














~  |0.8u,, tow ijk uses an approved SLED,

Py = 4)

Hix » otherwise.

This is equivalent to saying that a sea lion that interacted with an approved SLED has a nominal 80%
probability that it will either be retained in the net or fail to survive if it were excluded and, for non-
approved nets, all interactions result in capture.

The model includes some parameters as random effects and is therefore a hierarchical model. Both the
base interaction rates 4, , and the vessel-season effects v, are random effects. The distribution of each

A, is assumed to be lognormal with mean and variance hyper-parameters. The distribution of each

]
vessel-season effect is assumed to be gamma with a single hyper-parameter, the shape parameter 0"°.
The rate hyper-parameter of the gamma distribution is set equal to 8%, which ensures that the vessel

season effects have mean equal to 1 and that the variance is equal to the reciprocal of 8¥°. The use of
random effects helps avoid over-fitting of multiple parameters. For the vessel-season effects, it also
allows for the inclusion of the unknown vessel-season effects, for any vessel that is unobserved in the
season, as extra variation in any predictions.

Finally, we give the error assumption of the model. In Smith & Baird (2007), the model used for sea
lion interactions assumed Poisson errors, which did not appear to model the extra-dispersion
adequately. By assuming that the errors have the negative binomial distribution, extra-dispersion
(compared with a Poisson model) is included in the model and the extent of the extra-dispersion, as
measured by the shape parameter of the negative binomial error model 6, can be estimated. Thus, the
error assumption of the model is that the number of sea lion interactions for the X" tow by the j” vessel
in the i" season has a negative binomial distribution with mean rate parameter K, and a shape

parameter O, that is the same for all tows. The numbers of landed captures, exclusions, and attributed
captures for the ijk"™ tow will also, as a consequence, have negative binomial error models with the

L L L B
mean rates W , W, and W respectively, and common shape parameter 6.

The negative binomial error assumption is equivalent to applying extra-dispersion to the Poisson
distribution by scaling the mean rate for each tow by independent extra-dispersion effects that are
gamma distributed with mean 1 and shape parameter equal to 6. The shape parameter of the negative
binomial error can then be interpreted as the reciprocal of the variance of the distribution of the
individual tow extra-dispersion effects (see Baird & Smith (2007) where negative binomial error
models are used in the modelling of seabird captures).

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 negative binomial
distributions, conditional on the mean rate parameter for the tow and the shape parameter .
3. The shape parameter 0, of the negative binomial error model is the same for all tows.
4. Base season capture rate parameters (A ;) are hierarchical (random) being an independent

sample from a single lognormal distribution.
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5. The vessel-season effects (v, ) are hierarchical (random) being an independent sample from a

single gamma distribution with mean 1 and variance (equal to the reciprocal of 8%) that is the
same for all seasons and observed and unobserved vessels.

The retention probability (7 ) is the same for all seasons when open nets were used.

The coefficients (B) in the log-linear contribution from the covariates are the same for all

~Ne

seasons.

Prior distributions for fitting the observer data
8. The prior distribution for the mean (in log space) of the lognormal hierarchical distribution of
the season base interaction rate parameters (A, ) is normal, mean = -4 and standard deviation =

100.

9. The prior distribution for the standard deviation 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 (advocated by Gelman (2006)).

10. The prior on the shape parameter 85, for the gamma distribution of the hierarchical vessel-
season effects, v, ,is the uniform shrinkage prior which has density
f(x)= %, x>0

(C+x)

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

(see Christiansen & Morris (1997) and Natarajan & Kass (2000)).
11. The prior on the shape parameter 6, of the negative binomial errors is also the uniform
shrinkage prior as given above but with the median { set equal to the mean number of

observed sea lion captures per tow.

12. The prior distribution for the retention probability (7t) is uniform on (0, 1).

13. The prior distribution for each of the coefficients (B) in the log-linear contribution of the
covariates, is normal with mean = 0 and standard deviation = 100.

14. 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 7, which is uniform on the interval (0, 1) 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 (see Smith & Baird (2007) for further discussion). Bayesian inference from an
improper posterior distribution is meaningless and the use of Markov chain Monte Carlo (MCMC)
methods produces chains that never converge (although this fact is often not obvious from the chains
themselves). Slow convergence of MCMC chains can occur for models with a prior that would have
been improper but for being truncated to make it proper or for models with a prior that has hyper-
parameter values that make the prior close to being improper.

2.2.3 Model fitting and selection

Model fitting was carried out using the WinBUGS program (Spiegelhalter et al. 2003) to generate
MCMC samples from the posterior distribution of the model parameters. Unfortunately the negative
binomial distribution as implemented in WinBUGS does not allow the shape parameter to be
continuous. This problem is overcome by using the Poisson error model together with multiplicative
gamma random extra-dispersion effects (with mean 1) for each tow (as was done by Baird & Smith

(2007)).
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Because this is an update of the work in Smith & Baird (2007), only two changes from the covariates
DN, duration, and dist.col that were used in the log-linear component of that model were
contemplated. One possible change was prompted by a recent study by Abraham (2007) who
compared the performance of model-based prediction methods and the ratio estimator. He first fitted a
trial model to the observer data for the 2000-2004 seasons and found that there was a strong first order
effect of the interaction rate increasing with easting (as measured by the coefficient of (longitude —
166°)). This led us to consider the possibility of incorporating another spatial covariate in addition to
dist.col. However, in Abraham (2007), a second order effect of easting would appear to be more
appropriate from the appearance of the captures plotted in our Figure 2 and also from the plot of
binned empirical sea lion death rates in figure 4 of Abraham (2007), especially as this plot did not
show the many bins to the east where the empirical rate was 0. Instead of using the easting covariate
we decided to consider including the factor covariate subarea, which divided the Auckland Islands
area into two sub-areas. The two areas, which are plotted in Figures 1 & 2, were suggested by the two
contiguous areas of effort, one to south and east of the Islands that followed the 250 m depth contour
and the other the triangle of effort to the northwest.

Names and descriptions of the covariates considered are:

Name Description
DN 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)
dist.col distance from start of tow to the nearest New Zealand sea lion breeding colony.
Continuous variable transformed by the logarithm in the linear model component.
duration duration of tow. Continuous variable transformed by the logarithm in the linear
model component.
subarea sub-area of SQU 6T for start of tow (see Figure 1). Factor variable with levels:
NW - (base level) tow start has latitude north of 50° 27 S and longitude west
of 166° 57" E.
S&E - tow start has latitude south of 50° 27° S or longitude east of 166° 57" E

Thus, the model with coveriates DN, duration, and dist.col was refitted to the 1992-2005 observer
data (the same covariates used by Smith & Baird (2007)). Then, subarea was added to the covariate
component and that model fitted. Runs of the model fitting by WinBUGS each involved a burn in of
100 000 iterations followed by a further 100 000 iterations keeping every 20"™ and thus retaining 5000
iterations for model comparison and use for prediction.

Model selection was by the minimum deviance information criterion (DIC). This is a penalised
likelihood criterion similar to the Akaike information criterion (AIC), but adapted to the hierarchical
Bayesian approach. It has the advantage that it penalises hierarchical parameters at an appropriate rate
for models with random effects. The Bayesian approach, unlike the maximum likelihood, produces a
posterior distribution of deviances. DIC is then defined by

DIC=D+p,=D+2p,,

where D is the posterior mean deviance, D is the deviance evaluated at the posterior mean of the
parameters, and p, (the deviance penalty) is the difference, D — D . The method was described by
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, p,, can be interpreted as the
number of parameters in the model. The criterion was also discussed by Gelman et al. (2004). In more
general models p;, represents the effective number of unconstrained parameters and, therefore, large
numbers of hierarchical parameters impose a penalty that is less than twice the number of parameters.
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Values of DIC, its component parts, and the posterior medians of 0 for the model with the different
covariate components are given in Table 4.

Table 4: Deviance information criterion values for the different covariate components tried. Median
values of the negative binomial shape parameter 6 are also included for comparison of extra-dispersion
between the models (larger 0 is smaller extra-dispersion variance). The model used is in bold.

Log-linear covariate component D D Pp DIC median 6
log(dist.col) + log(duration ) + DN 13719 11735 198.4 1570.3 0.454
log(dist.col ) + log(duration )+ DN + subarea 1387.1 11932 1939 1581.0 0.505
log(dist.col ) + log(duration ) + subarea 13695 11747 1948 15644 0.455

The model with original set of covariates was superior to the model that included subarea in addition.
However, in both models the dusk, night, and dawn multiplicative posterior mean effects (relative to
day) were all within about one posterior standard deviation of 1 (which is no multiplicative effect).
Therefore DN may not be very effective as a predictor and its inclusion in the model would be likely
to produce additional variation when used for prediction. It was decided to fit a third model with
duration, dist.col, and subarea comprising the covariate component but dropping DN. In terms of DIC
there is no difference between the models with the covariate components log(dist.col) + log(duration)
+ DN and log(dist.col) + log(duration) + subarea. However, the median of the negative binomial
shape parameter 0 is greater for the latter model indicating smaller extra-dispersion variance. This
indicates that the latter model accounts for more of the extra-dispersion than the model that included
DN but not subarea. Furthermore, the posterior mean subarea effect (of a tow being in the S&E sub-
area relative to being in the NW sub-area) was more than 4 posterior standard deviations from |.
These considerations meant that we selected the model that had the covariate component
log(dist.col) + log(duration) + subarea
for use in predicting totals for the 2005 season. This model is referred to as Model 1 from here on.

2.2.4 Model 1 fit and parameter estimates

Convergence of the MCMC chain for fitting Model 1 was checked using the Geweke diagnostic
(Geweke 1992) and the stationarity test of Heidelberger and Welch (Heidelberger & Welch 1983). The
chain passed the tests and the convergence was also confirmed visually by the trace plots of the
important parameters for estimation and prediction in the 2005 season (Figures 3 and 4).

Characteristics of the posterior distributions of the Model 1 parameters (other than the 175 vessel-
season effects) are given in Table 5. The base interaction rate parameters (A, etc.) need careful

interpretation. They are the mean capture rates for each season, for a closed-net tow in the NW sub-
area, at a distance from the nearest colony equal to the geometric mean of all the distances from the
nearest colony (48.3 km) and of duration equal to the geometric mean of all the tow durations (3.26 h).
In this sense the base parameters are standardised relative sea lion interaction rates (relative because
they are for tows assumed to be in the NW sub-area). They are similar to standardised catch per unit
effort (CPUE) indices. Estimated strike rates for a season have to be calculated allowing for the
distribution of the covariates for all the tows in that season. Because there are only 190 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 (0.14, 0.50) for the retention probability, (-1.69, -0.54)
for the coefficient of the logarithm of the distance from the nearest colony, and (0.34, 1.05) for the
logarithm of the tow duration.

The parameters are easily interpreted, using posterior means as point estimates. The probability of
retaining any sea lion interacting with an open net is 28%, with a 95% credibility interval of (14%,
50%). Assuming all other covariate values and the vessel for the tow are the same, the interaction rate
changes with tow duration to the power of 0.71 and similarly the interaction rate changes with distance



from the nearest colony to the power of -1.10 (with a 95% credibility interval of (-1.67, -0.54)). Again,
keeping everything else the same, the mean interaction rate for a tow in the S&E sub-area is 54%
(with a 95% credibility interval of (36%, 78%)) that for a tow in the NW sub-area. The variance of the
vessel season effects is 0.46 (corresponding to a c.v. of 68%, since the mean effect is 1) and the
variance of the extra-dispersion added by the negative binomial error model is 1.97, which
corresponds to an error variance of about 1.1 times the mean interaction rate. (For a Poisson error
model the variance equals the mean.)

Table 5: Characteristics of the posterior distributions of important parameters in Model 1.

Percentiles
Parameter Mean Std dev 2.5% 25% 50% 5%  97.5%
1992 base interaction rate, Ay, 0.0484 0.0179 0.0231 0.0361 0.0456 0.0572 0.0926
1993 base interaction rate, Ag; 0.0401 0.0146 0.0179 0.0299 0.0381 0.0484 0.0740
1994 base interaction rate, Ao, 0.0246 0.0107 0.0088 0.0166 0.0231 0.0308 0.0497
1995 base interaction rate, Ags 0.0384 0.0144 0.0167 0.0283 0.0364 0.0459 0.0729
1996 base interaction rate, Agg 0.0334  0.0105 0.0168 0.0258 0.0323 0.0393 0.0574
1997 base interaction rate, Ay 0.0519 0.0135 0.0309 0.0423 0.0502 0.0596 0.0840
1998 base interaction rate, Agg 0.0461 0.0139 0.0246 0.0363 0.0442 0.0536 0.0779
1999 base interaction rate, Agg 0.0420 0.0159 0.0184 0.0310 0.0397 0.0500 0.0788
2000 base interaction rate, Ay 0.0713  0.0225 0.0383 0.0552 0.0676 0.0831 0.1261
2001 base interaction rate, Ay, 0.0928 0.0291 0.0490 0.0715 0.0881 0.1092 0.1611
2002 base interaction rate, Ag, 0.0487 0.0137 0.0272 0.0392 0.0469 0.0561 0.0808
2004 base interaction rate, Ags 0.0326 0.0108 0.0154 0.0250 0.0311 0.0385 0.0580
2004 base interaction rate, Ag, 0.0560 0.0204 0.0273 0.0416 0.0523 0.0660 0.1073
2005 base interaction rate, Ags 0.0459 0.0178 0.0204 0.0341 0.0428 0.0541 0.0908
Retention probability, 7t 0.284 0.092 0.137 0.221 0.273 0.334 0.502
dist.col exponent -1.097 0.290 -1.671  -1.289 -1.097 -0.897 -0.543
duration exponent 0.709 0.173 0.377 0.589 0.709 0.823 1.047
subarea S&E effect 0.543 0.107 0.362 0.465 0.533 0.610 0.777
Vessel-season effects variance, 1/60'° 0456  0.199 0.135 0310 0434 0574  0.904
Extra-dispersion variance, 1/0 1.972 0.752 0.731 1.432 1.887 2.454 3.521

Plots of the MCMC traces and kernel density estimates of the posterior distributions of the parameters
relevant to the 2005 season (except for the 23 individual vessel effects) are presented in Figure 3. The
plots of the MCMCs show no evidence that the chains have not converged. Box-whisker plots
representing the posterior distributions of the 14 season base effects are shown in Figure 4, and box-
whisker plots of the MCMC iterations from the posterior distributions of the 23 vessel-season effects
of the vessels observed in 2005 are shown in Figure 5. It is clear, from Figure 5, which vessels caught
sea lions, namely those vessels with effects greater than 1. Vessels 2 and 4 caught 2 each and vessels
11, 16, 20, 22, and 23 caught 1 each. The medians and lengths of the 95% credibility intervals of all
the vessel effects are determined by the number of tows observed and whether open nets were used.

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 frequencies of 0, 1, and 2 or more captures for every tow in the observer
data are obtained using the negative binomial distribution with mean and shape parameters equal to
the current iterations of the mean landed capture rate and the shape parameter 0, respectively. These
frequencies are summed by season for the tows in the fit data and then averaged over all the iterations
in the MCMC to obtain the expected frequencies by season. Observed and predicted frequencies for
the observer data by season and in total are compared in Table 6.
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It is apparent from Table 6 that the model predicts the observed data for individual seasons well, with
observed frequencies being quite close to the expected frequencies predicted by the model. Unlike the
model used by Smith & Baird (2007), which showed evidence of the being under-dispersed, the new
model appears to account for the extra-dispersion that is apparent in the observed frequencies. This has
been achieved despite the restrictive assumption that the extra-dispersion parameter 6 is the same for
each season.

Table 6: Comparison of observed frequencies of numbers of captures with the expected frequencies
estimated from Model 1 for the tows in the observer data used for fitting. 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 4 0 1 2+

1992 211 6 1 0 211 6.4 0.6
1993 192 5 0 0 192 5.0 04
1994 430 2 | 0 426 6.5 0.3
1995 278 8 0 0 278 7.9 0.5
1996 543 11 1 0 541 12.7 0.9
1997 706 21 4 0 706 229 24
1998 322 15 0 0 323 12.4 1.2
1999 151 5 0 0 151 4.8 04
2000 414 23 1 0 418 17.4 2.1
2001 541 32 3 0 547 255 38
2002 545 16 1 L 543 17.9 1.6
2003 410 10 0 0 409 103 0.7
2004 780 12 2 0 780 13.6 0.8
2005 796 9 0 0 796 8.5 0.3
Totals 6319 175 14 1 6 321 171.9 16.1

Further checks of the fit of Model | were carried out by plotting randomised quantile residuals (see
Dunn & Smyth (1996)) against the fitted mean capture rate values and against the covariate values
(Figure 6). These residuals are the only useful residuals available for data that take only a few distinct
values, which is the case for observed tow-by-tow sea lion captures where the number of captures
effectively only take the values 0, 1, or 2. The randomised quantile residuals are calculated from the
negative binomial distribution using mean capture rate parameters equal to the posterior means for
cach tow in the observer data and shape parameter equal to the posterior mean of 8. Trend lines in the
randomised residuals, calculated using the local regression smoother loess, are included in the plots.
The plots show very little evidence of any systematic trend in the residuals suggesting that Model |
does not have fit problems. A plot of residuals against day of the year is also included in Figure 6. In
earlier analyses there has been some suggestion of a weak association between day of the year and
interaction rate (Smith & Baird 2005). Even though day of the year is not a covariate in Model 1, the
residual plot has been included as a check. There is some evidence of a small trend in the residuals
with the loess line rising a tiny amount in the March-April part of the season.

Box-whisker plots of the randomised quantile residuals against the levels of factor covariates are given
in Figure 7. The residuals are centred on 0 for both levels of the subarea and the SLED use (net open
or closed) factors. The box-whisker plots of residuals by season show some variation from 0 in their
centres. This is to be expected because of the smoothing (shrinkage) effects of treating the base season
interaction rates as random effects. A box-whisker plot of the randomised quantile residuals for the
levels of the DN variable is also given in Figure 7 and, although this covariate factor is not included in
the model, there is very little evidence of any systematic difference between the randomised quantile
residuals for each level. Again, the box-whisker plots in Figure 7 show very little evidence of any fit
problem for Model 1.
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2.3 Predicted captures in SQU6T for the 2005 season

The main focus of this work is to estimate New Zealand sea lion captures in SQU6T in the 2005
season. We use Model 1 to estimate the mean strike rate for the 2005 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.

Because we are estimating parameters and predicting totals for the 2005 season only, we drop the
season index (i) from the notation for the various tow by tow capture, exclusion, or interaction rate
parameters ([ etc.). It is not necessary to refer to individual vessels and we also drop the vessel

index () from the notation. k£ will then range from 1 to n, where n is the number of commercial tows in
the 2005 season. We will, however, retain the superscript which identifies the type of rate parameter.
For example, u, and p; denote the mean interaction rate and the mean landed capture rate for the k"
tow in the 2005 season.

The procedure 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) were described by Smith & Baird (2007), but in that work the errors were assumed
to have the Poisson distribution instead of the negative binomial distribution. The basic approach here
is the same but the new assumption requires some changes to the method for calculating predictive
distributions, because the negative binomial distribution cannot be applied to each iteration of the
mean total captures to give an iteration from the predictive distribution.

The procedure makes use of the 5000 MCMC iterations from the joint posterior distribution of the
model parameters obtained from fitting the observer data to obtain iterations of the individual tow
mean capture rate parameters. The model parameters required for predictions in the 2005 season are:
the 2005 base interaction rate Ay, the retention probability m, the three Bs (exponents for the

covariates dist.col and duration, and the coefficient giving the S&E effect for the factor subarea), the
23 vessel-season effects for the vessels observed in 2005, the shape parameter for the vessel-season

effects ¥, and the shape parameter for the negative binomial distribution 8; 30 model parameters in
total.

The procedure starts with the 5000 iterations of the model parameters and, from each iteration, a
realisation from each of the predictive or posterior distributions of the various quantities of interest is
derived. For the current iteration, the mean interaction rates u,, k = 1, 2, ..., n, are calculated by

substituting the current iteration of the model parameters into Equation (1) in Section 2.2.1. For tows
by any vessel that was not observed in the 2005 season, no current iteration of the vessel-season effect
parameter is available and it is replaced by a simulated value generated from the gamma distribution

with shape parameter equal to the current iteration of 0¥°, For each realisation the same simulated
value of the vessel-season random effect is used for every tow by that vessel. A different simulated
value is generated for each different unobserved vessel. A realisation of the set of mean landed capture

rates p.l,: ,k=1,2, ..., n,is obtained by multiplying the mean interaction rates for open-net tows by the
current iteration of 1 (Equation (2)). Similarly, a realisation of the set of mean attributed capture rates
ue, k=12, ..., n,is obtained multiplying the mean interaction rates for approved open-net tows by
0.8 (Equation (4)). The set of mean exclusion rates uf, k=1,2, ..., n,is obtained by subtracting “IE
from p, (Equation (3)).

Current realisations from the model-based predictive distributions of the quantities: total interactions
T, total landed captures T", total attributed captures T", and total exclusions T, are obtained by
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adding simulated numbers of total unobserved captures to the total number of observed landed
captures. We also denote the total number of observed captures in the season by T°. In the 2005

season 9 landed captures of sea lions were observed (T° = 9). The procedure requires that individual
captures (of the various types) be simulated for each tow using the current iteration of the appropriate
mean rate for the tow and the current iteration of the negative binomial shape parameter 0.

A set of realisations of the tow-by-tow interactions x, , k =1, 2, ..., n, is obtained by generating values
from the negative binomial distributions with means equal to the current realisations of i, and shape

parameter equal to the current iteration of 0. Next, a set of simulated landed captures x,'c“, k= F20 000
n, is obtained from the x, by generating values from binomial distributions for each k, with size

parameter = x, and probability parameter = p,, where p, is either 1 or 7 (the current iteration
thereof) if the k™ tow is either open-net or closed-net, respectively. Lastly, a set of realistaions of the
attributed deaths among any sea lions excluded from approved or non-approved open-nets, xf *,
k=1,2,..., n, are obtained by generating values from the binomial distributions, for each k, with size
parameter = x, and probability parameter = p}". pt™" is either 0.8 — m (the current iteration

thereof) if the ™ tow uses an approved open net, 1 — 7 if the k™ tow uses a non-approved open net, or
0 if the k™ tow uses a closed-net. Using binomial distributions in this way preserves the correct joint
distribution between the realisations of the various combinations of the x, s that are used together in

the calculations below.

Realisations from the predictive distributions of the various types of totals 7, T, 7%, and T* are
then obtained as follows:
1. total interactions, T. The current realisation of T is the sum of the total number of observed
captures, the current realisations of the numbers of exclusions for the observed tows, and the
current realisations of the numbers of interactions for the unobserved tows. Thus

_70 _
r=T"+ z {observed lows](xk xk ) & Z {unobserved mws]xk

:TO _Zlobservedlows]x’:: +erk ) (5)

2. total landed captures, T". The current realisation of T" is the sum of the total number of
observed captures and the current realisation of the numbers of landed captures for
unobserved tows. Thus

L _~40 L
=T +Z{umhsc:vcd l()ws}x*

_ 70 _ L noL
=T Z{nbscrvcd lnws}x’( +zlxk :

3. total exclusions, T®. The current realisation of TE is the difference between the current
realisation of the total interactions and the current realisation of the total landed captures. Thus
TE=T-T".

4. total attributed captures, T". The current realisation of T* is the sum of the current
realisation of the total landed captures and the current realisation of the numbers of attributed
deaths among sea lions excluded from open nets. Thus

A L i _A-L
T =T 4+ 3 ™ .

17



Because mean interaction rates vary, a new definition of strike rate was given by Smith & Baird
(2007). The mean strike rate parameter u*® | which replaced the (previously assumed constant) strike
rate parameter, was defined there as

1 o
uSk =_Z Ly

n

and is the average, over all tows in the fishery, of the mean interaction rates. This definition takes into
account the varying interaction rates for all the fishing effort in the fishery. pu® is an unknown

parameter that needs to be estimated. Smith & Baird (2007) estimated it directly from the model by
averaging the individual tow interaction rate estimates. However, this estimate does not relate closely
to the estimate of strike rate used in the past under the assumption that the mean capture rate was
constant, namely, the observed strike rate, which was the mean number of observed captures for
observed closed-net tows. In this work we will use a new estimate that adds the total observed landed
captures, the estimated mean total number of exclusions for the observed tows, and the estimated
mean total interactions for the unobserved tows, then divides the sum by n. This more closely mimics
the observed strike rate in the sense that, if all tows had closed nets and were observed, then the
estimated mean strike rate and the old observed strike rate estimate would coincide.

Five thousand realisations from the posterior distribution of the estimated strike rate are obtained from
the realisations of the mean interaction rates and mean landed captures rates as follows. The current
realisation of the mean strike rate is obtained by dividing the sum of the total observed captures, the
current realisations of the mean exclusion rates for the observed tows, and the current realisations of
the mean interaction rates for the unobserved tows by n. Thus, the current realisation of the mean
strike rate estimate is

(o] E
+ +
SR _ r Z {observed lows}p'k Z | unobserved l(‘.luw.v,ll'l'rfc

n
O L. n
_ r Z { observed tuwsl“k + Z] uk

L

n

n

which is similar to dividing the current predicted total interactions 7" (see Equation (5)) by n but with
the realisations of the x; and the x, replaced by the current estimated mean rates p; and p,,

respectively. Defining the estimator in terms of the iterations of the mean interaction rates rather than
the simulated realisations of the actual captures avoids the extra variability that arises from simulating
the realisations. The variability of the new estimator would reduce with increasing observer coverage
of the total effort.

Because there is no way of estimating the survival rate of any sea lion excluded from a net
incorporating a SLED at this time, we are unable to predict the total number of sea lions that are either
captured or die as a consequence of being excluded from nets in the 2005 season. 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 7" and 7°. As an
example, we have assumed that the 50% of sea lions excluded from a net with an open SLED do not
survive. Five thousand iterations from the predictive distribution of the total captures and deaths of sea

lions under the 50% non-survival assumption (denoted T°°) can be obtained directly from the
iterations of the pair (T"“,TF). For each iteration the current value of 7 is obtained by T"“+Y,

where Y is one realisation from a binomial distribution with n = T* and p = 0.5.
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2.3.1 Prediction results

Characteristics of the posterior distribution of the mean strike rate p*F, and the characteristics of the

predictive distributions of the actual total interactions T, the actual total landed captures T, the actual
total exclusions 7%, the total attribute captures 7", and the actual total captures or deaths assuming that
50% of sea lions excluded do not survive T°°, are all obtained from the 5000 iterations for each
quantity generated using the procedures described above.

Densities of the predictive distributions of the total interactions, total landed captures, total exclusions,
the total attributed captures, the total captures or deaths assuming 50% survival together with the
density of the posterior distribution of the mean strike rate parameter for 2005 are plotted in Figure 8.
These plots show the large uncertainties in the actual totals and the strike rate and the large skewness
of the predictive distributions. Characteristics of the posterior distribution of the strike rate and the
predictive distributions of the total sea lion interactions, the total landed captures, the total exclusions,
and the total attributed captures are given in Table 7.

Table 7: Characteristics for the 2005 season of the predictive distributions of the total numbers of
interactions, captures, and exclusions; the posterior distribution of the mean strike rate; and the
predictive distributions of the total attributed captures and the total captures assuming that 50% of
excluded sea lions survive.

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

Predicted total interactions, T 132.0 509 39 61 96 123 156 257
Predicted total landed captures, T 36.4 11.0 30 20 29 35 42 62
Predicted sea lion exclusions from open SLEDs, i 955 46.1 48 32 64 87 117 209
Estimated mean strike rate, p** (%) 490 1.82 37 235 363 456 579 939
Predicted total attributed captures, 7" 1082 41.7 39 50 79 101 128 211
Predicted total assuming 50% survival, T 842 290 35 42 64 80 99 156

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 2005 season. Point estimates of these
quantities are the means of the predictive distributions, 36.4 and 132.0, respectively. The 95%
prediction interval for the total landed captures is (20, 62) and for total interactions it is (61, 257). The
point estimate for the strike rate is 4.9%, which is below the nominal 5.3% used to manage the fishery.

The predictive mean number of attributed captures suggests that the nominal 20% discount in the
strike rate is equivalent to the saving of about 24 sea lions in 2005. Also included are the
characteristics of the predictive distribution of the total captures and deaths assuming 50% of sea lions
excluded from open nets. This represents a saving of about 48 sea lions (half the predicted total
exclusions). All c.v.s except for the total exclusions are less than 40%. Understandably, the c.v of the
total exclusions is larger because there are no direct observer data for this quantity and it therefore
relies mainly on the value of the estimated retention probability. The probability that the total
attributed captures exceeds the 2005 FRML of 115, calculated from the predictive distribution, is 35%.

The imprecision of the 2005 predictive distributions for the total captures or interactions is to be
expected. Extensive use of SLEDs meant that relatively few observed capture incidents (9 for 2005)
were available for estimating the 2005 base interaction rate A, . Because almost all tows in the 2004
and 2005 seasons were made with open nets, most observed captures were made with open nets and
consequently, estimates made through the model are of the product of the retention probability mand
the 2004 and 2005 season base interaction rates respectively. This means that there is a negative
correlation between 7 and each of A, and A, . Therefore the quality of the estimates of these two
interaction rates is critically dependent on how well the retention probability is estimated for those
years. This point has also been highlighted by Abraham (2007). By assuming a constant retention
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probability for these and earlier seasons the model is able to combine information about retention
probabilities from all the seasons. Also, extra information from the hierarchical distribution of the base
interaction rates is used by the estimation and prediction process resulting in better precision than if
the approach had not been hierarchical. The lack of information from other sources on retention
probabilities makes the assumption that they are constant over seasons necessary.

A further analysis was carried out to ascertain the effect of this assumption. There is some evidence
that the retention probability might have been higher in 2004, and perhaps 2005, than in other years.
According to observers’ log-books a number of the landed sea lions either finished up in the codend or
were caught between the bars of the SLED. Also the specification of the gap between bars in the
SLEDs required for Ministry of Fisheries approval was reduced following the 2005 season. To
examine the effect of relaxing the assumption of constant retention probability for all seasons it was
decided to extend the net open/closed covariate to include the extra level open in 2004. This adds an
extra free parameter for the retention probability in the 2004 season, m,, but assumes that the
retention probabilities for all other seasons (where open nets were used) are the same, 7. The main
purpose of the scenario was to determine what effect the change in assumption had on the predicted
totals for 2005. The effect on the 2004 predicted totals was of secondary interest.

The updated model was fitted to 1992-2005 observer data in the same manner as before using
WinBUGS. The effect on Ay, Ay, and 7, of including m,, in the model is very obvious (Table 8).

The posterior means of m reduces from 0.28 by 18%, A, reduces by 29%, while A, increases by
12%. The posterior mean of m,, (0.53) says that over 50% of sea lions interacting with open nets were
retained in 2004, but the posterior variance for 7, is more than twice that for 7, reflecting greater
uncertainty about the true value. This estimate is likely to be an over-estimate, compensating for the
29% reduction in the posterior mean of A,,. The other model parameters are relatively unaffected by
adding m,, to the model, although the vessel-season and extra-dispersion variances are a little smaller
for the model with 7, .

Table 8: Comparison of characteristics of the posterior distributions of parameters for Model 1, the model
with a different 2004 retention probability 7, , and the model used by Smith & Baird (2007) (to predict
the 2004 totals).

Model 1 Model including gy, 2004 model
Parameter mean s.d. mean s.d. mean s.d.
2004 base interaction rate, Agy 0.0560 0.020 0.0400 0.017 0.0480 0.021
2005 base interaction rate, Ags 0.0459 0.018 0.0518 0.021
Retention probability, 7t 0.284 0.092 0.234 0.088 0.265 0.100
Retention probability 2004, my, 0.528 0.212
dist.col exponent -1.097 0.290 -1.084 0.295 -1.396 0.285
duration exponent 0.709 0.173 0.698 0.170 0.582 0.168
subarea S&E effect 0.543 0.107 0.538 0.104
Vessel-season effects variance, 1/6"° 0.456  0.199 0441  0.191 0.562  0.206
Extra-dispersion variance, 1/0 1.972 0.752 1.761 0.778
DN dusk effect 1.332 0.296
DN night effect 0.783 0.269
DN dawn effect 1.460 0.337

To demonstrate the effect that this change has on the predicted totals for the 2004 and 2005 seasons,
the predicted totals were obtained from the model including m, for comparison with those for
Model 1. All the mean totals predicted for the 2004 season by this model are considerably larger than
those predicted by the two models used in this work (Table 9). Characteristics of the posterior
distribution of the main parameters of the 2004 model are also given in Table 8. The 2004 base
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interaction rate for the 2004 model is not comparable with the same parameter in the other two models
because they are relative to the base levels of the different factors used (DN in the 2004 model and
subarea in the other two). In addition, predicted totals for the 2004 season, from the model fitted to the
1992-2004 observer data (which we refer to as the 2004 model), taken from table 7 in Smith & Baird

(2007), are compared with those from the other two models in Table 9. The posterior means for A, in
model 1 and the model that includes m,;, will have been inflated by the inclusion of the effect of the
subarea base level NW, which has almost twice the interaction rate of the S&E level. This helps
explain why the 2004 mean total interactions and the strike rate are much larger than for the other two,
despite the fact that the posterior mean of A, for the 2004 model is between the posterior means for
the other two models. The 2004 model did not include extra-dispersion in the errors and this may also
have contributed to some of the differences between the 2004 model and the others.

Table 9: Comparison of the means and c.v.s of the predictive distributions of the various totals for the
2004 and 2005 seasons using the three models.

Model I Model including s, 2004 Model
Season mean c.v. (%) mean c.v. (%) mean c.v. (%)
2004 Predicted total interactions, T’ 154.7 35 106.1 43 185.2 40
Predicted total landed captures, g 44.2 22 50.3 25 48.1 24
Predicted sea lion exclusions, T'° 110.5 46 55.8 81 137.1 52
Estimated mean strike rate, 11>~ (%) 5.96 34 4.08 42 7.11 41
Predicted total attributed captures, T* 1349 35 92.3 43 160.5 40
2005 Predicted total interactions, T 132.0 39 149.8 40
Predicted total landed captures, T 36.4 30 34.2 31
Predicted sea lion exclusions, T* 95.5 48 115.6 49
Estimated mean strike rate, pSR (%) 4.90 37 5.57 39
Predicted total attributed captures, i 108.2 39 122.9 40

The large changes that occurred in some parameter estimates give rise to some large changes to values
for the predicted totals (Table 9) in both the 2004 and 2005 seasons, with the differences, as expected,
much greater in 2004. The means of the predictive distributions of total interactions and the strike
rates in 2005 are both 13% larger when m,, is included in the model. For 2004, these quantities are
31% smaller when 7, is included in the model. These changes and the changes in the other quantities
are consistent with the differences between the base interaction rates and the retention probabilities in
the two models. For example, because the posterior mean of m in the model that includes m,, is
smaller than for m in Model 1 the mean predicted total interactions in 2005 for the model that includes
Ty, 1S, as expected, larger than for Model 1. It should also be noted that the predictive c.v.s for

quantities predicted for 2004 by the model including 7, are much larger than those for Model 1 and
this increase will be due in a large part, to the large uncertainty in 7, .

2.4 Discussion

In the 2004 and 2005 seasons in the SQU6T fishery almost all of the commercial and observed tows
used SLEDs with open cover nets (see Table 2). This has necessitated the development of an entirely
new approach to the problem of the estimation of sea lion captures. The method used here and in
Smith & Baird (2007) improves on the ratio method and the method of Breen et al. (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.
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The use of the negative binomial error model appears to have solved the problem of over-dispersion
commented on by Smith & Baird (2007) and which their model failed to completely address. Unlike
the Smith & Baird (2007) model, the differences between the total observed frequencies (using the 2+
category) of 6319, 175 and 15 are not significantly different from the expected frequencies predicted
of 6321, 171.9 and 16.1 (see Table 6).

The fully Bayesian hierarchical model approach might be 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
possible because the new season base interaction rate and vessel-season effects could be estimated
from their hierarchical posterior distributions using parameters fitted to the past seasons’ data. The
method would require the real-time collection of the tow-by-tow data necessary to calculate the
covariate values for each commercial tow, including vessel code, date, duration, and position, together
with the number of sea lions observed captured for tows where an observer was present.

The procedure we have used should be regarded as a work in progress and estimates may be improved
as more data are collected. The model may be extended and improved in several ways to remedy what
might be seen 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 (6509 tows in the 1992-2005 observer data) but rather the number of
captures (207 observed) that broadly determines the accuracy of any estimates and predictions.

The assumption was made that the retention probability for sea lions in open SLEDs is the same for
every season. The analysis using a model which allowed for a different retention probability for the
2004 season has highlighted the interdependence of the retention probability parameter and the base
capture rate parameters (especially for seasons where there are few closed net tows) and the effects of
this on predicted totals. Changes in SLED design and usage over the years are likely to have led to
different retention probabilities for different seasons. However, no sea lions were observed retained in
open SLEDs in 2002 and 2003, and only in 2001, 2004, and 2005 were there observed open SLED
tows that retained sea lions (see Table 1). The absence of capture data when there was widespread use
of open SLEDs, especially in 2004 and 2005, makes the estimation of separate retention probabilities
for those seasons very problematic. The idea of the covariate parameters varying among seasons,
which can be treated as adding interaction terms for each parameter with the variable season, could
also be seen as desirable as might be the inclusion of other interactions among the these parameters.
Again, the paucity of data would very likely make the estimation of the inflated number of parameters
difficult and give unreliable results. Similarly, consideration might also be given to allowing the size
parameters of the vessel-season effects and the negative binomial error model to vary among seasons.

Finally it may be possible to add an extra level to the vessel-season random effects, with season effects
nested within each vessel effect, though attempts to fit such a model have not been successful so far.
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 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.

3. SEALION CAPTURES OBSERVED IN OTHER TRAWL FISHERIES, 2004-05
In the 2004-05 fishing year five sea lions were observed caught in trawl nets that targeted either

southern blue whiting or squid outside SQU 6T. Three sea lions, two males and one female, all dead,
were captured from a total of 1534 observed squid tows off the Stewart—Snares shelf during January—
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May 2005; these observed data represent about 28% of the 5390 tows reported on commercial returns
at that time.

Two dead male sea lions were reported by observers during southern blue whiting fishing effort off the
Campbell Rise during September 2005. A total of 275 southemn blue whiting tows were observed to
the east of Campbell Rise during September—October 2005; this represents nearly 37% the 749 tows
reported on commercial returns in this area for those months.

4. CAPTURES OF NEW ZEALAND SEA LIONS REPORTED BY FISHERS, 2004-05

Fishers are required to report the incidental capture of protected species, including New Zealand sea
lions, on the completion of each trip. These data are collected on Non-fish Incidental Catch Reporting
Form and stored in the MFish nonfish_bycatch database (Sutton & Wei 2003).

During 200405 fishers reported 15 New Zealand sea lions from 12 trips by 9 vessels. All were from
trawl fisheries and were landed dead from separate tows: 1 from a southern blue whiting tow off the
southeastern edge of Campbell Rise in September 2005, 1 from a scampi (Metanephrops challengeri)
tow off the southeastern edge of the Auckland Islands Shelf in November 2004, 9 from squid trawls in
SQU 6T in February—April 2005, and 4 from squid trawls in SQU 1T off the Stewart-Snares shelf
during January—March 2005.

4.1 Comparison of fishers’ and MFish observer data

Of the captures reported by fishers, 12 were made on trips where there was an MFish observer. The
capture in the southern blue whiting tow matches one of the two observed captures reported in Section
3.0. The capture reported from a scampi tow was from an unobserved vessel.

Of the sea lions reported by fishers from the 2005 squid fishery, 10 animals that were observed were
reported by fishers — 3 from the Stewart-Snares shelf and 7 from SQU 6T. One fisher-reported sea lion
from Stewart-Snares shelf was recorded by the observer as a New Zealand fur seal after an original
misidentification. The badly decomposed sea lion, which was excluded from the data used for the
prediction of the total captures, was reported by the fishers and included in the 7 fisher reported
captures from SQU 6T. Three of the observed sea lions from SQU 6T were not in the database of
fisher-reported captures.
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Figure 1: Start positions of all commercial and observed tows (including those where sea lions were
caught) in 2005 in the SQUG6T fishery. The dotted line indicates the boundary of the Auckland Islands part
of SQU 6T and the dashed line is the boundary between the NW and S&E sub-areas. The 250 m depth

contour is also plotted.
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Figure 2: Start positions of observed tows, including those with sea lion capture incidents, for the
1992-2005 seasons used to fit the model. The dotted line indicates the boundary of the Auckland Islands
part of SQU 6T and the dashed line is the boundary between the NW and S&E sub-areas. The 250 m

depth contour is also plotted.
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Figure 4: Box-whisker plots of the MCMC iterations from the posterior distributions of the base
interaction rates, A, , for the seasons 1992-2005. Ranges of the whiskers are the 95% credibility intervals.
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Figure 5: Box-whisker plots of the MCMUC iterations from the posterior distributions of the vessel-season
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