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EXECUTIVE SUMMARY 

Bentley, N.; Davies, N.M.; McNeiU, S.E. (2004). A spatially explicit model of the snapper (Pagnu 
wratus) fishery in SNA 1. 

New Zealand Fisheries Assessment Report 200426 64 p. 

A framework for evaluating spatial closures as a fisheries management tool was applied to the SNA 1 
fishery as a case study. This involved several steps: (1) review information on the spatial distribution and 
dynamics of fish and fishing effort; (2) define spatial and temporal resolution for the model appropriate to 
the information available; (3) specify models for the spatial dynamics of fish and fishing effort appropriate 
to the information available; (4) integrate the models for spatial dynamics with the existing population 
dynamics model; (5) estimate parameters of the model and associated uncertainty by fitting the model to 
the data, and (6) evaluate alternative closure regimes based on the model, parameter estimates and levels of 
uncertainty. This report describes steps 1 to 5. 

Information on the spatial distribution and movement of snapper is available from egg surveys, juvenile 
trawl surveys, and several tagging studies. Environmental variables that may reflect the habitat preference 
of snapper were also examined. Data on the catch and effort of fishing were reviewed and prepared for use 
in the model. 

A spatial resolution of 5 n.mile was used as a compromise between computational demands and spatial 
realism. The SNA 1 area out to the 100 m contour was divided into 271 5 n.mile by 5 n.mile cells. A 
temporal resolution of 3 months was used so that the seasonal inshore-offshore movement of adult snapper 
could be captured. 

A model for the spatial dynamics of snapper was developed based on a habitat preference index which 
incorporated depth, temperature, exposure and substrate type, and an advectiondiffusion model. The 
habitat preference model was made seasonal for adult snapper and the advection-diffusion model was 
modified to simulate spawning aggregations in spring. A diffusion model was used for the dispersal of 
larvae. The allocation of fishing effort amongst cells within a statistical area was modelled using a utility 
function that included effects of exploitative competition, interference competition, and travel costs. This 
was done separately for each of the major gear types: longline, single trawl, pair trawl, Danish seine, other 
commercial, and recreational. 

The spatial and population dynamics modeh were integrated by effectively replicating the age-structured 
assessment model in each of the model cells. The stock-recruitment relationship was given a spatial 
component by making post-settlement survival dependent upon the juvenile habitat preference for each 
cell. 

Markov Chain Monte Carlo (MCMC) simulations were done to estimate the joint posterior distributions of 
parameters. Likelihoods were calculated by fitting model predictions to egg survey data, juvenile (1+ age 
class) ttawl survey data, longhe CPUE index, catch-at-age data, and tag release-recapture data. The high 
computational demands of the model meant that an insufficient number of parameter combinations could 
be trialled in the MCMC simulations. We present the parameter estimates and fits to the data fiom the best 
fitting of the trials done. 

In general, the parameter estimates were consistent with those expected based on the literature on the 
habitat preference and movement of snapper. Fits to the data were of variable quality. The fits to egg and 
juvenile trawl s w e y  data were poor and predictions did not capture the observed spatial distributions of 
eggs and juveniles. to CPUE were better, with the observed seasonal variation in snapper abundance 
being captured reasonably well by the model for some statistical areas. The best fits were to tagging data 
with the model capturing the movement of adult snapper between statistical areas. 

To examine parameter uncertainty and the information content of the different sets of data, within the 
constraints set by the computational demands of the model, we performed 'likelihood slices' by altering the 
value of the parameter of interest and calculating likelihoods while fixing all other parameters at their base 
case values. In general, for parameters of the population dynamics, there was greatest information in the 
CPUE, catch-at-age, and tag data sets. There was generally less information in the data on parameters for 
fish habitat preferences and even less for movement. In particular, there was very little information in any 



of the data sets relating to the cliffusion of larvae and the diffusion and advection of juveniles. The 
parameters describing the spatial dynamics of fishing effort appear to be the most poorly determined. 

The SNAl case study presented here illustrated that the framework for evaluating spatial closures can be 
applied to a real fishery. The spatial model developed here is meant only to be a test of applying the 
framework It requires further ref~nement and peer review before it could be used for formally assessing 
closures for SNA 1. In particular, the speed of the model would need to be increased so that proper MCMC 
simulations or profile likelihoods could be done. This could be done through parallel computation, 
improvements in algorithmic performance, or reducing the spatial resolution of the model. 

The current application of the framework illustrates that spatial closures can be evaluated in the same way 
that other fisheries management contfols are evaluated. This includes an evaluation of the uncertainty of 
their effects. A spatially explicit model allows spatial closures to be evaluated under various scenarios, 
using as much as possible of the available information, in an objective manner. 



1. INTRODUCTION 

This report describes a spatially explicit model of the SNAl fishery. This work was conducted as part of 
the Ministry of Fisheries project ENV1999104: Use of areas dosed to fishing as a diversification strategy 
to reduce the risk of overfihing. The project had as its specific objective "To evaluate the feasibility of 
determining the size and number of areas closed to fishing needed to buffer against the results of 
unsustainable catch limits or other management measures in NZ waters. The SNA 1 fish stock will be used 
as a case study". The approach taken for the study was to develop a framework for evaluating the efficacy 
of spatial closures for fisheries management (Bentley et al. 2004) and to examine the feasibility of applying 
this h e w o r k  by using the SNA 1 fishery as a case study. 

The framework has a number of steps for developing a model capable of assessing fisheries closures as a 
complement to other management measures. These steps are: 

1. review information on the spatial distribution and dynamics of fish and fishing effort, 

2. defme spatial and temporal resolution for the model appropriate to the information available, 

3. specify models for the spatial dynamics of fish and fishing effort appropriate to the information 
available, 

4: integrate the models for spatial dynamics with the existing population dynamics model, 

5, estimate parameters of the model and associated uncertainty by fitting the model to the data, and 

6. evaluate alternative closure regimes based on the model, parameter estimates, and levels of uncertainty. 

This report describes steps one to five with respect to the SNAl case study. 

We strongly recommend that you read Bentley et al. (2004) before reading this report. 

2. STEP 1: REVIEW OF SPATIAL INFORMATION 

Information on the spatial distribution and dynamics of fish and fishing effort was examined. For fish, this 
review was done separately for passively dispersing eggs and larvae and for actively moving juvenile and 
adult fish. For each, a general review of information was followed by an inventory of data available for 
SNA 1 specifically. 

2.1 Egg and larvae 

2.1.1 General review 

Snapper have a short larval phase which is passively dispersed by water currents. A number of reports that 
provide information on aspects of the oceanographic features of the SNA 1 area have been published (e.g. 
Greig & Proctor 1988, Zeldis et aL 1995) considered the hydrographic characteristics of the outer Hauraki 
Gulf in a study of plankton dynamics. 

2.1.2 Data from SNAl 

In 1992, the absolute abundance of snapper in SNA 1 was estimated using the daily egg production method 
@EPM)(Zeldis & Francis 1998). Stratification of the survey area was based upon the results of 12 previous 
plankton surveys completed between 1985 and 1987 in the Hauraki Gulf (Zeldis 1992). Estimates of the 
abundance and distribution of snapper eggs at various developmental stages were obtained from the 
stratified plankton survey completed in 1992. The accurate location (lat./long.) of each survey station is 
available. 

The seasonal movement associated with spawning is likely to influence the distribution and abundance of 
larval snapper. Spawning success, as indicated by the relative abundance of 1+ snapper in a year class, has 
been shown to be temperature-dependent (Davies et al. 1999a) and trawl survey indices of relative year 



class strength are strongly correlated with sea surface temperature (hugley 1995, Francis et al. 1995). This 
is particularly evident for the Hauraki Gulf stock. Sea surface temperature in the February to May 
following spawning is strongly correlated with recruitment. The duration of the snapper larval phase is 18- 
32 days (Francis 1994). 

2.2 Juvenile and mature fish 

2.2.1 General review 

Snapper is one of the most well researched inshore f d k h  species in New Zealand. Information on 
movement patterns and distribution ofjuvenile and adult snapper has been provided by a number of tagging 
studies and trawl surveys. A n b b e r  of broad conclusions on snapper movement and distribution can be 
drawn: 

Most snapper are recaptured close to the point of release 

Paul (1967) found that 77% of all recaptures in the Hauraki Gulf were made withii 6 n.mile of the release 
site. In a snapper tagging programme in Tasman Bay, Golden Bay, and Marlborough Sounds, Drummond 
&Mace (1984) found that 98% of recaptures were made within 25 n.mile of the release site, and recorded a 
number of instances of strong schooling behaviour (contagion). Simultaneous recaptures of fish in the same 
school were reported close to release site after extended periods at liberty. From a tagging study of snapper 
in SNA 1 in 1983-85, movement was shown to be localised and within the substock areas of release. 
Detailed analysis of the recaptures from the Hauraki Gulf in a SNA 1 tagging programme in 1994-95 
showed significant heterogeneity in the mark rate of tagged fish between relatively small spatial strata, and 
most fish were recaptured within the stratum of release (Gilbert & McKenzie 1999). Individual fish 
apparently move within a home range that may be about 10-20 Ian in diameter and this pattern may not 
change over time. 

However, some large scale movements (e.g., 260 n.mile, Paul (1967)) have also been observed and there is 
good evidence of mixing between the Hauraki Gulf and Bay of Plenty stocks (Sullivan 1985, Paul & 
Sullivan 1988, Davies et al. 1999a). Ten percent of recaptures of fish released in the Hauraki Gulf in the 
SNA 1 study in 1994-95 were recaptured in the Bay of Plenty (Sullivan et aL 1988). 

Juvenile snapper school in shallow water and sheltered areas and move out into deeper 
water in winter 

Francis (1994) showed that juvenile snapper preferred a mud substrate, possibly reflecting a low current 
flow and Kingett & Choat (1981) demonstrated peak abundances on mky reefs during summer, 1-3 
months after the peak abundance over open bottom areas. 

Mature snapper congregate before spawning and move on to inshore spawning grounds 
(<30m), usually in November, the spawning season extends to January-February after 
which fish move offshore (>30m) to winter feeding grounds 

The general conclusion f7om a review of tagging and trawl survey data was that movement appeared to be 
seasonal and related to aggregation behaviour for spawning (Annala & McKenzie 1988). Drummond & 
Mace's (1984) programme revealed a general movement pattern, with fish aggregating in warmer shallow 
waters to spawn in springlsummer and dispersing in autumdwinter to deeper waters. Annala & McKenzie 
(1988) reported that the largest distances moved by tagged fish occurred in winter. 

2.2.2 Data from SNAI 

Distribution 

The absolute abundance of adult snapper in each of the three substocks making up SNA 1 was estimated 
from the 1983-85 and 1994-95 large scale tagging programmes of SNA 1 (Sullivan et al. 1988, Annala & 
Sullivan 1997). Significant sources of error in the estimates were identified, resulting in 2848% positive 



bias (Davies et al. 1999b). The relative abundance of snapper in the Hauraki Gulf in 1994 was 
approximated from the tagging data for 10 spatial strata. Revised absolute biomass estimates that account 
for the sources of error were calculated for the 1983-85 and 1994-95 tagging programmes (Davies 1999). 

There are a number of reports of relative abundance (spatial) of snapper in SNA 1 for particular years and 
areas derived from bottom trawl surveys. Since 1983, trawl surveys have been conducted from R.V. 
Kaharoa in the Bay of Plenty, with a primary objective of determining the relative abundance, population 
size structure, and year class strength of snapper. Previous trawl surveys have been documented as follows: 
surveys in 1983, 1985, 1987, no reports available; 1990 (Drury & hkKenzie 1992); 1992 (Drury & Hartill 
1993); 1996 (Momson 1997). Trawl surveys were done in the Hawaki Gulf, using Kaharoa, since 1982. 
The time series of spring surveys conducted between 1984 and 1997 provides estimates of the relative year 
class strength of juvenile snapper in the Hauraki Gulf and adjacent waters. The time series of trawl survey 
data also provided accurate positions of survey locations indicating relative abundance of I+ snapper 
withii survey areas. 

Nineteen b w l  surveys were carried out in SNA 1 between 1983 and 1999; 6 in the Bay of Plenty, 11 in the 
H a d  Gulf, and 2 in East Northland. Estimates of the abundance of 1+ year old snapper at each station 
surveyed were calculated from the length hquency and otolith samples collected during the surveys. 

Station length hquency samples were scaled up to the total number of snapper in the catch using the recorded 
percentage of the catch sampled for length frequency at each station. Length-at-age data from the otolith 
samples collected during each survey were expressed in the form of an age-length key that describes the 
distribution of fish at age within each 1 cm length class interval. Station catch length frequencies were 
projected through the age-length key to produce catch age-fkquencies using the approach described generally 
in Appendix 1, where stratum k would represent a station stratum. 

No length-at-age data were available for three of the Bay of Plenty surveys. The pooled length-at-age data h m  
the other three surveys in this region were used to derive a mean age-length key and this was applied to the 
three surveys lacking data. 

Movement 

Estimates of snapper movement in SNA 1 area have not been calculated from tagging programme recapture 
data. Rather, broad conclusions were made based upon movement patterns evident in the locations of 
recaptures relative to releases. These conclusions are subject to the spatial resolution and reliability of the 
recapture information. 

Databases for the 1983-85 East Northland and Hauraki Gulf and 1994 SNA 1 tagging programmes 'are 
available. Accurate release locations (lat./long.) are known for both programmes, but, the reliability of the 
recapture information differs between programmes. For the 1983-85 programme, location information was 
reported voluntarily, and hence, irregularly, by anglers and fishermen. The accuracy of this information is, 
therefore, uncertain. For the 1994-95 programme, recapture locations were recorded with respect to 
fisheries statistical areas. These areas have low spatial resolution: East Northland comprises two statistical 
areas and the Hauraki Gulf and Bay of Plenty three statistical areas each. 

Two major tagging studies have been done for SNA 1, the 1984 Hauraki Gulf-East Northland programme 
and the 1994 programme that was conducted in all regions. Due to differences in the way each of these 
programmes were conducted, the data from them were used in different ways. 

Mark-recapture data from the 1985 and 1994 tagging programmes were corrected for sources of bias due to 
the effects of initial mortality at release, tag loss, the success rate in detecting recaptured tagged fish in 
catches, and individual growth during the recapture phases (Davies et. al. 1999b, Davies 1999). In 
stratifying the data from the surveys and tagging programmes according to the spatial and temporal strata 
used in the model, many disparities with stratification used to collect the data were encountered, and some 
approximations were required. Stratified data from the tagging programmes, trawl surveys, recreational 
boat ramp surveys, and on-board longline catch sampling surveys were then converted from length- 
frequencies to age-frequencies using information on snapper length-at-age. 

Length frequencies of tagged fish released were stratified according to: SNA 1 statistical areas; fishing 
method of capture (longline or single trawl); depth of capture; catch weight from trawl shot (in the case of 
trawl releases); and fish length (1 cm length intervals). 



The number of tagged snapper released were corrected for two likely sources of bias; initial mortality due to 
the effects of handling, and tag loss (J.R McKenzie 62 N.M. Davies, unpublished results). The c o d  length 
frequencies represent the effective tagged population that survived and was subsequently released into the SNA 
1 population. 

The correction for initial mortality at release was made for the method of capture. From the results of the 1992 
and 1994 mortality experiments, log-linear relationships were found between initial mortality for trawl-caught 
snapper and weight of shot and fish length; and for longliecaught snapper and capture depth (Appendix 4). 
Mortality of trawl-caught snapper was higher than for longlinec8ught snapper, and particularly for small fish 
caught in large haw1 shots. 

For the 1994 programme, tag loss, L, was assumed to have occurred at a mean proportional rate (0.02) at the 
time of release (Appendix 5). 

Length frequency data of recaptured tagged fish (recaptures) and fish examined for tags (recapture samples) 
were stratified according to: SNA 1 statistical areas; fishing method of capture (longline, single trawl, pair 
trawl, Danish seine, beach seine, set net); and fish length (1 cm length intewals). Recaptures and recapture 
sample length frequencies were corrected for sources of bias due to tag loss, success in detecting tagged fish in 
catches, and individual fish growth during the recapture phase. For the 1985 tagging programme, tag recapture 
length frequencies were corrected for an average monthly rate of tag loss (Appendix 5). The 1994 tagging 
programme recapture length frequencies were corrected for an estimated rate of success in detecting tagged 
fish in commercial catches by staff using electronic scanners (Appendix 6). The approaches used to correct for 
these sources of bias were d e s c n i  by Davies et d (1999b) and Davies (1999). A brief outline of the methods 
follows. 

Certain approximations were required for data with missing records using the approach by Davies (1999). 
Recaptures for which release details were not available (statistical area, method, length) were assigned to 
these strata in proportion to the distribution of all recaptures in the comspondig strata of recapture 
(statistical area, method, and month). For the 1985 programme, proxy length frequency data were generated 
for months in which length frequency samples were not collected for particular methods. For a particular 
method, the length frequency estimates for the nearest month, within respective seasons, were used to 
derive a proxy length frequency for the missing months. Although data were missing for the beach seine 
and set net methods for many months, catches from these methods consisted a small fraction of the total 
recapture sample size. Proxy length frequencies made up 22.8% of fish estimated in recapture samples. 

The recapture phase of each tagging programme extended over 13 months. A significant proportion of lish 
were likely to grow beyond the width of the length stratum at release (1 cm) during this time. Consequently, 
growth alters the length frequency of fish from that at the time of release, which introduces bias in population 
estimates that use recapture sample length frequencies. To account for this bias, it was necessary to back- 
calculate the lengths of all fish in commercial catches that were examined for tags to the expected lengths at the 
time of release (Appendix 3). In the 1994 tagging programme, the monthly length hquency distributions of 
the recaptures and recapture samples were comected for the effects of growth to estimate the length 
distributions of these samples at the time of release. It was only necessary to correct the recapture samples h m  
the 1985 tagsing programme, because the lengths at release of recaptured tagged individuals were known. 

A growth model that uses a maximum likelihood approach to estimate the average annual growth of a fish 
&om recapture length increment data and the times of release and recapture was used (Francis 1988). Growth 
was modelled as a function of length at release and the estimated distribution for the mean length at recapture 
is normal. The model was modified such that growth was modelled as a function of length at recapture, rather 
than length at release, so as to back-calculate fish length to that at the time of release. This modification makes 
a subtle change to the meanings of mean annual growth increments at a = 30 cm and P = 50 cm (g, and g, 
respectively). For the original model, the mean annual growth for a fish of length a is g& for the modified 
model, g, is defined by saying that, for a fish of length a+g,, the expected length one year previously is a. 
Besides the adjustment to the mean length increment parameters, all other parameters are as defined by Francis 
(1988) and presented in Appendix 3. 

The growth model was fitted to growth increment data fiom recaptures made during the 1994 tagging 
programme. Snapper in the East Northland substock grew significantly more slowly. Growth increments of 
recaptured tagged fish from the 1985 tagging programme were not available for estimating the average 
growth of fish during the recapture phase. Therefore, the growth model parameter estimates derived from 
the 1994 programme were used for back-calculating the 1985 recapture sample length frequencies. This 
assumed that average growth rates in 1985 were the same as estimated for 1994, and is not likely to be 



correct because inter-annual variability in snapper growth has been observed. However, growth rates were 
likely to have been similar. 

Using the estimated growth model, length kquencies of the recaptures and recapture samples were back- 
calculated to produce length frequencies relative to the time of release for each month of the 13 months in the 
recapture phase. The continuous probability distribution for the expected lengths for each month was converted 
to a discrete distribution with 1 cm length intervals. A transition matrix was thus created for each region 
(Hauraki Gulf, East Northland, and Bay of Plenty) for each month and all length intervals that described the 
probability of a fish having a particular length at release given its length at the time of recapture. 

No fish less than 25 cm were tagged at the time of release in either tagging programme. The growth transition 
matrix, when applied to the recapture tagged fish length frequency distributions, was therefore modified. The 
transition matiices were truncated at 25 cm and re-normalised such that there was zero probability of a 
recaptured tagged fish having a predicted length at release of less than 25 cm. Given that fish less than 25 cm 
had grown beyond that length during the recapture phase, the back-calculated length distributions for recapture 
samples taken from commercial catches were truncated at 25 cm, such that fish less than 25 cm were excluded 
h m  the corrected length distributions. Corrected release length frequencies were stratified by SNA 1 
statistical area, fishing method of capture, and length class interval. 

Tag recaptures for each month of the recapture phase of the 1994 tagging programme were allocated to the 
spatial model seasonal strata as follows: February-March 1994 to summer 1994; April-June 1994 to autumn 
1994; July-September 1994 to winter 1994; October-December 1994 to spring 1994, and January-February 
1995 to summer 1995. Similarly, monthly tag recaptures from the 1985 tagging programme were allocated 
to the spatial model seasonal strata as follows: December 1984 - March 1985 to summer 1985; April-June 
1985 to autumn 1985; July-September 1985 to winter 1985; October-December 1985 to spring 1985. Tag 
recaptures from both programmes were therefore stratified according to year, season, statistical area of 
release, statistical area of recapture, fshing method of release, fishing method of recapture, and fish length. 

Recapture sample length frequencies from the 1985 and 1994 programmes were collected from catches 
taken from the SNA 1 regions, i.e., Hauraki Gulf, Bay of Plenty, and East Northland. Estimates of the 
recapture sample length frequencies taken from each statistical area were calculated using fishing statistical 
records of the weight of catches examined for tag recaptures in each statistical area and month of the 
recapture phases. The regional length frequency distribution was apportioned to the statistical areas in 
proportion to the estimated numbers examined in each statistical area (see Appendix 2). Stratum k 
represents a particular region, fmhiing method of recapture, and season sample, and substratum m represents 
the statistical area, fishing method of recapture, and season samples making up stratum k. 

There was disparity in the seasonal strata used for the 1994 tagging programme and those used in the 
spatial model. This was resolved by allocating the seasonal recapture sample length frequencies to the 
spatial model strata as follows: February-May 1994 to summer 1994; February-May. 1994 to autumn 1994; 
June-August 1994 to winter 1994; September-November 1994 to spring 1994, and December-February 
1995 to summer 1995. The recorded catch weights examined for recaptures from each statistical area 
corresponding to these seasons were used to reallocate the recapture sample length frequencies. 

Recapture sample length frequencies for each month of the 1985 tagging programme were allocated to the 
spatial model seasonal strata on the same basis as that used to allocate the recaptures (outlined above). 

During the release phase of the 1985 tagging programme a large otolith sample was collected 6om the 
Hauraki Gulf, but no sample was collected from East Northland. The Hauraki Gulf sample was therefore 
used as a proxy for East Northland data, and therefore, was assumed to be representative of all statistical 
areas in the two regions. Otolith samples from all three regions were collected during the release phase of 
the 1994 tagging programme. A regional sample was therefore assumed representative of the statistical 
areas making up that region. The release, recaptures, and recapture sample length frequency data corrected 
for the sources of bias, and stratified according to the spatial model strata, were projected through the age- 
length keys derived from the otolith samples (Appendix 1). 

The stratification of the releases, recaptures, and recapture samples were different relative to what was 
input to stratum k for deriving the age-frequency. For release length fkequencies, stratum k represented a 
release sample from a statistical area of release and release gear type. For recapture length frequencies, 
stratum k represented recaptures from a given year, season, statistical area of release, statistical area of 
recapture, fishing method of release, and fishing method of recapture. For recapture sample length 
frequencies, stratum k represented a sample fkom a given year, season, fishing method of recapture, and 
statistical area of recapture. 

9 



Habitat preference 

Data on several environ.mileenta1 variables that may determine snapper habitat preference are available. 

Depth 

A chart series of coastal bathymetry for the Poor Knights (East Northland), Hauraki Gulf, Cwier, Bay of 
Plenty, and East Cape areas is available. These charts were used to determine the minimum and maximum 
10m depth contour in each cell. The median depth for each cell was calculated as, 

Equation 1 D, = D,- +(D,? - D,-)l2 

Only cells with a median depth of' less than 100 m were included in the model. 

Temperature 

Remotely sensed sea surface temperature (SST) data are available for SNA 1 from 1993 to present. A 
database of monthly mean temperatures at a spatial resolution of 1 n.mile for the SNA 1 area is available 
from NIWA. These data were aggregated to mean surface temperature in each season in each model cell. It 
was necessary to approximate SST in each model cell for I983 to 1992 based on the SST at Leigh which 
has been recorded over a longer time period. The mean diierence between the SST in each cell and that at 
Leigh was calculated over all seasons h m  1993 to 1999 and used to extrapolate the Leigh SST to the 
whole of SNA 1 for 1983 to 1992. We have assumed that the SST is indicative of the temperature near the 
bottom where snapper generally reside, although this is not necessarily the case. 

Exposure 

No information is available with which to define the SNA 1 area according to categories for relative 
exposure rating. Relative exposure was estimated for each cell directly from the charts determined by the 
aspect of the coast or position offshore. If the cell had a northeast, east, or southeast aspect it was given a 
high exposure rating. Other were given either a medium or low rating, depending upon their location 
relative to capes and headlands. 

Substrate 

Published marine sediment charts are available for the Bay of Plenty and Hauraki Gulf areas. The chart for 
the East Northland area is out of print. Sediment charts for Cuvier, Hokianga, and North Cape were not 
produced. Various combinations of the 14 sediment type categories may be differentiated within less than 1 
n.mile due to the fine scale (1:200 000) of the charts. 

These charts were used to classify the sediment type in each cell. Seven categories were used, mud, sandy 
mud, muddy sand, sand, muddy sandy gravel, gravel, and rocky reef. We treated these categories as a 
continuous variable, with values from 1 to 7, representing increasing sediment p i n  size. Each model cell 
was classified based on the sediment type that covered most of that cell. 

Habitat Type 

Marine habitats of the Auckland region (Manukau Harbour-Firth of Thames) were mapped in 1997 based 
on aerial photo interpretation, ground truthing, and available ecological information. Fourteen habitats were 
defined based upon physical variables (substratum type, wave exposure, turbidity, and depth) and 
biogeographic regions. A report containing 18 maps denoting broad habitat groupings is available 
(Tricklebank et al. 1997). Discrete habitat types may be diierentiated on a very fine scale (less than 1 
n.mile) within the area assessed. 

Since these data were available only for a limited part of SNA 1, they were not used. 

Biological 

Benthic surveys of SNA 1 have been carried out and the database on benthic species @resence/absence) in 
each survey stations is available. The accurate location and depth of each station is recorded. 



The finfish species diversity in the bycatch from research trawl surveys in SNA 1 has been collated in an 
atlas of fish distributions (Anderson et al. 1998). Distribution maps and depth frequency charts are 
available for each species surveyed in the SNA 1 area The spatial resolution is very coarse, but may assist 
in defining species distributions between parts of substock areas. 

A study documenting changes in the abundance and distribution of coastal and estuarine vegetation in the 
Auckland Region is currently in progress. To date, several estuarine areas have been mapped using 1:25 
000 aerial photos (dating from 1996). Habitats mapped include mangroves, saltmarsh, seagrass beds, 
shellbanks, sand flats and a range of coastal vegetation. 

A detailed survey of Omaha Bay (Hauraki Gulf) was carried out to identify benthic community groupings 
using a remote sensing technique (side scan sonar). A database is available with accurate location 
information (latflong.) for each station surveyed. 

Since none of these data were available for the whole of SNAl they were not used in the model. 

2.3 Fishing effort . 

2.3.1 General review 

The snapper fishery is one of the largest and most valuable coastal fisheries in New Zealand. The SNA 1 
stock extends over a large area of the northeast coast from North Cape to Cape Runaway in the Bay of 
Plenty and accounts for 69% of the national total allowable commercial catch of snapper and supports a 
large recreational fishery. The commercial fishery, developed last century, expanded in the 1970s with 
increased catches by trawl and Danish seine. After the introduction of pair trawling in most areas, landings 
in SNA 1 exceeded 10 000 t. In the 1980s, an increasing proportion of the catch was taken by longlining as 
the Japanese "iki jime" market was developed. By the mid 1980s, catches in SNA 1 had declined to 6000- 
7000 t. With the introduction of the Quota Management System (QMS) in 1986-87, a total allowable catch 
(TAC) was set at a level intended to allow for stock rebuilding. The current annual TACC is 4500 t. Recent 
estimates of annual recreational catch are between 2300 and 3200 t (Annala et al. 1999) 

A range of methods is currently used in the SNA 1 commercial fishery. Longlining is dominant, 
contributing a high proportion of landings in all three of the SNA I substocks. Trawling and Danish seining 
are prevalent, mostly in the Bay of Plenty and Hauraki Gulf areas. Setnetting and beach seining take a 
small proportion of landings from SNA 1. 

2.3.2 Data from SNA 1 

Catch and effort 

Direct observations on fishiing effort are recorded by fishers on Ministry of Fisheries statistical return 
forms: Catch-Effort Landing Returns (CELR) and Trawl Catch-Effort Processing Returns (TCEPR). 
Accurate posintional information is recorded on TCEPR forms. On CELR forms, location of effort 
information is recorded by statistical area, the accurate position may also be recorded by fishers on a 
voluntary basis. An extract of the effort information from theSNA 1 fishing fleet from 1989-90 to 1998- 
99 was obtained. 

Total commercial catch was estimated for each statistical area, for each gear type from FSU, CELR, and 
QMR data. The proportion of total monthly catch taken by each gear in each area was calculated h m  FSU 
data from January 1983 to September 1989. CELR data were used from October 1989 to December 1999. 
Total catches by month were obtained from table 1 of Davies et al. (1999a) prior to 1989, and from QMR 
data from that time on. 

Estimates of the total recreational catch of snapper in East Northland and the Hauraki Gulf-Bay of Plenty 
are available. The estimated number of snapper caught in 1996 within diary survey zones in each month is 
also available (Fisher & Bradford 1999). These diary zones were allocated to statistical areas as closely as 
possible, and based on the proportion of snapper caught in each zone in each month the total recreational 
catch in each statistical area, in each season was estimated. 

The spatial allocation of effort may be affected by characteristics of the area. Certain physical 
characteristics of an area (e.g. exposure, depth, substrate, distance from port) may determine preference for 
effort As well as the physical and fishery information described above, geographical data on the locations 



of ports and fishing grounds could be used to define the spatial preference structure of each fishing method 
For each model cell, the distance from the nearest port was calculated as the shortest distance to that port 
by sea (i.e., hazards are ignored:). The ports used (from north to south along the coast) were: Houhora, 
Mangonui, WhangaroaITotara North, Opua, Tutukaka, Whangarei, Leigh, Auckland, Commandel, 
Whangaparaoa, Whitianga, Tauranga, and Whakatane. 

Catch at age 

Catch at age data are available for three primary sources which are referred to later in this document as 
regional, longline and recreational catch at age data sets. 

Regional commercial 

In SNA 1, observations of the proportion of snapper caught with respect to estimated age have been taken 
from commercial catches since 1971. Not all areas and fisheries have been sampled in each year, but a 
relatively consistent time series is available for the main fisheries in each of the three substock areas since 
1990. The data for this time series of catch-at-age data is available for several gear types. The spatial 
resolution of the catch-at-age estimates is on the scale of the three substocks making up SNA 1: East 
Northland, Hauraki Gulf and Bay of Plenty. 

Longline on-board catch samples 

Length frequency samples from each station of an on-board catch sampling survey of commercial longline 
vessels operating in SNA 1 during spring and summer 1997-98 were converted to age Erequencies 
(Appendix 1). Stratum k represented a sample from a given latitude and longitude location. The statistical 
area corresponding to each sample location was also identified. Otolith samples from all three regions were 
available from collections made at the time of the survey, and each regional sample was assumed 
representative of the statistical areas making up that region. 

Recreational boat ramp surveys 

Length fixquency samples were collected during boat ramp interviews of recreational anglers carried out 
during the summer seasons of 1991,1994,1996, and 1998. The surveys were stratified spatially into a large 
number of fishing locations that represented geographically discrete areas of the SNA 1 coastline. For a 
given year, samples were combined within fishing locations. Fishing location length frequency samples 
were converted to age frequencies (Appendix 1). Stratum k represented a sample from a given year, season, 
and fishmg location. Otolith samples from all three regions were available from collections made during 
the four surveys, and each regional sample was assumed representative of the fishing locations making up 
that region, in that year q d  season. 

Regulations 

The spatial distribution of fishing effort is determined by fishing regulations administered by the Ministry 
of Fisheries and Department of Conservation. These regulations define areas closed to fishing, either 
completely (i.e., no take marine reserves) or to certain gear types. 

3. STEP 2: SPATIAL AND TEMPORAL RESOLUTION 

The area used for the model is the SNA 1 quota management area which extends from North Cape to Cape 
Runaway. Since snapper are most abundant in depths less than loom, the 100 m contour was used as the 
outer boundary for the modelled area. In choosing an appropriate spatial scale for modelling, consideration 
was given to the spatial resolution of data, practical scales for closures, and computational demands. The 
smaller the cells, the more realistically any existing or future closures could be simulated, but the higher the 
computational demands. As a compromise, we divided SNA 1 into a grid of 271, 5 n.mile x 5 n.mile cells 
(Figure 1). For each cell, preference variables (depth, exposure ranking, substrate type), existing gear 
restrictions, and distance from the nearest port were derived as described in the previous section. Each cell 
was assigned to a Minishy of Fisheries statistical area and recreational fishing survey zone so that catch 
data could be applied appropriately and predictions from cells aggregated for fitting to data. 



The current stock assessment model has an annual time step f?om 1970 to present. Since catch data before 
1983 were not recorded to the level of statistical area, the spatial model was begun in 1983. The stock 
assessment model uses an annual time step. We used a seasonal time step since it is important to capture 
the seasonal movements of adult snapper. For example, if a closure was implemented in shallow water, it 
may have little impact if adult snapper are regularly migrating to deeper water where they become 
vulnerable to fishing. The seasons (denoted by s ) are defined as, 

Summer: January-March 
Autumn: April-June 
Winter: July-September 
Spring: October-December 

In addition, semesters ( 2  ) are defined as, 

First Summer/Autumn January to June 
Second WinterISpring July to December 

The current stock assessment model encompasses fish from 4 to 20 years old. Since it is important to model 
the spatial dynamics of recruitment to assess closures, we extend the integrated model to include ages (a), 
0-0 years. We defme three maturity stages (m) for specifying movement and population dynamics models, 

Larvae 0 
Juveniles 1-3 
Adults 4-20 

4. MODELS OF SPATIAL DYNAMICS 

This section describes the models used to describe the spatial dynamics of snapper and fishing effort. More 
discussion on the models can be found in Bentley et al. (2004). 

4.1 Fish 

Larvae 

Larvae were assumed to disperse passively. Although a hydrodynamics model is available for the Hauraki 
Gulf, there are no coastal circulation models for the rest of SNA 1. Thus, movement of larvae was 
modelled using a simple d i i s ion  model, 

where, L is the number of larvae, K ~ S  the diffusion coefficient for larvae, and T, Xand Yare the time, east- 
west, and north-south dimensions respectively. 

Juveniles and adults 

Movement of juvenile and adult fish was modelled using a habitat preference model. Based on past 
research results and anecdotal information, the following model for the seasonal movement of snapper was 
developed. In spring mature snapper migrate to warm, shallow, sheltered waters where they actively feed in 
preparation for spawning. In summer, after spawning, mature snapper remain in shallow waters, in a spent 
and recovering condition. However, some dispersion to deeper waters may commence towards the end of 
summer. During autumn, mature snapper move to deeper, offshore grounds as temperatures fall in shallow 
waters. Adult snapper remain in offshore, deeper waters until spring. 

This model suggests that four key environ.mileental variables could be use to model seasonal changes in 
habitat preference of mature snapper: exposure, substrate, depth, and temperature. Preference for 
temperature, depth, and substrate was modelled using a double normal curve parameterised with an 



optimum for each maturity stage (juveniles and adults) and semester, 4,,, and a range for each maturity 

stage P, > 

where is the preference for variable x (temperature, depth, or substrate) in cell i, and x,,, is the value 

of the variable in the cell during semester S of year y. 

To reduce the number of parameters estimated, we assumed that the preference of juveniles and adults for 
temperature was the same and did not differ among seasons (i.e., a single optimum and a single range 
parameter for temperature preference). This could help explain the inshore-offshore movement of adult 
snapper (Section 2.2) since the highest temperatures occur inshore during summer and offshore during 
winter. For depth and substrate preferences, it was assumed that the optimum for juveniles was the same in 
both semesters, but that the optimum for adults could differ between semesters. 

The preference for exposure (PE ) was modelled as a factor having three levels (one for each exposure 
category) which vary by maturity stage and semester. Again, juvenile preference was assumed to be the 
same in both semesters. 

The preference indices for each of these variables was combined to form an overall preference index for 
each cell using a geometric mean, 

Movement in response to this preference index was modelled using an advection diffusion equation 9 t h  
separate diffusion (K,) and advection (7, ) coefficients for juveniles and adults, 

Equation 6 
aN -= 
aT ax a Y ax a Y 

where N is the number of fish or a particular age class and T, X and Yare the time, east-west, and north- 
south dimensions respectively. 

During initial fits of the model it was found that this movement model produced less aggregation than 
suggested by the data during spring (when spawning occurs). We introduced another parameter that simply 
modified the advective term in the advection-diffusion model during spring. Thus, in spring the advection- 
diffusion equation for adults is: 

If 4" is greater than 1, then in spring, adults tend to aggregate in areas with higher preference indices, more 
so than they do in other seasons. 



4.2 Fishing effort 

Six types of fishing gear @ are defined in the model, longline (LL), single trawl (ST), pair bawl 0, 
Danish seine @S), other commercial (OT), and recreational (RC). For season, an estimate of the catch 
taken by each gear within each statistical area is available. Since no finer spatial data on catch are available, 
it is necessary to model the spatial distribution of effort within each statistical area. 

The allocation of fishing effort amongst cells within a statistical area was modelled using a utility function 
that included effects of exploitative competition, interference competition, and travel costs, 

where Uy,,g,i By,s,,i Ey . . . ,, are respectively the utility, vulnerable biomass, and effort for gear g in cell i 

during year y and season s, qg is the catchability of the gear, p is the interference factor, R, is the distance 

of the cell from porf and v, is the travel cost weighting for gear g. This assumes fishers have a perfect 

knowledge of the distribution of snapper. 

From this utility function the catch taken in each cell can be derived from the equilibrium utility (Bentley et 

al. 2009, U,,,,, for each year, season, gear, and statistical area, 

The equilibrium utility is estimated analytically by fmding the value that minimises the difference between 
the estimated and observed catch for each year, 'season, gear, and statistical area. This was done 
sequentially for each gear type (in the order LL, PT, ST, DS, OT, RC) and thus ignores competition 
between gear types. 

5. STEP 4: INTEGRATING SPATIAL AND POPULATION DYNAMICS MODELS 

The model developed essentially replicates an age-structured stock assessment model in 271 cells 
representing SNA 1. As described by Bentley et al. (2004), a number of decisions need to be made when 
integrating the models of spatial dynamics with the existing assessment model. In this section we describe 
some extensions to the age-structured assessment model made for this study. 

5.1 Eggs, larvae, and 0+ juveniles 

Spawning occurs in spring. The number of eggs produced in each cell (L,,) is determined by the numbers 

of adults and average fecundity by age ( f,), 

Equation 10 

In summer, larvae disperse according to the diffusion model and a proportion of larvae survive to 
settlement dependent upon the juvenile habitat preference for that cell, 

Equation 11 Ny,2,i.~ ='y.r.j.iiy,i 

where L,,~ is the number of larvae in the cell after dispersal. 

The number ofjuveniles surviving through to winter is modelled as a function of temperature, 
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where y and /? are coefficients of the relationship between survival rate and temperature and TY,,,  is the 

temperature in cell i during the autumn of yeary. 

The numbers of O+ fish surviving through to spring is determined by the same survival rate as for 1+ fish, 

Equation 13 N y ~ ~ . ~  = N ~ , 3 j . 0 ° ~  

5.2 Juveniles and adults ~ .. 

Fish are aged at the beginning of the summer in each year, 

Equation 14 - 
Ny, l . i p  - Ny-l,4/.n-~ 

Equation 15 N y . ~ . i t ~  = N ~ ~ . 4 , i , 1 9  + N ~ 1 . 4 , ~ 2 0  

Within each season, dynamics occur in the following order, 

1. fish movement, 

2. natural mortality, 

3. fishing. 

Movement ofjuvenile and mature fish occurs at the beginning of each season, 

where N,,,, . , is the net movement calculated from the movement model @quation 6). 

Natural mortality varies with age, 

Equation 17 N ~ ~ . , , o  = Ny.s.w"ba 

where o, is the age-specific natural survival rate for fish of age a .  

Gear-specific vulnerability by age, V,, , is used to calculate gear-specific vulnerable biomass in each cell, 

The gear-specific harvest rate in each cell is then calculated fiom the estimated catch in each cell from the 
effort allocation model, 

The gear-specific catch-at-age is, 
I 

I which is removed from the population, 



5.3 Initial conditions 

It was assumed that at the beginning of 1983 the stock was in equilibrium with an average fishing 
mortality. Separate parameters are estimated for this initial mortality on ages 4-19 and 20+ fish. 

The initial distribution of fish is approximated by seeding all cells with a uniform number of 8 year old fish 
and applying movement equations for three years. The dispersal and settlement of larvae is then used to 
calculate recruitment to each cell which combined with theinitial fishing mortality and natural mortality is 
used to determine a population age structure in each cell. Finally, this initial population is 'burnt in' with 
movement for one year. 

6. STEP 5: PARAMETER ESTIMATION 

Five sets of data were fitted to estimate parameters of the model: (i) egg survey data, (ii) juvenile (1+ age 
class) trawl survey data, (iii) longline CPUE index, (iv) catch-at-age data, and (v) tag release-recapture. 
data. 

6.1 Eggs 

Estimates for the density of eggs in each egg s w e y  tow, j ,are derived from the product of the estimated 

number of mature female fish and their fecundity in the cell that the tow was taken in, i j  , 

Equation 22 

using an analytically calculated catchability coefficient, 

1 - 
h i j  

Equation 23 
iE =n(-) j-I h E j  

This prediction is fitted to observed egg densities using a lognormal likelihood with an assumed coefficient 

of variation c E ,  

Equation 24 

Equation 25 o2 = h ( c E ) + l  

6.2 Trawl survey 

Estimates of 1+ fish are made for each observed trawl shot, 

Equation 26 c. = GTNy,,s,,i,,~ 

based on the year, season, and cell of that shot ( y,, s, , i, ) and a n  analytically calculated catchability 
coefficient, 



l and are fitted to observed trawl densities using a lognormal likelihood with an assumed coefficient of 
variation cT , 

Equation 29 uz = h(cT) +l 

6.3 CPUE index 

Estimates of longline catch per unit effort are made for each statistical area in each period from the biomass 
vulnerable to longliners, 

using an analytically calculated catchability coefficient, 

The vulnerable biomass in each statistical area is calculated by weighting by the exploitation rate in each 
area, 

and fitted to observed CPUE using a lognormal likelihood with a weighting factor (m') that is applied to 
the estimate of the standard deviation for each observation, 

Equation 33 

Equation 34 u; = h(&;w' ) + 1 

Three sets of catch-at-age data are fitted to: regional, longline and recreational. The same methods were 
used for fitting to each. The predicted proportions at age were calculated based on the cells to which effort 
was allocated and the selectivity of the gear. These predicted proportions were fitted to observed 



proportions at age using a lognormal likelihood with an assumed multiplier that is applied to the estimate of 
the standard deviation for each observation, 

Equation 35 

>. 

Equation 36 af = h(&jmc) +l  

where 63 was estimated fiom a relationship between observed proportions at age and estimated sampling 

error based on parameters for longline vessels in the Hauraki Gulf-Bay of Plenty (Gilbert et al. 2000), 

Equation 37 h(6f) = -0.462611n(py,, . . .  J-3.21240 

6.5 Tagging data 

Tag release and recapture data are fitted using a similar method to that of Maunder (1998). Groups of tags 
are defined based on the tagging programme and statistical area of release. At the time of release, for each 
group, k ,  and age, a ,  tags are distributed amongst cells in the statistical area in proportion to the 
population at that age. The dynamics of tagged individuals is identical to the rest of the population. In each 
season for each group of tags, 

1. movement occurs according to the same model as for the rest of the population, 

2. numbers are reduced through natural and fishing mortality, 

3. for each statistical area the predicted number of recaptures of each age are calculated, 

- k 
A' Y.S.i.0 

Equation 38 Q l = je' 

y.S,'P CNY.,,iP 
Sy,,,;,, 

where Q:,~~ is the predicted number of recaptures of tags of age a,from release p u p  kthat are . , ,  

recaptured in year y , season, s , and statistical area i. Sy a is the number of fish of age a sampled for . , . 
tags in year y , season, s and statistical area ?. represents the summation over all cells within 

i d  

statistical area I .  

The predicted number of recaptures is fitted to observed numbers using the Poisson likelihood, 

6.6 Fitting 

6.6.1 Methods 

Markov Chain Monte Carlo simulations were done to estimate the joint posterior distributions of 
parameters. The Metropolis algorithm as described by Punt & Hilbom (1997) was used so that the step size 
for each parameter was independently updated. The proposal distribution was uniform with an initial width 



of 1% of the initial parameter value. This step size was updated every iteration using an acceptance ratio of 
0.5 and a step size adjustment of 10%. 

Relative weights were applied to the contribution of each likelihood component by adjusting coefficient 
variations or multipliers as described in the previous section (Table 2). Parameters for natural mortality 
(Table 3), exposure preferences of snapper (Table 4), and selectivity of the fmhery (Figure 2) were fixed to 
reduce the computational demands of the MCMC simulations. For all other parameters uniform priors were 
assumed (Table 5). 

An MCMC simulation was done starting at a position in parameter space that was found to fit the data 
satisfactorily through manual exlxrimentation. This simulation was continued for 1000 iterations. This took 
about four days to complete on a 800MHz computer (each iteration involves an independent trial of each 
parameter so involves 3 1 model runs, each of which take about 13 second). This is an inadequate number 
of iterations for an MCMC simulation. To test how well this MCMC simulation had converged, other 
MCMC simulations were started at random positions in parameter space. These all reached higher 
likelihood values (Figure 3) and in some instances had quite different values for parameters. The model fits 
described in the rest of the section are from the sample from the MCMC that had the highest likelihood. 
This is referred to as the 'base case' (Table 5) but, due to the extremely limited number of iterations done 
and the lack of convergence of the MCMC simulations, this should not be considered a 'best' fit. 

6.6.2 Parameter estimates and fits to data 

The optimum temperature for both juveniles and adults was estimated to be 18.7 OC with a range of 6.6 OC 

(Table 5). The optimum depth for juveniles was estimated to be about 17 m with a relatively large range of 
13.9 m. Juveniles were estimated to prefer finer grained substrates (e.g., mud and sandy mud). 

Adults were estimated to prefer shallower water (22 m) and finer substrates in spring and summer, and 
deeper water (49 m) and slightly coaser substrates in autumn and winter (Table 5). The relatively large 
range associated with substrate preference (see Table 4) may suggest that it is not important in determine 
the distributionof snapper at the relatively large scale used in the model. 

The combination of temperature, depth, substrate, and exposure preferences produces an overall preference 
index that is distributed such that juveniles, and adults in spring-summer, preferred inshore cells and adults 
preferred offshore cells in autumn-winter (e.g., Figure 4). 

The estimated preferences and movement coefficients produced seasonal distributions of adults that 
corresponded with those expected based on the literature review (Section 2.2). During spring, adults 
aggregate in inshore areas to spawn and then stay inshore, but generally disperse over summer (Figure 5). 
The estimated value for the parameter which causes this aggregation during spring was 2.2, implying aduh 
snapper concregated in areas with higher preference indices twice as much in other seasons. In autumn, 
adult snapper move out to deeper, more exposed waters and stay there during winter (Figure 5) .  

The goodness of fit to CPUE indices was variable (Figure 6). In most statistical areas the observed seasonal 
fluctuations in CPUE were predicted by the model. This correspondence was particularly good in statistical 
area 5. In area 6, the model predicted that CPUE would be highest in autumn although the observed peak 
w& in spring. In area 7, the model predicted that CPUE would be similar in spring and summer but the 
observed values are consistently higher in spring. The predicted CPUE in area 9 was consistently higher 
than observed. In areas 2 and 3, there was a predicted decrease in CPUE that is not matched in the observed 
data. 

The model fit to egg survey data was poor (Figures 7 and 8). The model predicted higher densities of eggs 
than was observed in cells around Great Barrier Island and lower densities than were observed in cells in 
the inner Hauraki Gulf. In general, the model tended to have a more dispersed distribution of eggs than 
observed. This suggests that spawning is more localised than predicted by the model. 

In general there was a poor fit to the number of 1+ snapper observed in the trawl survey (Figures 9 and 10). 
Residuals were high in offshore areas and the western Bay of Plenty where the model predicted good 
juvenile habitat and thus large numbers of 1+ snapper, but where few were observed (Figure 11). As with 
the fits to egg survey data, the model generally predicted a less aggregated distribution of juvenile snapper 
than was observed (Figure 12). This may be a consequence of the model not accurately capturing the 
localised nature of spawning aggregations that is suggested in the lack of fit to egg survey data. 

The fits to the regional catch and age data sets were generally good (Figures 13-15). However, there were 
discrepancies to the fit for some cohorts. These appear to be due to the failure of the temperature- 
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recruitment relationship in some years, as has been found previously in the SNA 1 stock assessment 
(Gilbert et a]. 2000). 

The quality of fits to the longline catch-at-age sampling during 1998 were variable (Figure 16). The model 
predicted less spatial variation in the predicted catch-at-age than was observed. In particular, cells within 
the inner Hauraki Gulf (154, 156, 157, 171, 172, 180, 181, 182 and 183) had far higher numbers of 1989 
and 1991 cohorts than was predicted by the model. 

Fits to the recreational boat ramp survey data were generally satifactory, particularly for samples with high 
numbers of fish measured (Figure 17). 

The best fits achieved by the model were to the tag release-recapture data. Over all ages, areas of release 
and areas of recapture there was little difference in predicted and observed numbers of recaptures (1985 
programme -0.2%; 1994 programme 6.8%). When broken down by age and time at liberty there were often 
larger differences but no evidence of trends in bias (Tables 6 and 7). The patterns of recaptures across 
statistical areas were similar to those observed (Figure 18, Figure 19). Although many recaptures were 
made within the same statististical area as release, the model successfully captured some of the movements 
between areas (e.g., summer 1995). 

6.6.3 Parameter uncertainty and information content of the data 

MCMC simulations and profile likelihoods are standard methods for estimating uncertainty in parameter 
estimates. Due to the computational demands of this model, neither was feasible. Instead, to examine how 
the various types of data were contributing information to the estimation of each parameter we made 
'likelihood slices'. These were done by altering the value of the parameter of interest and calculating 
likelihoods while fixing all other parameters at their base case values. Thus these 'slices' are similar to 
likelihood profiles except that for each value of the parameter of interest all the other parameter values are 
held constant, rather than being re-estimated. 

Thus slices are useful because they show the shape of the likelihood surface for each data set with respect 
to each parameter. Each likelihood component was scaled relative to its value at the base case parameter set 
so that the change in each component could be viewed on the same scale. Thus the value of the log 
likelihood for the base case for each component is 0. Examples of the profiles are shown for several types 
of parameters: population dynamics parameters, fuh movement parameters, fish habitat preference 
parameters, and fishing effort spatial dynamics parameters (Figures 2C-24). 

In general, for parameters of the population dynamics, there was greatest information in the CPUE, catch- 
at-age, and tag components (Figure 20). The catch-at-age and CPUE data were often conflicting (as seen by 
opposite slopes in the slices). 

There was generally less information in the data with regard to fish habitat preferences (Figure 21). As 
expected, changes in the parameter describing the optimum depth for juveniles had a large effect on the fit 
to trawl survey data. More surprisingly, changes in this parameter also had large effects on fits to catch-at- 
age and tag datasets. This appears to arise because this parameter determines the juvenile preference for a 
cell, which in turn determines the juvenile survival rate and thus the number of recruits to the substocks of 
SNA 1 (East Northland, Hauraki Gulf and Bay of Plenty). 

For parameters of fish movement there was less information in the likelihood components (Figures 22 and 
23). In particular, there was very little information relating to the diffusion of larvae and the d i i s ion  and 
advection of juveniles. Small changes in the parameter describing the response of adults to the preference 
gradient caused dramatic changes in likelihoods. This appears to be due to instabilities in the algorithm 
used to implement the advection-diffusion model of movement 

There was very little information in any of the datasets for the estimation of parameters associated with the 
spatial dynamics of fishing effort (Figure 24). As might be expected, almost all of the change in total 
likelihood associated with changing these parameters was due to changes in the fit to CPUE. 

7. DISCUSSION 

The SNAl case study presented here showed that the framework developed by Bentley et al. (2004) for 
evaluating spatial closures can be applied to a real fishery. The spatial mode1 developed here is meant only 
to be a test of applying the framework. It requires further refinement and peer review before it can be used 



for formally assessing closures for SNA 1. For example, information fiom localised tagging studies may 
provide additional information on the extent of snapper movement (Willis et al. 2001). 

The principal factor limiting the feasibility of using the current model for evaluating spatial closures is 
computational intensiveness. The current implementation of the model is so slow that it is not feasible to 
perform full MCMC simulations or profile likelihoods. This limits our ability to determine the uncertainty 
in parameters and thus in management outcomes. There are three main ways in which this model could be 
implemented so a .  to reduce its computational requirements. 

7.1 parallel computation 

Computers with numerous processors can improve the speed of execution because calculations can be done 
at the same time on different processors (i.e., in parallel), rather than sequentially on the same processor 
(i.e., serially). The performance improvement depends upon the degree to which the model has calculations 
that can be done in independently of one another. Parallel computing could significantly improve the 
performance of spatial models, because calculations can be done separately in diierent parts of the model 
area. Techniques for optimising spatial models for parallel computing have been developed (e.g., Beare & 
Stevens 1997). NIWA's parallel supercomputer 'Kupe' could be used for running parallelised versions of 
this model. 

7.2 Improve algorithmic performance 

The way in which a model is coded by a programmer can have significant implications for the speed at 
which it runs. Often there is a trade-off between speed and safety (e.g., bounds checking of m y  access) 
and speed and flexibility (e.g., the ability to change the size of arrays). Because the current implementation 
of the model was experimental, we tended towards coding a model that was reliable and easily modifiable. 
Significant improvements to the speed of the model could probably be made by profiling the performance 
of the model and optimising those subroutines which take up large amounts of time. 

7.3 Reduce spatial resolution 

Reducing the size of the model cells would drastically improve the performance of the model because there 
would be fewer populations to update each season. However, this approach reduces the realism of the 
model and limits the ability of the model to test spatial closures of different sizes and shapes. The greater 
the size of model cells relative to the scale of movements of the fish and fshers, the more spatial 
heterogeneity is ignored. 

7.4 Summary 

The current application of the framework illustrates that spatial closures can be evaluated in the same way 
as other fisheries management controls. This includes an evaluation of the uncertainty of their effects. For 
many stocks, the lack of information on the spatial preferences of both fish and fishers may mean that other 
controls more certainty. of management outcomes than spatial closures. Alternatively, where other 
management controls are infeasible or ineffective, closures may provide greater certainty. A spatially 
explicit model allows such scenarios to be evaluated objectively using as much as possible of the available 
information. 
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Table 1: Position, minimum and maximum depths, substrate type, exposure category, existing gear closures, 
statistical area, recreational zone, and distance from nearest port for each model cell. Position is the latitude 
and longitude of the northwest corner of the cell. Minimum and maximum depths are the minimum and 
maximum of 10 m depth contours running through each cell. Substrate type codes: 1: mud, 2: sandy mud, 3: 
muddy sand, 4: sand, 5: muddy sandy gravel, 6: gravel and 7: rocky reef. Gear closure codes: 1: pair trawling; 
2: pair trawling and single trawling; 3: pair trawling, single trawling and Danish seining; 4: all gears (no take 
reserve). 

Position Depth (m) 
Cell Lat Lon. Mi. Max. Substrate Exuosure Gear Stat. Rec. Distance 

closure area zone 
3 0 2 GEB 
3 0 2 GEB 
3 0 2 GEB 
3 0 2 GEB 
3 0 2 GEE 
3 0 2 GRU 
3 0 2 GRU 
3 0 2 GRV 
3 0 2 KAR 
3 3 2 GRV 
2 3 2 GRV 
2 3 2 KAR 
3 0 2 KAR 
1 3 2 RNU 
2 3 2 KAR 
3 0 2 MGN 
3 0 2 MGN 
3 0 2 TAU 
3 0 2 TAU 
1 3 2 KAR 
1 3 2 MGN 
3 3 2 TAU 
2 0 2 TAU 
2 0 2 CAV 
2 0 2 CAV 
2 0 3 TAK 
3 0 3 TAK 
2 0 3 TAK 
3 0 3 TAK 
3 0 3 RAW 
3 0 3 BRT 
1 3 3 BLA 
1 3 3 RAW 
2 3 3 BRT 
3 0 3 BRT 
3 0 3 BRT 
2 0 3 OAK 
3 0 3 OAK 
3 0 3 TUT 
3 0 3 TUT 
2 0 3 TUT 
2 0 3 TUT 
3 0 3 TAI 
3 0 3 TAI 
3 0 3 TAI 
3 0 3 TAI 
3 0 3 TAI 
3 0 3 - 

from port 
3 1 
25 

23.5 
19.5 
16.5 
18.5 
12.5 
11.5 
13.5 
17.5 

6 
10 

14.5 
15.5 
10.5 
9.5 
9.5 

11.5 
19 

11.5 
5.5 
3.5 

12.5 
6.5 

10.5 
15 
16 

20.5 
15 
11 
13 
17 
5 

9.5 
15 
22 
27 
22 
19 

13.5 
12.5 
6.5 

8 
2 
8 

8.5 
15 

17.5 



Position 
Cell Lat Lon. 

Depth (m) 
Mi. Max. 

0 40 
0 60 
0 90 
0 110 
0 40 

30 50 
0 70 

40 90 
90 110 
90 110 
70 110 
0 90 

70 120 
0 50 

20 60 
60 80 
60 80 
60 90 
60 80 
30 90 
90 90 
30 90 
0 90 

20 110 
40 120 
0 40 

20 50 
50 60 
50 60 
40 70 
30 70 
0 80 

60 80 
0 80 
0 80 
0 100 
0 40 

20 50 
50 60 
40 50 
0 60 
0 60 

30 60 
0 60 
0 90 
0 50 

40 60 
50 60 
40 50 
40 60 
10 50 
30 50 
0 40 
0 80 

70 100 
0 50 

Substrate Exposure Gear 
closure 

1 0 
2 0 
2 0 
3 0 
2 0 
2 0 
2 0 
3 0 
3 0 
3 0 
2 0 
2 0 
3 0 
2 0 
2 0 
2 0 
3 0 
3 0 
2 0 
2 0 
2 0 
3 0 
2 0 
3 0 
3 0 
2 0 
2 0 
2 0 
2 0 
2 0 
2 0 
2 0 
2 0 
1 0 
2 0 
3 0 
2 .  0 
2 0 
2 0 
2 0 
2 0 
2 0 
2 0 
1 0 
3 0 
2 4 
2 1 
2 1 
2 0 
2 0 
2 0 
2 0 
1 0 
3 0 
3 0 
2 1 

Stat. Rec. Distance 
area zone kom port 

3 BRE 10 
3 BRE 15 
3 HEN 22 
3 HEN 23.5 
3 BRE 18 
3 BRE 20.5 
3 HEN 24 
3 HEN 25 
3 - 25.5 
3 - 26.5 
3 - 28.5 
3 - 28.5 
3 - 27 
5 PAK 21.5 
5 HEN 20 
5 HEN 20.5 
5 - 19 
5 - 14.5 
5 - 22 
5 - 27.5 
5 - 24.5 
5 NEE 24 
5 NEE 25.5 
8 NEE 32.5 
8 - 35 
5 PAK 17 
5 PAK 14.5 
5 - 12.5 
5 - 12 
5 - 14.5 
5 LIT 19 
5 LIT 23 
5 - 18 
5 FIT 16:5 
8 ARI 32 
8 ARl 29 
5 PAK 9.5 
5 PAK 6.5 
5 - 7.5 
5 - 10.5 
5 LIT 15 
5 LIT 19.5 
5 - 15 
5 FIT 12 
8 ARl 23.5 
5 - 23 
5 - 4 
5 - 9 
5 LIT 14 
5 LIT 19 
5 - 14.5 
5 FIT 9 
5 FIT 4.5 
8 BAR 18 
8 - 19 
6 KAW 8 



Position 
Cell Lat Lon. 

D ~ P ~  (m) 
Min. Max. Substrate Exposure Gear 

closure 
Stat. Rec. 
area zone 

6 - 
5 - 
5 - 
5 - 
5 - 
5 - 
5 BAR 
8 BAR 
8 - 
8 - 
8 - 
7 KAW 
6 KAW 
6 MID 
6 MID 
6 MID 
6 MID 
5 COL 
5 COL 
8 POR 
8 POR 
8 POR 
8 - 
8 C W  . 
7 TIR 
7 TIR 
6 MID 
6 MID 
6 MID 
6 MID 
6 COL 
8 POR 
8 POR 
8 - 
8 ME1 
8 ME1 
7 TIR 
7 TIR 
6 MID 

6 MID 
6 MID 
6 MID 
6 MID 
7 COR 
8 POR 
8 KUA 
8 MEl 
8 ME1 
8 ME1 
7 RAN 
7 RAN 
7 NO1 
7 NO1 
6 NO1 
6 MID 
6 MID 

Distance 
kom port 

11 
15.5 

20 
16 
12 

9.5 
9 

13 
17 
22 

27.5 
17 
14 
16 

19.5 
23 

20.5 
17 

15.5 
15.5 

17 
20 

24.5 
28.5 
21.5 

20 
20.5 

23 
26.5 

25 
22.5 

23 
25 

26.5 
25 
6 

12.5 
12.5 

16 
19 
23 

21.5 
23.5 

15 
25.5 
21.5 
18.5 
23.5 

18 
12 
12 
16 

18.5 
22 
19 
15 



Position 
Cell Lat Lon. 

161 175.38 -36.708 
162 175.63 -36.708 
163 175.71 -36.708 
164 175.79 -36.708 
165 175.88 -36.708 
166 175.96 -36.708 
167 174.79 -36.792 
168 174.88 -36.792 
169 174.96 -36.792 
170 175.04 -36.792 
171 175.21 -36.792 
172 175.29 -36.792 
173 175.38 -36.792 
174 175.46 -36.792 
175 175.79 -36.792 
176 175.88 -36.792 
177 175.96 -36.792 
178 174.96 -36.875 
179 175.04 -36.875 
180 175.13 -36.875 
181 175.21 -36.875 
182 175.29 -36.875 
183 175.38 -36.875 
184 175.88 -36.875 
185 175.96 -36.875 
186 176.04 -36.875 
187 175.29 -36.958 
188 175.38 -36.958 
189 175.46 -36.958 
190 175.88 -36.958 
191 175.96 -36.958 
192 176.04 -36.958 
193 176.13 -36.958 
194 175.38 -37.042 
195 175.46 -37.042 
196 175.88 -37.042 
197 175.96 -37.042 
198 176.04 -37.042 
199 175.38 -37.125 
200 175.46 -37.125 
201 175.96 -37.125 
202 176.04 -37.125 
203 175.38 -37.208 
204 175.46 -37.208 
205 175.96 -37.208 
206 176.04 -37.208 
207 175.96 -37.292 
208 176.04 -37.292 
209 176.21 -37.292 
210 175.96 -37.375 
211 176.04 -37.375 
212 176.13 -37.375 
213 176.21 -37.375 
214 176.04 -37.458 
215 176.13 -37.458 
216 176.21 -37.458 

Depth (4 
Min. Max. Substrate Exposure Gear 

closure 
3 
3 
3 
1 
1 
1 
3 
3 
3 
3 
3 
3 
3 
3 
4 
1 
1 

3 
3 
3 
3 
3 
3 
1 
1 
1 
3 
3 
3 
1 
1 
1 
1 
3 
3 
1 
1 
1 
3 
3 
1 
1 
3 
3 
1 
1 
1 
1 
4 
3 
1 
1 
1 
1 
1 
1 

Stat. Rec. Distance 
area zone fiom port 

7 COR 
8 KUA 
8 KUA 
8 MEB 
8 MEB 
8 MEB 
7 RAN 
7 RAN 
7 MOT 
7 TAM 
7 TAN 
7 FIR 
7 COR 
7 COR 
8 MEB 
8 MEB 
8 MEB 
7 MOT 
7 TAM 
7 TAM 
7 TAM 
7 FIR 
7 FIR 
8 MED 
8 MED 
8 MED 
7 FIR 
7 FIR 
7 FIR 
8 SHO 
8 SHO 
8 ALD 
8 ALD 
7 FIR 
7 FIR 
9 SHO 
9 SHO 
9 - 
7 FIR 
7 FIR 
9 SHO 
9 SHO 
7 FIR 
7 FIR 
9 WMM 
9 WMM 
9 WMM 
9 WMM 
9 MAY 
9 MAK 
9 MAK 
9 - 
9 MAY 
9 MAK 
9 MAK 
9 - 



Cell 

217 
218 
219 
220 
22 1 
222 
223 
224 
225 
226 
227 
228 
229 
230 
23 1 
232 
233 
234 
235 
236 
237 
238 
239 
240 
24 1 
242 
243 
244 
245 
246 
247 
248 
249 
250 
25 1 
252 
253 
254 
255 
256 
257 
258 
259 
260 
261 
262 
263 
264 
265 
266 
267 
268 
269 
270 
271 

Position 
Lat 

176.29 
176.13 
176.21 
176.29 
176.38 
176.46 
176.21 
176.29 
176.38 
176.46 
176.54 
177.71 
177.79 
177.88 
176.38 
176.46 
176.54 
176.63 
176.71 
176.79 
176.88 
176.96 
177.54 
177.63 
177.71 
176.54 
176.63 
176.71 
176.79 
176.88 
176.96 
177.04 
177.13 
177.21 
177.29 
177.38 
177.46 
177.54 
177.63 
176.79 
176.88 
176.96 
177.04 
177.13 
177.21 
177.29 
177.38 
177.46 
177.54 
177.04 
177.13 
177.21 
177.29 
177.38 
177.46 

Lon. 

-37.458 
-37.542 
-37.542 
-37.542 
-37.542 
-37.542 
-37.625 
-37.625 
-37.625 
-37.625 
-37.625 
-37.625 
-37.625 
-37.625 
-37.708 
-37.708 
-37.708 
-37.708 
-37.708 
-37.708 
-37.708 
-37.708 
-37.708 
-37.708 
-37.708 
-37.792 
-37.792 
-37.792 
-37.792 
-37.792 
-37.792 
-37.792 
-37.792 
-37.792 
-37.792 
-37.792 
-37.792 
-37.792 
-37.792 
-37.875 
-37.875 
-37.875 
-37.875 
-37.875 
-37.875 
-37.875 
-37.875 
-37.875 
-37.875 
-37.958 
-37.958 
-37.958 
-37.958 
-37.958 
-37.958 

-- 

Depth (4 
Mi. Max. Substrate Exposure Gear 

closure 
Stat. Rec. 
area zone 
9 - 
9 MAK 
9 M A K  
9 MAK 
9 - 
9 - 
9 PAP. 
9 PAP 
9 MII 
9 Mn 
9 - 
10 TEK 
10 RUN 
10 RUN 
9 PAP 
9 PUK 
9 PUK 
9 PUK 
9 - 
9 - 
9 - 
9 - 
10 - 
10 TEK 
10 TEK 
9 PUK 
9 PUK 
9 MAT 
9 MAT 
9 - 
9 - 
10 - 
10 - 
10 - 
10 - 
10 - 
10 - 
10 HAU 
10 H A U  
9 M A T  
9 MAT 
9 WHA 
10 MAT 
10 OPO 
10 OPO 
10 OPO 
10 HAU 
10 H A U  
10 HAU 
10 OPO 
10 OPO 
10 OPO 
10 OPO 
10 OPO 
10 HAU 

Distance 
h m  port 

19 
11 

11.5 
14.5 
17 
22 
7.5 
12.5 
17.5 
22 
27 
5.5 
53 
58 
19 

23.5 
28.5 
29.5 
26.5 
23 
20 

18.5 
37 

41.5 
46 
31 

26.5 
22 
18 
15 

12.5 
12.5 
14.5 
17.5 
21 

25.5 
30 
35 

39.5 
15 

10.5 
6.5 
6.5 
10 

14.5 
19 

23.5 
28 
33 
4 
8 

13.5 
17.5 
22.5 
28 



Table 2: Weighting applied to each likelihood component 

Component Weighting Value 
parameter 

CPUE 0.3 

Eggs cE 2 
Trawl cT 2 

Regional Catch Age m * 10 

Longline Catch Age mL 200 

Recreational Catch Age mR 100 

Table 3: Age-specific instantaneous rates of natural mortality assumed in the model. 

Age M 
C+ 0.6 
I + 0.3 
2+ 0.15 

3+ to 20+ 0.075 

Table 4: Values of exposure preference facton assumed in the model SS: spring-summer, AW: autumn- 
winter. 

Maturity stage 
Juvenile 
Adult 

Exposure rank 
Semester 1 2 3 
SS and AW I 0.5 0.25 
SS 1 0.5 0.25 
AW 0.25 1 0.5 



Table 5: Bounds and base case values of estimated parameters. SS: spriug-summer, AW: autumn-winter, EN: 
East Northland, HG: Hauraki Gulf. 

7 

Bounds 
M i n i  Maximum Base 

Population dynamics 
Average settlement 
Recmitment-temp beta 
Initial fishing mortality 0-19 EN 

0-19 HG 
20+ EN 
20+ HG 

Movement 
Diffusion Juvenile 

Adult 

Larvae 

Advection Juvenile 

Adult 

Spring advection multiplier 

Temperature preference PC) 
Optimum 

Range 

Depth preference (m) 
Optimum Juvenile 

Adult - SS 

Effort dynamics 
Interference 
Travel cost weighting 

d e f i  
4 d d t . s  

Adult - AW 4depth 
odull.AW 

Range Juvenile depth Pj". 
Adult &pm P&' 

Substrate preference 
Optimum Juvenile 4F 

Adult - SS 4;k;s 
Adult- AW 4- 

adulI,AW 

Juvenile 
p,"w"" 

Adult mbm P&II 

I 

LL 
ULL 

PT urn 
ST 

UST 

DS 
DS 

OT 
'OT 

RC 
'RC 



Table 6: Predicted and observed tag recaptures by programme and age over all areas of release and recapture. 

1985 Programme 1994 Programme 
Age Predicted Observed Difference (%) Predicted Observed Difference (%) 

4 168 403 -58.2 1 7 -83.7 
5 773 508 52.0 111 73 53.2 
6 467 45 1 3.4 165 103 60.3 
7 150 260 -42.3 36 51 -30.1 
8 98 132 -25.7 8 1 9 1 -10.3 
9 126 128 -1.5 99 80 24.8 
10 95 114 -16.7 24 48 -51.2 
11 49 78 -37.6 1 4 -86.6 
12 45 64 -29.7 3 13 -75.7 
13 25 34 -26.7 23 38 -38.5 
14 22 34 -35.8 5 15 -62.8 
15 14 23 -41.3 8 12 -32.5 
16 41 2 1 89.7 4 5 -19.1 
17 22 19 15.0 2 4 -49.6 
18 12 13 -4.2 2 2 -12.1 
19 6 6 -13.0 5 3 86.6 
20 307 133 130.5 31 16 96.4 

All ages 2418 2423 -0.2 602 564 6.8 

Table 7. Predicted and observed tag recaptures by programme and number of seasons after release over all 
areas of release and recapture. (First season after release = 1) 

1985 Programme 1994 Programme 
Seasons aAer Predicted Observed Difference (%) Predicted Observed Difference (%) 

release 
1 949 706 34.3 90 95 -4.5 
2 526 915 -42.6 80 116 -31.6 
3 25 1 145 72.9 105 122 -13.9 
4 693 656 5.7 203 168 21.2 
5 124 63 97.1 







Figure 2: Selectivity at age assumed for each gear type: longline (LL), siugle trawl (ST), pair trawl (PT), Danish 
seine @S), other commercial (OT) and recreational (RC). 
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Figure 3: Likelihood traces for four independent MCMC simulations. 
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Figure 4: Examples of relative habitat preference across model cells for juvenile and adult snapper. The example is from summer 1983-84. More darkly shaded cells have a 
more preferred combination of habitat variables. The relative preference for cells changes from year to year because actual sea surface temperatures are used. 
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Figure 5: Examples of the estimated distribution of adult (8+ age class) snapper across model cells for each 
season. The greater the number of snapper in a cell the more darkly shaded it is. This example is for 1994. 
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Area 3 

Area 5 

Area 6 

Area 7 

Area 8 

Area 9 

Area 10 

Figure 6: Model fit to logline catch per unit effort by season and statistical area. Numbers indicate observed 
CPUE indices in each season: 1- summer, 2-autumn, 3-winter, bspring. Line indicates predicted CPUE. 
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Longitude 

Figure 7: Observed (circles) and predicted (crosses) numbers of eggs per tow aggregated by cell. Area of circles 
is proportional to geometric mean of eggs per tow within each cell  Position shown by arithmetic mean of 
latitude and longitude of samples in the cell. 
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Figure 8: Observed versus predicted numbers of eggs per tow by sample. 



Figure 9: Observed (circles) and predicted (crosses) densities of 1+ snapper in the Hauraki Gulf by cohort 
Year indicates the year of birth of the cohort. Area of circles is proportional to geometric mean of densities of 
1+ snapper within each ceU. 
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Figure 9 continued. 



Figure 10: Observed (circles) and predicted (crosses) densities of I+ snapper in the Bay of Plenty by cohort. 
Year indicates the year of birth of the cohort. Area of circles is proportional to geometric mean of densities of 
1+ snapper within each cell. 
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Figure 11: Sum of residuals of fits to densities of 1+ snapper by cell for the Hauraki Gulf (upper panel) and 
Bay of Plenty (Iower panel). 
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Figure 12: Observed and predicted numbers of 1+ snapper for each trawl survey shot 
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Figure 13: Fits to catch at age data from East Northland. LL = longline fishery. Dashed lines at ages 10 and 15. 
All boxes have a vertical scale of 0 to 0.3. 
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Figure 14: Fits to catch at age data from Hauraki Gulf. LL = longline, ST =; single trawl, PT = pair trawl. 
Dashed lines at ages 10 and 15. All boxes have a vertical scale of 0 to 0.3. 
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Figure 15: Fits to catch at age data from the Bay of Plenty. LL = longline, ST = single trawl, PT =pair trawl. 
Dashed lines at ages 10 and 15. All boxes have a vertical scale of 0 to 03. 
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! Figure 15 continued 
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Figure 16: Fits to catch at age data from longline sampling in 1998 by cell. Numbers indicate the cell that the 
sample was taken in. 
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Figure 17: Fits to catch at age data from recreational boat ramp surveys. Letters indicate the recreational zone 
that the sample was taken in. N indicates the sample size. 
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Figure 18: Predicted (circles) and observed (crosses) recaptures over aU ages by statical area of release, 
recapture and season. 
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Figure 19: Predicted versus observed tagging recaptures over all programmes, seasons, statistical areas and 
ages. 





Figure 21. Likelihood slices for three fish habitat preference parameters, (left) temperature optimum, (centre) depth optimum for juveniles, (right) depth optimum 
for adults in spring-summer. 
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APPENDIX 1: CALCULATING AGE-FREQUENCIES FROM LENGTH FREQUENCIES 

Data from the tagging programmes, recreational boat ramp surveys, and on-board longline catch sampling 
surveys were collected in the form of length frequencies for the purposes for which the studies were designed. To 
use the data in the spatial model it was necessary to convert the length frequency data into age frequencies. 
Length-at-age data collected at the time these studies were carried out were collated and expressed in the form of 
age-length keys so as to project the length frequencies into age f?equencies. 

For a particular stratum, S the age frequency is calculated from the length frequency using length-at-age data 
expressed as an age-length key. 

An estimate of the proportion of fish in each length interval i, ii is calculated from the length frequency in the 

particular stratum: 

where is the estimated length frequency in stratum k for length interval i. 

Otolith samples collected from a sbatum were used to produce an age-length key. The distribution at age, j, of fish in 
length interval, i was: 

where A# is the number in the sample, I, of age j in length interval i, and A, is the number in the sample of length i. 
Assuming that estimates of proportion at length are multinomially distributed and otoliths were randomly sampled 
within each length interval, an unbiased estimate of proportion at age is: 

Equation 42 i ! g  = xii Pv 
i  

The age frequency is therefore 

Equation 43 fi @ - .  - &,xfifi 
1 

APPENDIX 2: ALLOCATION OF LENGTH FREQUENCY SAMPLES 

The total weight of fish in a stratum for which a length frequency is available is obtained using the mean weight 
of fish in that stratum and is estimated from the length frequency sample for that stratum, using the published 
relationship between length and weight for snapper : 

Equation 44 ?. z g i b  

where Pi is the mean weight (g) at length i (cm), a = 0.04467 and b = 2.793, Paul 1976). 

Mean fish weight in a stratum is: 



The sample from stratum k is allocated to sub-strata m according to the relative weight of the sample allocated tcl 
each substratum: 

a 

Equation 46 N,, f.1 - ~ I ; k i  
Wk 

where Wk is the proportion of the sample taken in stratum k and & is the estimated proportion at length 
distribution of stratum k. 

APPENDIX 3: CORRECTION FOR EFFECTS OF GROWTH 

The growth model used was that of Francis (1988) and had the same parameters: 

g, and gS describe mean annual growth for fish of some arbitrary lengths a and P, 
v is a growth variability parameter, 

u and w are seasonal growth parameters, 

m and s are the mean and standard deviation of the measurement error for the growth increment 

Recapture sample length frequency diibutiotls were comcted for growth effects. For a fish tagged at time T, and 
recovered with a length L2 at time E, the estimated distribution for the length at tagging, LI is normal with a mean 
value (ignoring measurement bias) given by: 

where $1 and 4 2  are defined by 

m. = 
u(sin(2n(Ti - w))) 

' t 
Equation 48 2~ 

for i = 1,2 and 1, and k are related to the model parameters by : 

f ig,  - a g s  
I ,  = 

Equation 49 ga - gs 

and 

The variance of E&) is a function of measurement error and growth variability 

Equation 51 ~ ( L I )  = d + [V(L~-E(LI) )] '  



where .? is the variance of the net measurement error and v is the growth variability parameter. 

Given that all fsh were measured to the nearest centime* below fork length, the probability for a particular 1 cm 
length interval, x, being the expected length at recapture was calculated from the diierence of the cumulative normal 
distribution functions, 

x+O.5-p x-0 .5-p  
Equation 52 P(L,=x)=F( j 

where p i s  E(LI) calculated using (I), a is the standard deviation calculated from (S), and F( ) denotes the cumulative 
normal probability density function for length interval x given p and a. From (6), a distribution was calculated for 
each length interval at the time of recapture, j @emg L2 ), that described the probability of a fish in j growing from 
length interval i (substituted into x). A growth matrix, p , , ~  was therefore calculated for each month of the recapture 
phase, i.e., the range of T2 for months r = 1 to 13, and for each substock, that defied the probability of a fish in j at the 
time of recapture growing from length interval i in t months. 

The estimated recapture and recapture sample length frequency distributions at the time of release for t were 
calculated using the length distribution at the time of recapture and the growth probability maeix. 

Equation 53 fia,t=O,i = x ~ o , t , i , i ~ a , r , j  

APPENDIX 4: CORRECTION FOR INITIAL MORTALITY 

The correction for initial mortality, I,, at the time of release (t = 0) was made for the fishing method of capture. used 
for tagging and release. 

A log-linear relationship was found between initial mortality for trawl-caught snapper, T, related to trawl catch shot 
size (t), s, and fish length class interval (cm), I, using the results of mortality experiment carried out in 1994 (1. 
M c ~ e n i e  unpubl. data): 

Equation 54 pred 
T,d,s,i  

= 1.8690 - 0,08593 + 0.0012s 

For longlie-caught snapper, L, the relationship, using the results of mortality experiments carried out in 1992 and 
1994 (J. McKetlzie unpubl. data), was: 

Equation 55 pred  
L,d,s,i 

= 0.0548d - 4.6423 

where the significant variable was the depth of capture, d. For both methods, pel, the estimated probability of iniial 
mortality was: 

The effective number of released tagged fish that survived was therefore: 



APPENDIX 5: CORRECTION FOR TAG LOSS 

For the 1994 tagging programme, coded wire tag loss was assumed to have occurred at a mean proportional rate (L =: 
0.02) at the time of release. The total number of releases corrected for tag loss was: 

The estimated length hquency distribution of tagged snapper released in each substock was: 

Equation 59 g n l d  J 

For the 1985 tagging programme, the monthly number of recaptures was corrected for a monthly rate of tag loss, L 
4.058 : 

APPENDIX 6: CORRECTION FOR TAG RECAPTURE DETECTION SUCCESS RATE 

For the 1994 tagging programme, the monthly number of recaptures was corrected for the success rate, R , in 
detecting tagged fsh in commercial catches using the electronic scanning equipment : 


