed tows had SLEDs with cover net open and so any 
calculation of the observed strike rate would be based on very few tows (for example only 59 out of 
792 observed tows in the 2004 season, which included 2 captures) and would ignore the information 
available in the tows with SLEDs with the cover net open. Consequently the ratio estimate is not 
suitable for estimating captures in recent years. 

Other shortcomings of the ratio estimate are firstly, that it requires the assumption that the observed 
tows (those that do not have SLEDs with open cover nets) are representative of all the tows and 
secondly, it does not take into account any correlation of capture rates among tows by the same vessel. 
The assumption of the representativeness of observer coverage has been shown to be reasonable, in the 
seasons 1992-2002, using the criteria of observer coverage of starting position and date of tows 
(Smith & Baird 2005). For these limited variables, representativeness of observer coverage was not 
perfect however, with time of year perhaps the least representative over for the seasons examined. 
Representativeness for other variables that this study found to be important, namely, distance from 
nearest sea lion breeding colony, duration of tow, and time of day was not examined. Because capture 
rates vary, coverage that is less than representative is likely to lead to bias in the estimates of total 
captures. 
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Recently, Breen et al. (2005) presented estimates of mean numbers of sea lion captures in both the 
Auckland Islands part of SQU 6T and the SQU IT squid trawl fisheries using a model-based 
approach. They used industry data for the 2001-02 to 2004-05 fishing years, which included not only 
the sea lion captures recorded for tows where observers were present but also industry recorded 
captures when no observer was present. As with the ratio estimate method, they assumed a constant 
mean sea lion capture rate per tow within each fishery for each year. In contrast with the ratio estimate 
method all the data was used for fitting their model rather than just the observed tows that had no 
SLEDs or had SLEDs with the cover net tied down. To do this they assumed a constant probability of 
escape from open SLEDs by sea lions (as we have). They also assumed that the reporting of sea lion 
captures when observers were not present was an independent binomial process with a constant 
probability over different years and for different vessels. This last assumption was made despite their 
analysis showing that there was strong evidence of differences in reporting probabilities among years. 
Their estimates that purport to be estimates of the actual number of captures are in fact estimates of the 
mean number of captures parameters and their posterior probability that the mean number of captures 
exceeds the FRML is not the probability that the actual number of captures exceeds the FRML. The 
latter should be calculated from the predictive distribution of the sum of the number of unreported 
captures, the number of sea lions that survive after escaping from SLEDs, and the number of reported 
captures. 

In our approach, we used only the observer data for fitting models and estimating parameters. The 
industry capture data were not used because they were deemed to be too unreliable and variable. Breen 
et al. (2005) showed that the industry reporting probability was small «15%) and they also showed 
that the assumption that it was constant over years was not tenable. Furthermore, there is likely to be 
variation in the reporting probability among vessels with some vessels never reporting captures on 
unobserved trips, so the binomial model would not deal with the problem effectively, even if different 
probabilities were used for different years. We use observer data from the years 1992-2004 to develop 
a hierarchical model based method for predicting the total number of New Zealand sea lion captures in 
the SQU 6T squid trawl fishery during the months of January to June (which we will refer to as the 
SQU6T fishery from now on). 

Our method incorporates two additional improvements over methods previously used. Firstly, we 
model the variation in capture rates, making it possible to estimate, and correct for, some of the bias 
resulting from differences between observed and unobserved tows in various factors and covariates. 
Thus, the method is less dependent on the representativeness assumption. Secondly, we model the 
correlation of capture rates among tows by the same vessel through vessel random (or hierarchical) 
effects. The variance of the vessel random effects for the observed vessels is used to estimate the 
additional variation arising from the individual vessel effects of the unobserved vessels. In this way 
the two main sources of bias are mitigated. The bias from non-representative sampling by observers is 
corrected for, at least partially, using the model covariates. Any bias from observing some but not all 
vessels is not corrected for but instead is incorporated as extra variation in the same way as sampling 
variability by considering the observed vessel effects to be a sample from the population of vessel 
effects. Because the effects of the unobserved vessels are unknown, bias from this source cannot be 
estimated. Thus, this is a practical solution to the problem. 

2.1 Terminology and Data 

The number of sea lion deaths from commercial fishing operations cannot be positively quantified 
because little is known about what, if any, fatal injuries are suffered by sea lions interacting with 
fishing nets but not captured. It has therefore, been customary to consider only the numbers of sea 
lions captured and landed as the measure of fishing interaction. However, the use of SLEDs with open 
covers in the SQU6T fishery after 2000 has added the extra complication of the survival of sea lions 
that have escaped through the open cover of the SLEDs. The model we use allows us to estimate the 
rate that sea lions escape from open SLEDs and hence predict the number of sea lions that escape from 
any SLEDs used (as does the model of Breen et al. 2005). Unfortunately there is insufficient 
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information to be able to estimate the survival rate of sea lions that escape from open-net SLEDs and 
consequently we cannot directly estimate the total mortality of sea lions in the 2004 season from 
available data. 

Instead we define quantities that can be used to bound the number total number of sea lions that are 
either retained in the net or escape but do not survive. These and other terms are defined below. In 
keeping with the fact that the E in the SLED acronym is the first letter of exclusion we have chosen to 
describe a sea lion that has escaped through the open cover net of a SLED as a sea lion excluded by 
the open SLED and to count the sea lion as one exclusion. 

2.1.1 Definitions 

Definitions and terminology used in this report: 

SQU6T 

Season 
SLED 
Closed-net tow 

Open-net tow 
Landed captures 
Observed captures 
Exclusions 
Interactions 

Mean interaction rate 

Retention probability 

Approved-SLED tow 

Attributed captures for a tow 

the fishery comprising the Auckland Islands part of the squid trawl 
fishery in SQU 6T for the months of January to June (the main squid 
trawl season, although, apart from in 1997, 2000, and 2001, there has 
been little fishing effort in the month of January). Note that there is 
no space between U and 6 in this term. 
the calendar year of fishing in the SQU6T fishery. 
sea lion exclusion device. 
a tow that either has no SLED or the SLED is present with the cover 
net closed. 
a tow that has a SLED present with the cover net open. 
sea lion captures, whether dead or alive, that are landed on the deck. 
landed captures recorded for tows that have an observer present. 
sea lions that escape from open-net tows. 
landed captures plus exclusions. The number of interactions equals 
the number of landed captures plus the number of sea lions excluded 
from open-net tows. 
for each tow, a parameter that is the expected number of sea lion 
interactions. 
a parameter that is the probability that a sea lion is retained and 
landed (not excluded) in an open-net tow. 
an open-net tow that is on a trip where the SLEDs have been 
approved by MFish. 
the number of sea lions equal to: either the number of interactions if 
the tow is closed-net or has a non-approved open-net SLED; or the 
number of sea lion deaths or landed captures if the tow has an 
approved open-net SLED, under the assumption that each sea lion 
interacting with the net has a 0.8 probability of being landed or not 
surviving (see below for the motivation for this quantity). 

The management of the 2004 SQU6T fishery with the official strike rate (S.3% per tow) discounted by 
20% for tows with approved SLEDs, suggests that the total attributed captures is a quantity that might 
be usefully predicted. With the FRML set at 124, the total number of commercial tows with an MFish 
approved SLED, nA , and the total number of commercial tows, n, had to be such that 

0.8xO.OS3xnA + 0.OS3x(n - nA ):::; 124. 

That is 

(n - O.2n A):::; 1241 0.OS3 = 2339.6. 

7 



The 20% discounting (SO% scaling) of the official strike rate for a tow with an approved SLED is 
equivalent to saying that a sea lion interacting with an approved SLED has an SO% chance of either 
being captured or not surviving the exclusion from the SLED. Therefore we consider the total 
attributed captures, which comprises all interactions for tows with a non-approved SLED plus a 
random number of the total of all the interactions for tows with approved SLEDs, each interaction 
being included with probability O.S. It differs from the official definition of the total fishing related sea 
lion mortality because it is predicted by replacing the constant official strike rate with estimates of the 
mean interaction rates for each tow. 

Neither the official total fishing related mortality nor the attributed captures can be considered to be 
estimates or predictions of the actual number of sea lion deaths because they ignore sea lions excluded 
from SLEDs with open cover nets that have not been MFish approved (S50 - 78 = 772 tows in 2004, 
see Table 2). Furthermore, the predetermined strike rate of 5.3% is not based on any data from the 
2004 season and the O.S probability is not based on any data at all. Nevertheless, the official total sea 
lion fishing related mortality in SQU6T in 2004 is 0.0424x 1747+0.053xS50 = 119.1 sea lions, which 
is less than the FRML of 124. 

Table 2: Numbers of tows in the 2004 SQU6T commercial data by SLED use and MFish approved SLED 
use. 

Vessels By SLED use By MFish approved SLED use 
No SLED Open-net Not Approved Approved 

Observed 21 59 (7.4) 733 (93) 300 (38) 492 (62) 
Unobserved 31 19 (1.1) 1 786 (99) 550 (30) 1 255 (70) 

All tows 32 78 (3.0) 2519(97) 850 (33) 1 747 (67) 

Numbers in parentheses in body of table are percentages of observed, unobserved and all tows 
Numbers in parentheses in the Total tows column are percentages of all tows 
All SLEDs used in the 2004 season had the cover net open 

Total tows 

792 (30.5) 
1 805 (69.5) 

2597 (100) 

If the survival probability of a sea lion excluded from open SLEDs were known then the predictive 
distribution of the number of sea lions killed or captured could easily be obtained using our methods, 
because predictions of the total number of sea lions landed and the total number excluded are readily 
obtained. Even if the survival probability were not known exactly, the uncertainty could be modelled 
and the predictive approach would then give a predictive distribution with this uncertainty included. In 
any case the total number of sea lions captured or killed would be between the total number of landed 
and the total number of interactions. 

2.1.2 Data 

An observed data set was built for the purposes of model selection and fitting data from the MFish obs 
and obs _If database. Additional information was obtained from autopsy results provided by MFish and 
observer diaries. The observer data covered the fishing years 1991-92 to 2003-04. Identification of 
the tows using SLEDs was made from data supplied by the Seafood Industry Council (SeaFIC). No 
industry sea lion capture data were used in this analysis. A data set of commercial tows for the 2003-
04 year was also assembled from TCEPR data for use in the prediction of the total sea lion captures. 
This included high resolution start coordinates for the tows and SLED use was incorporated from the 
data supplied by SeaFIC. Data grooming and resolution of data conflicts from the different sources 
was carried out. It was then possible to identify which tows in the commercial data were observed and 
which were not. 

Numbers of tows together with capture numbers and rates in the observer data grouped by SLED use 
are presented in Table 1. The numbers of tows, numbers of vessels, and male, female and total New 
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Zealand sea lion captures in the observer data that are used for fitting the models are summarised in 
Table 3 below. 

Table 3: Observed effort and New Zealand sea lion captures in SQU6T in the seasons 1992 to 2004. 

Captures 
Season Tows Vessels Males Females Total 

1992 218 7 5 3 8 
1993 197 9 2 3 5 
1994 433 7 2 2 4 
1995 286 7 4 4 8 
1996 555 9 3 10 13 
1997 731 14 20 9 29 
1998 337 10 11 4 15 
1999 156 11 4 5 
2000 438 11 13 11 25 * 
2001 576 23 16 22 38 
2002 563 12 6 16 22 
2003 420 11 4 6 10 
2004 792 21 2 14 16 

Total 5702 68 89 108 198 

* One sea lion was unsexed in the 2000 season 

The observer coverage rate in the 2004 season is 30.5% (see the right-hand column of Table 2). Note 
also that the number of approved SLED tows was 1747, the number of tows using SLEDs that were 
not approved was 772, and the number of tows not using a SLED was 78; comprising 67%,30%, and 
3% of all commercial tows respectively. 

The numbers of observed and unobserved vessels in Table 2 do not add to the total number of vessels 
in the 2004 season. This is because 20 vessels had some tows observed and some unobserved, one 
vessel had all its tows observed, and 11 vessels had none of their tows observed, making 32 vessels in 
total. 

Plots of the start positions of observed and unobserved tows in the 2004 season are shown for the 
open-net tows in Figure 1 and for the closed-net tows in Figure 2. The figures also show start positions 
for the observed tows where seas lion were captured. 

2.2 Models 

Our approach to predicting the number of New Zealand sea lion captures is model-based. The models 
are hierarchical and the use of Bayesian methods allows for the estimation of parameters and the 
prediction of numbers of captures in a way that incorporates variability of parameter estimates as well 
as the uncertainty in the numbers of captures predicted from those estimates. Model fitting was carried 
out using the WinBUGS program (Spiegelhalter et al. 2003) which produces a Markov chain Monte 
Carlo (MCMC) sample from the joint posterior distribution ofthe model parameters. 

2.2.1 Description of the models used for fitting the observer data 

The model used for fitting the observer data and selection of covariates is described in terms of the 
number of sea lion interactions for a tow. The distributional assumption of the model is that the 
number of sea lion interactions in the ith season on the kth tow by the /h vessel has a Poisson 
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distribution with mean rate (per tow) parameter E(Yijk) = Ilijk' The model allows the mean rate 

parameter to vary among tows by assuming that parameters are log-linear. Each mean rate parameter 
is built from the set of possible covariates in a multiplicative way and all models considered can have: 

1. A set of base season mean capture rate parameters, Ai' 
2. A set of multiplicative vessel-season random effects, vij . 

3. A multiplicative retention probability for a sea lion interacting with an open net, denoted 
by 1t. Tows with SLEDs that have cover nets are treated the same as tows with no SLEDs 
(both are closed-net tows). Smith & Baird (2005) showed there was no measurable 
difference between the capture rates for a tow with no SLED and a tow with a SLED with 
a cover net. 

4. Covariates that appear in the model as a scaling of the capture rate by an exponential 
function of the standard form linear model. 

The form that each tow-by-tow mean parameter takes depends on what types of captures are 
considered and on the assumptions about the effects of the types of gear used (closed-net, open-net, 
and approved SLED). We consider three types of mean capture parameter for each tow. 

The mean interaction rate parameter Ilijk , for the ijkth tow is given by 

(1) 

Xijk is a row matrix of covariate values for tow ijk and P is a column matrix of coefficients. This is 

equivalent to the log-linear model 

The mean landed capture rate parameter Il~k , for the ijkth tow is then given by 

L _ {1tllijk , tow ijk is open-net, 
Ilijk - "k' 1 d Ilijk' tow 1) IS C ose -net. 

The attributed mean capture rate parameter for a tow with an approved SLED is 

A {0.8Ilijk, tow ijk uses an approved SLED, 
Ilijk = . 

Ilijk' otherwIse, 

which is equivalent to saying that a sea lion that interacts with an approved SLED has an 80% 
probability that it will either be retained in the net or fail to survive if it was excluded. Also, for non
approved nets all interactions result in capture. 

It is well known that if y, the number of items, has a Poisson distribution with mean parameter Il and 

each item is accepted independently with probability 1t (and excluded with probability I-1t) then the 
number of accepted items also has a Poisson distribution but with mean parameter equal to 1t1l. This 

fact means that, when scaling a mean rate by a factor that is less than 1, the factor can be interpreted as 
an acceptance probability and the number of accepted items also has a Poisson distribution. Thus, the 
assumption that the number of interactions has a Poisson distribution implies that the number of 
landed captures and the number of attributed captures also have Poisson distributions. 

Hierarchical (or random effects) models are used for both the base capture rates, A,i' and the vessel

season effects, vij' The distribution of Ai is assumed to be lognormal with mean and variance hyper

parameters. The distribution of the vessel-season effects is assumed to be gamma with a single hyper-
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parameter, the shape parameter, which is equal to the rate hyper-parameter. This ensures that the 
distribution of the vessel season effects has mean 1, and variance given by the reciprocal of the shape 
hyper-parameter. Hierarchical models help avoid over-fitting of multiple parameters and, in the case 
of the vessel-season effects, properly include the extra variation due to the fact that a sub-set of vessels 
are unobserved in anyone season. 

The model for the observed landed capture data has at least 169 parameters. These are: 13 base capture 
rates (A;); 152 vessel-season effects parameters (vi}); 1 retention probability parameter (11:); 2 

parameters for the lognormal distribution of the Ie;; 1 parameter for the variance of the gamma 

distribution of the vessel-season effects (var.vs); and the parameters for any selected covariates (f}). 

The covariates (including factors) that were considered for inclusion are those used in the analysis of 
factors affecting sea lion capture rates in Smith & Baird (2005). Some of those variables were not 
considered for inclusion in the model selection part of this work, for three reasons. Firstly, covariates 
were not considered if they had been identified as having little or no relationship to the mean capture 
rate. Secondly, covariates whose effects contribute to the vessel effects, such as vessel power and 
vessel nationality were not considered. Thirdly, covariates not recorded in the commercial data or not 
available from other sources were not considered. This latter group includes all covariates defined 
from the tow path data recorded by the observers. Names and descriptions of the covariates considered 
for inclusion are: 

Name 
DN 

dist.col 

Description 
time of day of tow. Factor variable with levels: 

day (base level) - tow entirely in daylight or twilight 
dusk - tow includes end of evening twilight (sun 12° below horizon) 
night - tow entirely in darkness 
dawn - tow includes start of morning twilight (sun 12° below horizon) 

duration 

distance from start of tow to the nearest New Zealand sea lion breeding colony. 
Continuous variable transformed in the linear model component by the logarithm. 
duration of tow. Continuous variable transformed in the linear model component by 
the logarithm. 

day.no day of fishing season (from 1 January) of the start time of the tow. Continuous 
variable untransformed in the linear model component. 

Different combinations of contrasts between the levels of DN and polynomial functions of up to third 
order for day. no were considered. 

2.2.2 Model assumptions 

The model described includes a number of implicit and explicit assumptions and the fitting process 
also requires the specification of prior distributions. These are set out in detail below. 

Model 
1. All landed captures are observed for tows with an observer present. 
2. The distributions of the numbers of captures for each tow have independent Poisson 

distributions, conditional on the mean rate parameters. 
3. Base season capture rate parameters (A;) are hierarchical (random) being an independent 

sample from a single lognormal distribution. 
4. The vessel-season effects (vi}) are hierarchical (random) being an independent sample from a 

single gamma distribution with mean 1 and variance that is the same for all seasons and 
observed and unobserved vessels. 

5. The retention probability (11:) is the same for all seasons. 
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6. The coefficients (P) in the log-linear contribution from the covariates are the same for all 

seasons. 

Prior distributions for fitting the observer data 
7. The prior distribution for the mean (in log space) of the lognormal hierarchical distribution of 

the season base interaction rate parameters (Ai) is normal, mean = -4 and standard deviation = 
100. 

8. The prior distribution for the variance parameter (in log space) of the lognormal hierarchical 
distribution of the season base interaction rate parameters is a folded Student's t with one 
degree of freedom and dispersion = 25 (similar to the prior advocated in Gelman 2006). 

9. The prior on the shape parameter (equal to the reciprocal of the variance) for the gamma 
distribution of the hierarchical vessel-season effects (vij ) is the uniform shrinkage prior which 

has density 

_ I;: 
f(x)- 2'X>0 

(I;:+x) 

where the median 1;:, is set equal to the mean number of observed sea lion captures per vessel 

(see Christiansen & Morris 1997 and Natarajan & Kass 2000). 
10. The prior distribution for the retention probability (It) is uniform on (0, 1). 
11. The prior distribution for each of the coefficients (P) in the log-linear contribution of the 

covariates, is normal with mean = 0 and standard deviation = 100. 
12. All prior distributions are independent. 

The priors as specified can be considered to be non-informative because they are highly dispersed 
(apart from that for It, which is uniform and can therefore be considered non-informative). All the 
normal distribution priors have standard deviations of 100 and the prior distributions for the variance 
parameters all have infinite means and variances. Care is required in choosing priors for the hyper
parameters associated with hierarchical parameters as an improper prior for the variance hyper
parameter generally leads to an improper joint posterior distribution for all the model parameters. 
Bayesian inference from an improper posterior distribution is meaningless and the use of MCMC 
methods produces chains that never converge (although often this fact is not obvious from the chains 
themselves). Slow convergence of MCMCs can occur for models with priors that are either improper 
priors, which have been truncated to make them proper, or have parameter values that make the priors 
close to being improper. 

2.2.3 Model fitting and selection 

Models involving different combinations of the covariates were fitted using the WinBUGS program. 
WinBUGS primarily uses Gibbs sampling (Gelfand & Smith 1990) and slice sampling (Neal 2003) 
methods (which are particularly suited to hierarchical models) for generating MCMC samples. 
However, Metropolis-Hastings sampling methods (Hastings 1970) are sometimes used in conjunction 
with the others for complex models. The final model was selected using the minimum deviance 
information criterion (DIC). This is a penalised likelihood criterion similar to the Akaike information 
criterion (AIC) , but adapted to the Bayesian approach. It has the advantage that it penalises 
hierarchical parameters at an appropriate rate. The Bayesian approach, unlike the maximum 
likelihood, produces a posterior distribution of deviances. DIC is defined by 

DIC=D+ Po =D+2po, 

where D is the posterior mean deviance, D is the deviance evaluated at the posterior mean of the 

parameters, and Po (the deviance penalty) is the difference, 15 - D. The method is described in 
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Spiegelhalter et al. (2002), where it is noted that D is a measure of the predictive accuracy of the 
model and, for a normal linear model with unconstrained parameters, Po is the number of parameters 

in the model. The criterion is also discussed in Gelman et al. (2004). In more general models Po 

represents the effective number of unconstrained parameters and, therefore, large numbers of 
hierarchical parameters impose a lesser penalty. 

Runs to select the final model involved a bum in of 10 000 iterations and the next 5000 iterations were 
kept. The values ofDIC and its component parts for the relevant model runs are given in Table 4. 

Table 4: Deviance information criterion values for different covariate models tried. The chosen model is in 
bold. All models tried included the base model components of the SLED use effect and the season random 
effects. All models, except for the starred model, also included the vessel-season random effects. 

Model Dbar Dhat pD DIe 

base (season + vessel-season random effects) I 617.68 I 570.07 47.61 1 665.30 
base + log( dist.col) 1602.40 1556.16 46.24 1648.64 
base + log(dist.col) + log(duration) I 582.40 1 533.49 48.91 1631.31 
base + log(dist.col) + log(duration) + DN 1579.14 1527.16 51.98 1631.12 
base + log(dist.col) + log(duration) + DN + day. no 1 578.59 1 525.57 53.01 1 631.60 
base + log(dist.col) + log(duration) + day. no 1581.21 1531.18 50.03 I 631.25 
season + log(dist.col) + log(duration) + DN* 1 653.39 1 636.76 16.63 I 670.02 

* model with no vessel-season random effects 

It can be seen that there was little to choose between the models with the chosen covariate model 
base + loge dist.col) + loge duration) + DN 

just coming out ahead of the covariate model 
base + loge dist.col) + loge duration) + day.no 

Second and third order polynomials in day. no were also tried but the predictive power, as measured by 
the DIC criterion, did not improve. Combining the levels of DN involving a light effect and a dark 
effect was also tried with no improvement in predictive power. 

An additional run of a model with the chosen covariate model but without any vessel-season random 
effects was carried out. This was to investigate if the automatic inclusion of vessel-season effects was 
justified. The mean deviance was very much worse than for the chosen model but the effective number 
of unconstrained parameters added by the vessel-season effects, as determined by the difference 
between the Po values for the two models, was between 35 and 36 (= 52.0 - 16.6, see the pD column 

in Table 4), compared with than the actual number of extra parameters, 152 + 1. The predictive power 
of the model with no vessel-season effects was much inferior to the chosen model as shown by the 
much larger DIC. 

2.2.4 Chosen model fit and parameter estimates 

After the model was chosen a longer MCMC run to fit the model was carried out. The run used a bum 
in of 30 000 iterations and a further 75 000 iterations keeping every 15th iteration. Convergence of the 
MCMC chain was checked for the model parameters (listed in Table 5) using the following 
diagnostics: Geweke (Geweke, 1992), Raftery and Lewis (Raftery & Lewis, 1992) and Heidelberger 
and Welch (Heidelberger & Welch, 1983). The chain passed all tests and convergence was also 
confirmed visually by the trace plots of the important parameters for estimation and prediction in the 
2004 season (Figures 3 and 4). 

Characteristics of the posterior distributions of the important parameters (together with the 1992-2003 
A s) are given in Table 5. 
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Table 5: Characteristics of the posterior distributions of important parameters in the chosen model. 

Parameter Percentiles 
Mean Std dey 2.5% 25% 50% 75% 97.5% 

A92 0.0377 0.0148 0.0160 0.0277 0.0354 0.0449 0.0729 

A93 0.0293 0.0119 0.0113 0.0208 0.0277 0.0356 0.0568 

A94 0.0191 0.0091 0.0061 0.0126 0.0177 0.0241 0.0408 

A95 0.0308 0.0133 0.0122 0.0214 0.0285 0.0375 0.0640 

A96 0.0267 0.0091 0.0129 0.0203 0.0254 0.0319 0.0482 

A97 0.0390 0.0102 0.0226 0.0318 0.0377 0.0448 0.0629 

A98 0.0389 0.0128 0.0201 0.0301 0.0368 0.0454 0.0702 

A99 0.0312 0.0129 0.0122 0.0221 0.0294 0.0378 0.0619 

Aoo 0.0530 0.0171 0.0288 0.0410 0.0500 0.0618 0.0940 

Aol 0.0729 0.0232 0.0385 0.0565 0.0691 0.0853 0.1286 

Ao2 0.0394 0.0115 0.0216 0.0313 0.0379 0.0457 0.0657 

Ao3 0.0237 0.0087 0.0106 0.0175 0.0222 0.0286 0.0439 

Ao4 0.0480 0.0207 0.0215 0.0336 0.0439 0.0574 0.1005 

1t 0.265 0.100 0.113 0.193 0.250 0.320 0.500 
dist.col -1.396 0.285 -1.955 -1.590 -1.396 -1.202 -0.839 

duration 0.582 0.168 0.261 0.468 0.578 0.698 0.915 
DN dusk 1.332 0.296 0.828 1.120 1.308 1.523 1.976 
DN night 0.783 0.269 0.358 0.590 0.746 0.943 1.393 
DNdawn 1.460 0.337 0.892 1.222 1.432 1.668 2.221 
var.vs 0.562 0.206 0.228 0.414 0.538 0.680 1.041 

In Table 5, the parameter characteristics for the covariates dist.col and duration are those for the 
corresponding ~ parameters in the linear model. However, the characteristics for the three contrasts of 

the levels of the DN variable are transformations of the corresponding ~ parameters in the linear 
model. All are readily interpreted. The model implies (using posterior means as point estimates) that 
the mean capture rate parameter for a tow is proportional to (dist.colrIA and (duration)o.58. Compared 
with the mean capture rate parameter for a tow in daylight, the estimated capture rates for tows at 
other times of the day are the daytime mean capture rate parameter scaled by: 1.33, if the tow included 
dusk; 0.78, if the tow were in the dark; and 1.46, if the tow included dawn. The mean capture rate 
parameter for an open-net tow is that for a closed-net tow scaled by the retention probability (1t). 
Using the posterior mean, 1t is estimated to be 0.265 and this is interpreted as the probability that a 
sea lion, interacting with an open-net tow, is retained in the net (rather than excluded). 

The base capture rate parameters 0"92 etc.) need careful interpretation. They are the mean capture 
rates for each season, for a closed-net tow in the daylight at a distance from the nearest colony equal to 
the geometric mean of all the distances from the nearest colony (47.9 km) and of duration equal to the 
geometric mean of all the tow durations (3.25 hr) in the observer data for all 13 seasons. In this sense 
the base parameters are standardised sea lion capture rates similar to standardised catch per unit effort 
indices, although no correction for vessel effects (only vessel-season effects) is made in this case. 
Estimated strike rates for a season have to be calculated allowing for the distribution of the covariates 
in that season. As expected, because there are only 181 tows with sea lion capture incidents in the 
observer data, there is quite large uncertainty about the parameter values. For example the 95% 
credibility intervals are (0.11, 0.50) for the retention probability, and (-1.96, -1.20) for the coefficient 
of the distance from the nearest colony. 

Plots of the MCMC iterations and kernel density estimates of the posterior distributions of the 
parameters relevant to the 2004 season (except for the 21 individual vessel effects) are presented in 
Figures 3 and 4. The plots of the MCMCs show no evidence that the chains have not converged. Box-
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whisker plots representing the posterior distributions of the 13 season base effects are shown in Figure 
5 and box-whisker plots of the MCMC iterations from the posterior distributions of the 21 the vessel
season effects of the 21 vessels observed in 2004 are shown in Figure 6. 

The first measure of goodness of fit used was the comparison of the observed capture frequencies, 
with the expected capture frequencies estimated from the model using the MCMC iterations. For each 
iteration in the MCMC, the expected frequencies of 0, 1, and 2 or more captures for every tow in the 
observer data are obtained using the Poisson distribution with mean equal to the mean capture rate for 
the tow estimated from the values of the parameters and vessel-season effects for the iteration. These 
expected frequencies are summed by season and then averaged over all the iterations in the MCMC. 
Observed and predicted frequencies are compared in Table 6. 

Table 6: Comparison of observed frequencies of numbers of captures with the expected frequencies 
estimated from the model. The expected frequencies in the column headed by 2+ are frequencies of tows 
with 2 or more captures. 

Observed frequencies Expected frequencies 

Season Number of captures per tow Number of captures per tow 
0 1 2 0 1 2+ 

1992 211 6 1 210 7.3 0.3 
1993 192 5 0 191 5.5 0.2 
1994 430 2 427 6.1 0.1 
1995 278 8 0 278 8.2 0.2 
1996 543 11 541 13.2 0.3 
1997 706 21 4 704 26.3 1.1 
1998 322 15 0 323 13.5 0.5 
1999 151 5 0 151 5.1 0.2 
2000 414 23 416 21.3 1.1 
2001 541 32 3 * 543 31.2 1.9 
2002 545 16 2 542 20.2 0.7 
2003 410 10 0 409 11.1 0.3 
2004 778 12 2 777 14.6 0.3 

Totals 5521 166 15 5511 183.5 7.2 

* one tow caught 4 sea lions 

It is apparent from Table 6 that the model predicts the observed data for individual seasons quite well. 
There is however, evidence of the model being under-dispersed because the observed number of tows 
with 2+ captures, summed over all the seasons, is more than twice the total predicted by the model (the 
model on average predicts 7.2 tows with 2+ captures whereas 15 such tows were observed). A chi
square test of goodness of fit showed that the difference between the total observed frequencies and 
the total frequencies predicted by the model is significant. However the model shows little under
dispersion for many of the seasons, including 2004, and, since it is only used for prediction for the 
2004 season, any effects on the predicted values obtained in Section 2.3.1 are likely to be small. 

Further checks of the fit of the chosen model were carried out by plotting randomised quantile 
residuals (see Dunn and Smythe 1996) against (the square root of) the fitted mean capture rate values 
and the covariate values. The randomised quantiles plotted to assess the model fit (Figure 7), are 
calculated from the Poisson distribution using mean capture rate parameters equal to the posterior 
means for each tow in the observer data. A box-whisker plot of the randomised quantile residuals for 
the levels of the DN variable is given in Figure 8. The plots show no evidence of any fit problems. 
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2.3 Predicted captures for 2004 

The main focus of this work is to estimate NZ sea lion captures in SQU6T in the 2004 season. We use 
the chosen model to estimate the mean strike rate for the 2004 season and to predict the numbers of 
landed sea lion captures, sea lions excluded from open-nets, sea lion interactions, and attributed sea 
lion captures. These quantities, which we defined in Section 2.1.1, have been chosen because of the 
impossibility of estimating the numbers of sea lion deaths from all interactions with commercial 
fishing operations. 

Because we are estimating parameters and predicting totals for the 2004 season only, we will drop the 
season index (i) from the notation for the various tow by tow capture, exclusion or interaction rate 
parameters (Ilijk etc.). It is not necessary to refer to individual vessels so we also drop the vessel index 

(j) from the notation and k will then range over all n tows in the 2004 season unless stated otherwise. 
We will, however, retain the superscript which identifies the type of rate parameter. For example, Ilk' 

11; , and Ilt denote the mean interaction rate, the mean landed capture rate, and the mean attributed 

capture rate parameters, respectively, for the klh tow in the 2004 season. 

In the past the observed strike rate was used to estimate what was assumed to be a constant mean 
capture rate. Because mean capture rates vary over space, time, duration of tow and whether an open 
SLED is present, a new definition of mean strike rate is also required. The observed strike rate for 
each season is the mean number of captures for the observed closed-net tows and because open-net 
tows are never included in the calculation only part of the data has been used in recent seasons. In 
contrast, all tows in a season are used in our definition of the mean strike rate parameter, which 
replaces the (previously assumed constant) mean capture rate. It is the average, over all n commercial 
tows (n = 2597 in the 2004 season), of the mean interaction rate parameters. The mean strike rate 

parameter is denoted by IlSR and is given by 

SR 1 '" 11 
11 = - "" k-l Ilk . n -

This definition takes into account the varying interaction rates for all the fishing effort in the fishery. 

IlSR is estimated directly from the model by averaging the individual tow interaction rate estimates. 

The individual tow estimates are calculated by substituting the model parameter estimates and the 
covariates for the tow into Equation (1), Section 2.2.1. 

The procedures for estimating mean totals and the mean strike rate and for predicting the total 
numbers of captures of the four types (interactions, landed captures, exclusions from open SLEDs, and 
attributed captures) are complex and need careful explanation. In the 2004 season 16 sea lion landed 
captures were observed. Model based predictions are made of the total unobserved numbers and these 
are added to 16 observed to get the totals for the season. The predicted unobserved totals can include 
landed captures and exclusions from all unobserved tows and also the number of exclusions of sea 
lions from any observed open-net tows. 

Mean total parameters for the 2004 season are required for the prediction procedure and these are 
obtained in a similar way. Firstly, we define the necessary mean total parameters of which there are 
four. The parameter for the mean total number of interactions for the season is given by 

(which is n times the mean strike rate parameter IlSR ). The parameter for the mean total number of 

landed captures is 

L ",11 L 
M = "" k=! Ilk . 
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The parameter for the mean total number of attributed captures is given by 

MA = I~=l/lt . 
Finally, the parameter for the mean total number of landed captures for the observed tows is given by 

° " L M = L...k/lk ' 

where the summation is over the observed tows only. 

The next step in the method uses the 5000 MCMC iterations of the parameter values from the fitted 
model to generate 5000 MCMC values from the joint posterior distribution of the mean totals defined 
above. Twenty nine parameters from the fitted model are required for estimation and prediction in the 
2004 season. They are: the 2004 base rate A04 ' 1[, five ~ s (coefficients for the covariates dist.col, 

duration, and the factor DN), 21 vessel-season effects for the vessels observed in 2004, and var.vs 
(variance of the vessel-season gamma distribution). Only 21 of the 32 vessel-season effects for 2004 
are estimated in the model and the remaining 11 vessel-season effects for the unobserved vessels are 
generated, at each iteration, by an independent sample from the gamma distribution with mean 1 and 
variance equal to the current iteration value of var.vs. This last part models the uncertainty in the 
vessel effects of the unobserved vessels. 

At each iteration of the chain the value of each of the mean total parameters M , M L , MA , and MO 
is calculated from the values of the parameters and vessel-season effects for that iteration. This gives a 
5000 MCMC sample from the joint posterior distribution of the four mean totals. An MCMC sample 

from posterior distribution of the mean strike rate parameter /l SR is immediately available by dividing 

each of the values in the MCMC sample from M by n. 

The final step in the method produces an MCMC sample of 5000 iterations from the joint predictive 
distribution of the totals. The predictive method incorporates both the uncertainty in the parameter 
estimates together with the variability in the actual totals that would be present even if the parameter 
values were known exactly. This latter variability is only for unobserved total captures as it is known 
that 16 captures were observed landed. Therefore the predicted total number of captures is obtained by 
adding the predicted total number of unobserved captures to the observed landed captures (16). Mean 
totals of unobserved captures and the mean total sea lions excluded from open SLEDs are calculated, 
for each iteration, from appropriate mean totals in the following steps. In Steps 1-2 the drawing of a 
Poisson random variable incorporates the uncertainty in the actual number of captures or exclusions 
given the current value of the mean parameter and the binomial random variable in Step 4 serves a 
similar purpose. 

1. Total landed captures, TL. The mean total unobserved landed captures parameter is 

M UL = M L - MO . A random value X UL is drawn from the Poisson distribution with mean 

parameter equal to the current iteration of M UL . The current iteration value of the predicted 

total landed captures is then TL = X UL + 16. 

2. Total sea lions exclusions, TE. The parameter for the mean total number of sea lion 

exclusions (all of which are unobserved) is ME = M - M L . The current iteration value of the 

predicted total sea lions excluded is T E , which is a random value drawn from the Poisson 

distribution with mean parameter equal to the current iteration of ME. 
3. Total interactions, T . The current iteration value of the predicted total closed-net captures is 

obtained by adding the current predicted value of the landed and excluded totals, T = TL + TE . 
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4. Total attributed captures, TA. The proportion of the total sea lions excluded by the open 
SLEDs that are deemed killed and contributing to the total attributed captures is given by the 
ratio of the mean totals 

A MA _ML 
P = 

A random value XA, is drawn from the binomial distribution with the number of trials 

parameter equal to the current iteration of TE and the probability parameter equal to the 

current iteration of pA . Note that XA includes all sea lions excluded by SLEDs not officially 

approved as well as the appropriate proportion of those excluded from approved SLEDs. The 

current value of the predicted total attributed captures is then obtained by adding XA to TL, 

TA =XA +TL. 

2.3.1 Prediction results 

Characteristics of the posterior distributions of the mean total observed captures ~, the mean total 

interactions M, and the mean strike rate f.l SR , and the characteristics of the predictive distributions of 

the actual total interactions T, the actual total landed captures rL, the actual total exclusions r-, and the 
total attribute captures r are all obtained from the 5000 iterations for each quantity generated using 
the procedure described above. 

The density of the posterior distribution of the mean strike rate parameter f.l SR is plotted in Figure 9. 
Densities of the predictive distributions of the total interactions, total landed captures, total exclusions, 
and the total attributed captures for 2004 are plotted in Figures 10-13. Characteristics of the posterior 
distribution of the mean strike rate and the predictive distributions of the total landed captures and the 
total attributed captures are given in Table 7. 

Table 7: Characteristics of the posterior distributions of the mean numbers of captures and interactions, 
the mean strike rate, and the predictive distributions of the total numbers of interactions, captures, and 
exclusions for the 2004 season. 

Percentiles 
Mean Std dev c.v. (%) 2.5% 25% 50% 75% 97.5% 

Estimated mean total observed captures, MO 15.18 3.69 24 8.88 12.59 14.84 17.4 23.2 
Estimated mean total interactions, M 184.5 75.6 41 84.9 132.0 169.5 219.9 375.8 

Estimated mean strike rate, llsR (%) 7.1 2.9 41 3.3 5.1 6.5 8.5 14.5 

Predicted total interactions, r 185.2 75.0 40 87 134 170 219 376 

Predicted total landed captures, TL 48.1 11.7 24 30 40 46 55 76 

Predicted sea lion exclusions, TE 137.1 71.6 52 44 88 123 169 322 

Predicted total attributed captures, rA 160.5 64.7 40 76 116 147 190 325 

Also included are the characteristics of the posterior distributions of the mean total observed captures, 
the mean total interactions, and the mean strike rate; and also the characteristics of the predicted 
distributions of the total exclusions and total interactions. The latter is the predicted total number of 
captures if all the commercial tows had no SLEDs and this suggests that the attributed captures 
represents a saving of about 25 sea lions. It is interesting to note that the variability in the estimated 
mean total interactions is almost the same as the variability in the predicted total interactions. The 
latter has added Poisson variation, but this is off-set by the fact that the observer coverage was 30.5% 
and the number of landed captures for the observed tows is known exactly. 

The important results are the predicted total landed captures and the predicted total interactions as 
these are bounds for the number of sea lion deaths in the 2004 season. Point estimates of these 
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quantItIes are the means of the predictive distributions, 48.1 and 185.2, respectively. The 95% 
prediction interval for the total landed captures is (30, 76) and for total interactions it is (87, 376). 

The imprecision of the posterior distributions of the mean parameters and the predictive distributions 
for the total captures or interactions for 2004 is to be expected. Extensive use of SLEDs meant that 
relatively few observed capture incidents were available for estimating the 2004 base capture rate "'04' 

However, extra information about the hierarchical distribution of the base capture rates obtained from 
all 13 seasons was used in the estimation and prediction process, which results in better precision than 
if the approach had not been hierarchical. 

The mean strike rates for seasons other than 2004 were not estimated using the model based method as 
it was not a requirement of the project and to do so would have required the extraction of data for the 
commercial effort for all the seasons. However, we were able to estimate the mean strike rate for all 
observed tows in the other seasons and compare these with the observed strike rate calculated from the 
observed closed-net tows. These estimates of the mean strike rate for the observed tows are the 
posterior means and the results are given in Table 8. For the seasons prior to 2001, when only closed 
nets were used, this exercise can be considered as an additional way of checking the model fit, because 
the same data were used for calculating the observed and modelled strike rate estimates. Some 
differences are to be expected, especially for seasons where very few captures were observed but, of 
the early the years, only in 1993 and 1994 did the strike rates differ by more than 10%. 

Table 8: Model based estimates of the mean strike rates for all observed tows compared with the observed 
strike rate calculated from observed closed-net tows. 

Model estimates for all observed tows Observed closed-net tows 
Season Mean total Number of Mean strike Totalobs. Number of Obs. strike 

interactions tows rate (%) captures tows rate (%) 

1992 7.9 218 3.60 8 218 3.67 
1993 5.7 197 2.92 5 197 2.54 
1994 6.4 433 1.47 4 433 0.92 
1995 8.6 286 3.01 8 286 2.80 
1996 14.0 555 2.53 13 555 2.34 
1997 28.4 731 3.88 29 731 3.97 
1998 14.6 337 4.34 15 337 4.45 
1999 5.5 156 3.51 5 156 3.21 
2000 23.4 438 5.35 25 438 5.71 
2001 53.6 576 9.31 33 298 11.07 
2002 25.6 563 4.54 22 438 5.02 
2003 12.1 420 2.87 10 396 2.53 
2004 55.2 792 6.96 2 59 3.39 

Total 260.9 5702 4.57 179 4542 3.94 

Average for 2000-2004 seasons 5.81 5.54 

It is also interesting to note some of the discrepancies between the two strike rates in recent seasons. It 
appears that the observed strike rate over-estimated the modelled strike rate in 2001 but severely 
under-estimated the modelled strike rate in 2004. The 2004 observed strike rate will be imprecise 
because so few tows were closed-net. In 2004 the estimated strike rate for the whole fishery was 
7.11 % (Table 7) compared with 6.96% when using only the observed tows. The 2001 season observed 
mean strike rate should be very close to the estimated mean strike rate for the whole fishery because 
observer coverage was 98.5%. However the observed strike rate used only closed-net tows (52% of 
observed tows) and the discrepancy between the observed strike rate and the estimated mean observed 
strike rate (11.1 % versus 9.3%) may, at least in part, be explained by the fact that the closed-net tows 
may not have been representative of all the observed tows. 
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2.4 Discussion 

The 2004 SQU6T fishery was the first where almost all (97%) of the 2597 commercial tows and 93% 
of observed tows used SLEDs with open cover nets (see Table 2). This necessitated the development 
of an entirely new approach to the problem of the estimation of sea lion captures. The method we have 
developed improves on the ratio method and the method of Breen et a1. 2005 because it corrects, at 
least in part, for differences among the capture rates for observed and unobserved tows. It also 
incorporates the effects of correlation among capture rates for tows by the same vessel, as extra 
variation. 

The use of the hierarchical model approach also means that the method can be very easily adapted to 
in-season prediction of the numbers of sea lion captures. It could predict the captures for the 
commercial effort early in the new season, albeit with large uncertainty, even when no observer data 
were available. This would be achieved because the new season base capture rate and vessel-season 
effects could be estimated from their hierarchical posterior distributions derived from the past seasons' 
data. 

The procedure we have used should be regarded as a work in progress and estimates can be improved 
as more data are collected. The model may be able to be extended and improved in several ways to 
remedy what might be considered as short-comings. However, satisfactory extensions of the model 
would depend on whether the model with the extra parameters could be fitted reliably. In count data, it 
is not the size of the data set used for fitting (5702 tows in the 1992-2004 observer data) but rather the 
number of captures (198 observed) that determines the accuracy of any estimates. 

Some of the short-comings that might be addressed in future work, especially as more observer data 
become available, are now discussed. Firstly, the model appears to be under-dispersed, at least in some 
seasons, as it under-predicts the frequency of multiple captures per tow (Table 6). It is possible to use 
a negative binomial distribution for the number of captures for each tow given the mean capture rate, 
which has increased dispersion compared with the Poisson distribution. Unfortunately the negative 
binomial distribution as implemented in the WinBUGS program used for fitting the models does not 
allow the shape parameter to be continuous. While this can be overcome by using the Poisson 
distribution together with gamma random effects for each tow which is equivalent to assuming 
negative binomial rather than Poisson errors, the resulting MCMC takes very much longer to 
converge. Because the over-dispersion is relatively small, experience suggests that the main effect on 
the analysis will be small increases in the spread of the posterior distributions of the parameters and in 
the predictive distributions for the total captures but there is likely to be only minimal changes in their 
means (and medians). 

Secondly, the assumption was made that the retention probability for sea lions in open SLEDs are the 
same for every season. Changes in SLED design and usage over the years are likely to lead to different 
retention probabilities for different seasons. However, no sea lions were observed retained in open 
SLEDs in the 2002 and 2003 seasons and only in 2001 and 2004 were there observed open SLED tows 
that retained sea lions (Table 1). The absence of capture data in 2003 and 2004 makes the estimation 
of separate retention probabilities for each season very problematic. The idea of the p coefficients 
varying among seasons, which can be treated as adding interaction terms for each parameter with the 
variable season, could also be seen as desirable. Again the paucity of data would very likely make the 
estimation of the inflated number of parameters difficult and give unreliable results. The use of 
hierarchical models of seasonal effects nested within each parameter might be a way of reducing the 
effective number of parameters. 

Finally it might be possible to add an extra level to the vessel-season random effects, with season 
effects nested within each vessel effect. The splitting of the variance of the vessel-season effects into 
the variance of vessel effects plus the variance of within-vessel season effects would likely result in a 
reduction in the spread of the predictive distributions of the totals. Some vessels that were not 
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observed in the current season for prediction would have been observed in other seasons and therefore 
the fitted model would have estimates for those vessel effects. The current season effect for each 
individual unobserved vessel would still have to be simulated from the distribution of season effects 
for the vessel but this distribution would (on average over the vessels) have smaller variance than that 
for the vessel-season effects in the current model. 

Early in the project a large amount of work was carried out to try and fit models that separated males 
and females. The models that were tried generally had different parameters for the sexes, but with 
values for the retention probabilities and P coefficients that were constant over the seasons. For 

example, the effect on capture rates of the distance from the nearest colony was stronger in females 
than males, and there appeared to be no time of day effects (the DN variable) for females, but males 
were captured at a greater rate in daylight than at night. A separate sexes model would be useful to 
predict total captures and interactions of males and females. The death of a female sea lion has greater 
population implications than the death of a male because most females are lactating and many are 
pregnant at the time of year of the SQU6T fishery. The separate male/female models that we tried 
failed to predict the numbers of males and females observed captured in the 2004 observer data 
adequately and the predictions for some of the other seasons were also somewhat inadequate. 
Reluctantly, we abandoned these models and proceeded with the fitting and selection of the model for 
all sea lion captures that has been used in the analysis. 

While the approach we have used addresses many of the short comings of earlier methods and better 
reflects the uncertainties, we are unable to predict the total number of sea lions that are either captured 
or die as a consequence of being excluded by a SLED, in the 2004 season. The problem is that there is 
no satisfactory estimate of the survival probability of a sea lion that is excluded from an open SLED, 
and this is also compounded by there not being an agreed definition of survival in these circumstances. 
However we are able to predict the total number of sea lions landed and the total number of sea lions 
excluded from the open SLEDs. The means of the respective predictive distributions are 48.1 and 
137.1 and the respective 95% predictive intervals are (30, 76) and (44, 332) (see Table 7). However if 
a value for the survival probability is assumed (or a probability distribution for the survival probability 
that reflects the uncertainty in its value is given), then it is easy to obtain a sample from the predictive 
distribution of the total number of captures or deaths from the MCMC samples for yL and yEo 

For example, assume that the survival probability for a sea lion excluded from an open SLED is 50% 
in relation to some agreed definition of survival. The retention probability is estimated (from the 
posterior mean, see Table 5) to be 0.265 and therefore the efficacy of an open SLED under the 
assumption is (1 - 0.265) x 0.5 = 0.37. That is, an estimated 37% of sea lions interacting with an open 
SLED will be excluded and survive. The predictive distribution of the actual total number of captures 
and deaths (under the 50% survival probability assumption) has mean 116.7 (= 48.1 + (1 - 0.5) x 
13 7.1), a median of 109, and the 95% predictive interval is between 62 and 217 (calculated from the 

MCMC sample of the pairs (rL ,rE) using rL + X , where X is a binomial random variable with 

n = rE and p = 1 - 0.5). 

3. NEW ZEALAND SEA LION CAPTURES IN OTHER TRAWL FISHERIES, 2003-04 

Four sea lions were observed caught in trawl nets that targeted scampi, southern blue whiting, and 
squid outside SQU 6T. One male sea lion was released alive from a rnidwater net that targeted squid 
during February 2004 off the southern edge of the Stewart-Snares shelf. This was the only sea lion 
capture reported from a total of 955 observed squid tows off the Stewart-Snares shelf during January
May 2004; these observed data represent about 40% of the 2305 tows made at that time. 

Two female sea lions were landed dead during separate scampi bottom trawl nets off the eastern edge 
of the Auckland Islands Shelf. These animals were caught during late October and early November. A 
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total of 412 scampi tows were observed off the Auckland Islands Shelf during October-December 
2003; 1093 tows were reported on commercial returns during this time. 

One dead male sea lion was reported by observers during southern blue whiting fishing effort off the 
Campbell Rise during September 2004. A total of 238 southern blue whiting tows were observed to 
the east of Campbell Rise during September-October 2004; this represents nearly half the 519 tows 
made in this area for those months. 
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FIGURES 
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Figure 1: Plots of start positions of observed and unobserved open-net tows in 2004 in SQU6T. The 
observed tows where at least one sea lion (HSL) was caught are highlighted by triangles. 
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Tows without SLEDs 
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Figure 2: Plots of start positions of observed and unobserved closed-net tows in 2004 in SQU6T. The 
observed tows where at least one sea lion (HSL) was caught are highlighted by triangles. 
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Figure 3: Plots of traces of the MCMC iterations and plots of the posterior densities of the 2004 base mean 
capture rate (1...04 ), the retention probability (1t) of SLEDs, and the coefficients of the logarithms of 

distance to the nearest colony (dist.col) and duration. Bandwidth refers to the filter used for smoothing to 
obtain the kernel estimates of the posterior densities. 
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Figure 4: Plots of traces of the MCMC iterations and plots of the posterior densities of the time of day 
effects for dusk, night and dawn relative to day, and the variance of the distribution of the vessel-season 
effects (var.vs). 
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Figure 5: Box-whisker plots of the MCMC iterations representing the posterior distributions of the base 
capture rates, 'Ai' for the seasons 1992-2004. The ranges of the whiskers are 99% credibility intervals for 

the 'Ai s. 
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Figure 6: Box-whisker plots of the MCMC iterations representing the posterior distributions of the vessel
season effects V04 ,j' of the 21 observed vessels in the 2004 season. The ranges of the whiskers give 99% 

credibility intervals. The horizontal dashed line gives the mean of all the vessel-season effects. 
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Figure 7: Q-Q plots of the randomised quantile residuals and plots of the randomised quantile residuals 
against the square root of the fitted values, the distances to nearest colony and the durations of tows. 
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Figure 8: Box-whisker plot of randomised quantile residuals against the levels of the DN (time of day) 
factor. 
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Figure 9: Posterior distribution of the mean strike rate parameter fJ,SR, for sea lions in the SQU6T fishery 

in the 2004 season. 
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Predictive density of total sea lion interactions 
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Figure 10: Predictive distribution of the total number of sea lion interactions T, in SQU6T for the 2004 
season. 

Predictive density of total landed captures 
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Figure 11: Predictive distribution of the total number of landed sea lion captures r, in SQU6T for the 
2004 season. Here the total sea lion captures are those retained in trawl nets with and without SLEDs. 
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Predictive density of total sea lions ejected from open SLEDs 
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Figure 12: Predictive distribution of the total number of sea lions excluded r, through open cover nets in 
SLEDs in SQU6T for the 2004 season. 

Predictive density of total attributed captures 
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Figure 13: Predictive distribution of the total number of attributed sea lion captures T", in the SQU6T 
fishery for the 2004 season. For these captures it is assumed that the mean capture rate for a trawl where 
a SLED is used but not officially approved, is the no-SLED mean capture rate. For a trawl where a SLED 
is used and officially approved, the mean capture rate is assumed to be 80% of the no-SLED capture rate 
for that trawl. The vertical broken line is at the FRML of 124 captures. 
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