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1. Executive Summary 

The 1985 and 1994 SNA 1 tagging programmes have been analysed in detail. 
Significant sources of error that reflected the violation of the assumptions required for 
the Petersen estimator were detected and quantified. Fishing gear specific 
heterogeneity in the probability of recapture of tagged fish was estimated and 
attributed to the reduced probability of recapture for tagged fish, both released and 
recaptured by the longline method compared to tagged fish released by the longline 
method but recaptured by single trawl or Danish seine. Significant differences were 
also found in the mark rate (proportion of fish in the population that carry tags) 
between areas within a substock, indicating lack of mixing of tagged fish in a 
substock, i.e. spatial bias. Localised areas of elevated mark rates occurred particularly 
in the Hauraki Gulf substock. 

To evaluate the effects of these sources of bias on the Petersen estimator, a length- 
based operating model was developed to randomly generate tag-recapture data for 
specified recapture samples from a "known" population set in the 1994 SNA 1 
tagging programme. Simulated tag release, recapture sample, and tag-recapture data 
were passed to a Petersen estimator to calculate estimates of operating model biomass. 
This procedure was iterated 1000 times to determine the mean bias and variance of the 
estimator. Estimator bias due to the identified types of process error, i.e., levels of 
spatial and gear-related heterogeneity in probability of recapture, was calculated by 
introducing these features to ;the operating model. Estimates of the spatial 
heterogeneity in mark rates for the Hauraki Gulf were calculated and the available 
estimates of gear specific heterogeneity were employed. 

The underlying cause of bias in stratified Petersen estimates is attributable to the 
stratification of mark-recapture data such that the mark rates of the pooled data are not 
equivalent to the combined mark rates of the strata, i.e., the pooling of heterogeneous 
data. This produced inherent bias in Petersen estimates calculated from the 1994 tag- 
recapture experiment in which mark rates were found to vary with respect to length 
class. 

Large positive bias in the estimator was detected due to gear specific and spatial 
heterogeneity in the probability of recapture, but precision was high given the 
specified and assumed levels of observation and sampling error applied to release and 
recapture sample length frequencies. The range of positive estimator bias in absolute 
biomass due to inherent, gear specific, and spatial sources of process error for the 
Hauraki Gulf substock was 28-88%. Inherent and gear specific process error produced 
positive estimator bias of between 28% and 44%, and 26% and 30% for the East 
Northland and Bay of Plenty substocks respectively. Estimator accuracy was generally 



not sensitive to the total tag-recapture sample size, though there was some sensitivity 
to small sample sizes in spatial strata. 

Some strict assumptions necessary for the operating model are most likely to have 
directly affected the estimates of estimator bias, and therefore the accuracy of the bias 
estimates is not certain. Although bias was found to be large and positive, 
approximately unbiased absolute biomass estimates cannot be calculated for the 1985 
and 1994 tagging programmes because insufficient data are available to estimate the 
spatial heterogeneity in mark rates. 

This work was carried out under contract to the Ministry of Fisheries, project number 
SNA9701, objective 5. 

2. Introduction 

A large scale tag-recapture experiment was conducted from November 1993 to 
February 1995 (McKenzie & Davies unpublished results) to calculate absolute biomass 
estimates of the three snapper (Pagrus auratus) substocks that make up the SNA 1 
quota management stock (Figure 1). These estimates are an important input to the age- 
structured population models used to assess the stock's current status (Annala et al. 
1998). A major feature of this programme was the use of coded-wire tags and the 
retrieval of tags from fish in commercial landings by trained staff using electronic 
scanning equipment. The tag release strategy sought to maximise the spatial 
distribution and concentration of tags in areas of high snapper abundance to achieve a 
random distribution of tags within the population. A total of 30 477 snapper were 
caught, tagged, and released using trawl and longline methods during the last quarter 
of 1993. From 1 February 1994 to 28 February 1995, about 1350 t of commercial 
snapper landings were examined and 646 tagged fish were recovered. Petersen 
estimates of population size were calculated from which estimates of absolute 
biomass were derived using a length-weight relationship. 

The Petersen estimates assume that marked animals mix uniformly with unmarked 
animals in the closed population being surveyed. Satisfying this assumption would 
produce homogeneity in the rate of marked to unmarked animals (mark rate) for any 
given recapture sample. Tests for mark rate homogeneity were undertaken as part of 
the calculations in each programme and failures to satisfy this assumption were 
identified in a number of areas, suggesting potential for bias in the absolute biomass 
estimates. To use the biomass estimates in SNA 1 stock assessments, the approach has 
been to either stratify or exclude elements of the data that appear to violate the 
assumptions (Annala & Sullivan 1996, 1997, Davies 1999). Using this approach, 
absolute biomass of approximately 48 000 t for the SNA 1 stock were estimated. 

The objective of this study is to determine the size of bias in Petersen estimates of 
SNA 1 biomass from the 1994 tagging programme. 

A Monte Carlo simulation approach was used to investigate the effects of spatial and 
fishing gear specific heterogeneity in mark rates using a length-based operating model 



set in the context of the 1994 SNA 1 tagging programme. The performance of the 
Petersen estimator in estimating operating model population numbers and biomass 
was determined in simulations for a range of operating model scenarios. The Monte 
Carlo estimates of estimator bias may provide an approximation of the size of bias in 
published estimates of SNA 1 absolute biomass. 

3. Methods 

The basic form of the Petersen estimator is given by: 

where nl is the number of marked animals in the population; n2 is the number of 
animals examined for marks in the population; m is the number of marked animals 

CI 

recovered from the population; and N is the Petersen estimate of the number of 
animals in the population. In fish tagging studies nl is normally termed the tag-release 
sample, n2 the recapture sample, and m the number of tag-recaptures. 

For the Petersen estimator to be valid a number of basic assumptions are made. 

1. The population is closed. 
2. All fish have the same probability of being tagged in the tag and release phase. 
3. Tagging does not affect catchability. 
4. All recaptured fish are recognised. 
5. Fish do not lose their tags. 

Usually, some or all of these assumptions may be violated and the estimator may 
become biased. As a result, most practical applications of Petersen estimators also 
require methods to estimate and correct for inherent bias. 

Probably the most common source of bias inherent in mark-recapture programmes is 
that caused by violation of assumption 2, the non-random, or heterogeneous, 
distribution of marks in the closed population. A heterogeneously marked population 
may be thought of as being composed of a number of discrete cells (strata) each of 
which has a different ratio of marked to unmarked animals (mark rate). These strata 
may occur in space, time, or as an attribute of the population (e.g., age or length). 

Peterson estimators which do not take into account mark-rate heterogeneity between 
strata are prone to large bias (see Appendix 1). However, there are two ways in which 
an unbiased population estimator can be derived from a heterogeneously marked 
population. The first requires that all the terms of the Petersen estimator are known for 
each stratum, so that separate estimators can be derived for each stratum. This 
produces a stratified Petersen estimator (Schwarz & Taylor 1998). The second 
requires that the recapture sample is a random sample from the population. An 
algebraic representation of how an approximately unbiased estimator may be derived 
using a random recapture (nz) sample is given in Appendix 1. 



Using the Monte Carlo simulation method, bias in the Petersen estimator was 
estimated using an operating model to simulate tagging programme data. The 
operating model generated experimental tag-recapture samples based upon a "known" 
population containing a constant proportion of tagged individuals given recapture 
samples of fixed size. The Petersen estimator produced an estimate of the population 
size using the simulated data. Effectively, the estimator is a calculation that reverses 
the operating model calculation as follows: 

where N* is the operating model "known" population. Given no process error in the 
estimator, zero bias is to be expected. Violation of the assumptions underlying the 
estimator were modelled in the operating model to determine their relative effects as a 
form of process error in the estimator. 

3.1. Sources of Bias Investigated in Simulations 

Detailed diagnostic tests of the 1985 and 1994 SNA 1 tagging programme data have 
revealed significant violations of the assumptions underpinning the Petersen estimator 
(Gilbert & McKenzie 1999). The identified sources of bias determined the types and 
magnitude of process error investigated in simulations. The significant sources of bias 
were fishing gear-specific and spatial heterogeneity in the probability of recapturing a 
tagged fish, P(rec.). Other possible sources of bias were due to the stratification of the 
population by length and fish movement between substocks. 

3.1.1. Gear-specific release bias 

Gilbert & McKenzie (1999) found a significant difference in the recapture rates 
(proportion of tagged fish that were recaptured) with respect to the fishing method 
used to capture fish for tag and release. Statistical tests investigated homogeneity in 
the proportion of tagged fish in the population which were recaptured from releases by 
longline and trawl, i.e. release gear type. A gear-specific recapture ratio was calculated 
as follows: 

where rnglg2 is the number of tags recaptured by gear g2, that were released by gear gl 

and n,,! is the number of tags that were released by gear gl for the longline, L, and 

single trawl, T. Assuming that tagging does not affect catchability, it follows that all 
tagged fish have an equal probability of recapture with respect to the fishing gear type 
used to release tagged fish. Therefore, the expected value of the ratio p should equal 1 
in all g2 recapture samples. Gilbert & McKenzie (1999) showed that the p ratios 



derived from longline samples in the 1984 and 1995 programmes were significantly 
greater than 1. This indicates a reduced probability of recapture for tagged fish, 
released and recaptured by longline compared to tagged fish released by longline but 
recaptured by either single trawl or Danish seine. 

The catchability of a tagged fish by longline (qgWr) was expressed relative to a constant 
expected value for the catchability equal to 1. A range of between 0.6 and 0.7 was 
estimated for q for the recapture by longline for longline-released fish (Gilbert & 
McKenzie 1999). In some tests, a similar effect was found for single trawl release and 
recapture. 

This range for q was included as a source of process error not accounted for in the 
Petersen estimator. Because it is a source of bias dependent upon the gear type used at 
the release of tagged fish, this interaction between the fishing gear types used at 
release and recapture is termed gear-specific bias. 

3.1.2. Spatial bias 

Gilbert & McKenzie (1999) found significant differences in the mark rate (proportion 
of fish in the population that carry tags) between areas within a substock. This 
indicates lack of mixing of tagged fish in a substock, i.e., spatial bias. Localised areas 
of elevated mark rates occurred in the 1985 and 1994 tagging programmes, 
particularly in the Hauraki Gulf substock. Heterogeneity in the mark rates on a spatial 
scale (spatial heterogeneity) was therefore a source of bias to be investigated in 
simulations. The specifications of the spatial heterogeneity required the estimation of 
population parameters within the substock. A unique estimator was therefore 
developed. 

Using the 1994 SNA 1 tagging programme recapture data, the estimator attempted to 
define a set of spatial strata, each having a particular mark rate. Commercial catch and 
tag-recapture data for the East Northland and the Bay of Plenty substocks (see Figure 
1) were too sparse to permit mark-rate strata to be defined. Spatial heterogeneity of 
these substocks was not significant (Gilbert & McKenzie 1999) Release and recapture 
sample sizes from the Hauraki Gulf substock were large and commercial catch 
information by method and sub-area was available. So a series of spatial strata was 
defined by integrating this information for this substock. 

The Hauraki Gulf was divided into 5 x 5 minute square grids. The ratio of tag- 
recaptures to tags released (mlnl) was calculated for each grid cell. Adjacent grid cells 
with similar ratios were deemed (somewhat subjectively) to constitute strata (Figure 
2). 

For the ith stratum the information available was n,, , the number of tagged fish 
released in the stratum; mi, the number of tagged fish subsequently recovered that had 
been released in this stratum. 

To define a probability of recapture for each stratum, the total commercial catch 
examined for tag-recaptures in each stratum (nzi) was estimated. Fishers are required 



to document catch by method and fishing statistical reporting areas. It was therefore 
possible to apportion nz for the Hauraki Gulf to four recapture methods (trawl, Danish 
seine, set net, longline) and three statistical reporting areas. The boundaries of spatial 
strata were constrained so that none spanned the boundaries of the statistical reporting 
areas. Statistical reporting areas were therefore made up of spatial strata. A least- 
squares estimate for apportioning nz to strata was derived using the tag-recapture and 
catch information by method and statistical reporting area (Appendix 2). The 
parameters estimated were the total population size in each stratum. 

The following assumptions were made: 
- tagged fish remained in the spatial stratum in which they were released; 
- the population length composition of each spatial stratum was the same; 
- the relative selectivity patterns for the different gear types were consistent 

across strata. 

It is likely that all these assumptions were violated to some level during the 1994 
tagging programme. However, the estimation of spatial stratification of the Hauraki 
Gulf substock was not intended to provide local scale absolute biomass estimates, but 
to estimate plausible levels of spatial mark-rate heterogeneity to be incorporated into 
the operating model. For this purpose, the spatial allocation process and the necessary 
assumptions were considered reasonable. It provided an objective means by which all 
information pertinent to the spatial distribution of tagged fish across the Hauraki Gulf 
could be interpreted. The spatial strata defined for the Hauraki Gulf are shown in 
Figure 3. 

3.1.3. Length Stratification Bias 

Petersen estimates for the 1985 and 1994 tagging programmes were stratified by 
length to reduce bias caused by the disproportionate release of tagged fish relative to 
the population length composition. The population length frequency distribution was 
stratified into eight strata. The effect of this in bias in Petersen estimates for each 
length stratum and substock biomass was investigated in simulations. 

3.2. Monte Carlo Simulations 

3.2.1. Operating Model 

A length-based population operating model was used to simulate a tag-recapture 
experiment for snapper. ~a ta ' f rom the 1994 SNA 1 tagging programme were used to 
specify the dimensions of the operating model used to simulate release and recapture 
data. The model structure broadly consists of the "true" population length frequency, a 
tagged population length frequency, and a recapture sample length frequency (i.e., fish 
examined for tagged individuals). The operating model generates expected length 
frequencies of recaptured tagged fish. Data from the analysis of the 1994 programme 
was used directly in specifying the population, release, and recapture sample length 
frequencies. The model was discrete so that length frequencies were calculated for 



each month of the recapture phase and for each 1 cm length interval. A length-based 
growth model was used to predict the "true" and tagged population length frequencies 
at the start of each month. Recaptures of tagged fish were obtained from the tagged 
population over 13 months. Details of the operating model structure and monthly 
dynamics are given in Appendix 3, but an outline follows. 

3.2.1.1. Population length frequency 

Numbers of fish at length in the "true" operating model population were calculated 
using population estimates from the 1994 SNA 1 tagging programme. These were 
regarded as being the best available estimates for the three substocks making up SNA 
1 (Table 1). The estimates related to the eight length strata and were projected to 1 cm 
length distributions using an estimate of the population length frequency distribution 
in each substock, pa,, for substock a and 1 cm length interval i. This was derived by 
combining trawl survey and commercial longline length frequency data to give a 
reasonable approximation of the population length composition over the full range of 
length intervals. Within the range of length intervals sampled, the trawl survey 
sampling gear has been considered to be more selective for smaller fish and the 
commercial longline method is considered to be more selective for larger fish, having 
a selectivity-at-age that is relatively constant and close to 1.0 (Sullivan et al. 1988). 
Consequently, the trawl survey length frequency distribution for fish less than 30 cm 
long was combined with the commercial length frequency distribution for fish over 30 
cm. The method used for producing the composite distribution was described by 
Davies et al. (1993). Longline length frequency data collected from each substock in 
the release phase of the 1994 programme was used. Trawl survey length frequency 
data were collected from the Hauraki Gulf in the release phase, but no data were 
collected at that time for the other two substocks. The best available trawl survey data 
for east Northland were collected in 1992-93 and for Bay of Plenty in 1995-96. The 
operating model population length frequency distributions at the time of the release of 
the tagged population, t = 0, NUPI,, for substock a and 1 cm length interval i, are shown 
in Figure 4. 

3.2.1.2. Tagged Population 

Length frequencies of tagged fish released in the 1994 programme were stratified 
according to substock (Hauraki Gulf, East Northland, and Bay of Plenty); 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 input to the operating model population was first 
corrected for two likely sources of bias; initial mortality of tagged snapper due to the 
effects of handling, and tag shedding (McKenzie & Davies unpublished results). The 
corrected length frequencies represented the effective tagged population input to the 
operating model. 



Initial Mortality 

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 longline-caught snapper and capture depth. 

Tag Loss 

Tag loss, L, was assumed to have occurred at a mean proportional rate (0.02) at the time 
of release. 

The effective tagged population length frequencies (nl,a,i), combined for both release 
gear types, g e l ,  is shown for each substock in Figure 5. 

3.2.1.3. Population Growth 

The "true" and tagged population length frequency distributions were calculated for 
the start of each month during the 13 month recapture period by allowing for 
individual growth. A growth model that uses a maximum likelihood approach to 
estimate the average annual growth of a fish from recapture length increment data and 
the times of release and recapture was used (Francis 1988). Growth was modelled as a 
h c t i o n  of length at release and the estimated distribution for the mean length at 
recapture is normal. 

Although estimates of measurement error were derived from an experiment in 1994 to 
describe initial mortality of tagged snapper (authors' unpublished data), it was assumed 
to be zero for the operating model simulations which project the "true" population 
length frequency through time, with individual growth variability only. 

In fitting the growth model to the tagging data, the following parameter values were 
estimated. 

Hauraki Gulmay of Plenty east Northland 
g30 (cm) 2.41 1.82 
gso (cm) 1.33 1.11 
u 0.98 

w (year) 0.1 1 
v 0.35 

Snapper in the east Northland substock grew significantly more slowly . 

With these parameters, length frequencies for the operating model population and the 
effective tagged population at the time of release were projected to produce length 
frequencies at the start of each month during the 13 month recapture phase. The 
continuous probability distribution for the expected lengths at the start of each month 
was converted to a discrete distribution with 1 cm length intervals. A transition matrix 



was thus created for each substock for each month and all length intervals that described 
the probability of a fish having a particular length given its length at the time of release. 

3.2.1.4. Recapture Sample 

Recapture samples taken during the 1994 tagging programme were applied in the 
operating model to determine the number of fish in the population examined for 
tagged individuals (Table 2). The recapture sample, t12,~,~, , , i  consisted of the number of 
fish in each 1 cm length interval, i, that were examined for tags and was estimated from 
length frequency samples taken from the catches examined for tagged fish in the 
substock of capture, a, by the fishing method, g, for month, t. 

3.2.1.5. Recaptures of Tagged Fish 

Simulated observations of tagged fish detected in the monthly recapture samples from 
commercial catches were generated in the operating model using the recapture sample 
length frequency data (n2,a,g,t,,i ) for the substock, fishing method, and month, and the 
probability of recapturing a tagged fish (P(rec.) given by the mark rate (nl,a,pl,i lNa,t,i)y 
specific to substock, a, 1 cm length interval, i, and fishing release-method of capture, 
grel. Given this probability, the number of recaptures at length in month t for a given 
recapture sample size was simulated using a binomial distribution. 

3.2.1.6. Movement 

It was assumed that there was no movement between substocks. This was regarded as 
reasonable because the main purpose of the simulation modelling was the generation 
of mark-recapture data from a discrete population for input to an estimator. These 
assumptions were also made for the Petersen estimator. Therefore, the estimation of 
movement between or within populations using the Petersen estimator was not 
investigated or within the scope of this study. Removal of fish from a tagged 
population by fishing has no effect on the probability of recapture if tagged and 
untagged fish are equally vulnerable to capture. 

3.2.2. Observation and Sampling Error 

Observation and sampling error in the release and recapture data generated by the 
operating model was specified according to the error estimated during the 1994 tagging 
programme. Where sampling error could not be estimated, some assumptions were 
made. Error was specified in each of the three types of length frequency data generated 
for input to the estimator; tag releases, recapture samples, and tag-recaptures. 



3.2.2.1. Release Sample Length Frequency 

Error in estimates of initial mortality and tag loss were used in specifling sampling error 
in the tag release length frequency data. The 95% confidence interval of the normally 
distributed estimate of predicted log-transformed initial mortality for fish captured for 
tagging and release using the single trawl and longline method were available from sea 
cage experiments (McKenzie & Davies unpublished results). The confidence interval 
values were multiplied by 10 so as increase, what appeared to be, the implausibly low 
levels of sampling error. 

The estimate of tag loss at the time of release was assumed to be normally distributed 
with a coefficient of variation of 0.1. 

3.2.2.2. Recapture Sample Length Frequency 

The number of fish examined for marks in each 1 cm length interval estimated from the 
1994 tagging programme was normally distributed with variance estimates calculated 
from length frequency samples taken from catches examined for tagged fish. These 
estimates were taken as the "true" numbers in the recapture samples used in the 
operating model to generate tag-recaptures. Recapture sample length frequency data 
were simulated using the "true" numbers as the mean and the sampling error (coefficient 
of variation) for the amount of variability. 

The number of recaptures in a recapture sample for a given substock, month, fishing 
method, and length interval has a hypergeometric distribution for a given population 
size, N, of which nl are tagged, from which a sample size nz is drawn. A binomial 
distribution for the expected number of recaptures was assumed. The probability of 
success, p, was set equal to the probability of recapture, and the number of trials, n, was 
set equal to the recapture sample size. Random variability in the success of recapturing a 
tagged fish constituted observation error in the number of tag-recaptures. 

The probability of detecting a tagged fish in a recapture sample from a commercial catch 
was not assumed to be 100% and was estimated from 82 trials carried out during the 
recapture phase of the 1994 tagging programme. The mean of all trials provided an 
estimate of detection rate, R, and was used for correcting recaptures for this source of 
bias. The value of R for the Uth simulation was obtained using a bootstrap approach 
where n trials were selected at random with replacement from the original sample and a 
mean was calculated from the bootstrap sample. The resulting frequency distribution of 
R' was approximately normal. 



3.2.3. Process Error 

Simulated observations of tagged fish in the monthly recapture samples were 
generated in the operating model according to the mark rate of tagged fish in the 
population P(rec.) (see Appendix 3, equation 16). Gear-specific bias resulting in 
differences in P(rec.) for tagged fish caught for tag and release by single trawl or 
longline were simulated in the operating model by scaling the deterministic solution 
for P(rec.) by qyel , the catchability scalar relative to release and recapture gear type. 
Consequently, the expected number of tag-recaptures in a recapture sample taken from 
a particular fishing gear type was dependent upon the release method of the tagged 
fish. Values for q,l of 0.6 and 0.7 were investigated based on the findings of Gilbert 
& McKenzie (1 999). 

Spatial heterogeneity in P(rec.) was simulated in the operating model for the Hauraki 
Gulf substock only. The substock population was subdivided into the 10 spatial strata 
(see section 3.1.2) with each being modelled as a discrete population with a "true" 
population size determined from least squares estimates described above and in 
Appendix 2. The 1994 tagging programme population estimates for the Hauraki Gulf 
specific to length strata (see Table 1) were allocated proportionally to the spatial 
strata. The population length composition assumed for all spatial strata was as 
described in section 3.2.1.1 for the Hauraki Gulf substock. 

The tagged population at the time of release in each spatial stratum was determined 
from the location records of the 1994 tagging programme. The effective tagged 
population used in the operating model was estimated using the equations above to 
correct for initial mortality and tag loss. Consequently, heterogeneity in P(rec.) 
between strata was derived from differences in the apportionment of both the 
operating model population and the effective tagged populations between spatial 
strata. 

Two alternative least squares estimates of spatial stratification of the Hauraki Gulf 
that differed with respect to the degree of heterogeneity in P(rec.) between strata were 
investigated in simulations. The two possible solutions are termed options 1 and 2. 
Option 1 provided the best least squares estimate in fitting to the recapture sample 
data. Option 2 was a poor least squares fit to the recapture samples, but was useful for 
comparing the relative impact of spatial heterogeneity on estimator performance. 

Option 1 had high levels of mark rate heterogeneity between spatial strata 
(approximately four-fold variation), compared with the relatively low levels in option 
2 (approximately two-fold variation). The total Hauraki Gulf recapture sample, n2, 

was distributed disproportionately between spatial strata in option 1 with more than 
half of the sample being taken from strata having very low mark rates (Figure 6). In 
contrast, a more uniform distribution of the recapture sample between strata was 
estimated in option 2. 



3.2.4. Simulated Data 

The tag release and recapture data generated by the operating model for the Cfh 
simulation for input to the Petersen estimator are denoted as follows: 

u 
n ~ , ~ ~ ~ ~ l , ,  - effective tagged population frequency in substock a for tag and release 

gear type grel and length interval i; 
u 

n J , ~ , ~ , ~ , ~  - recapture sample frequency in substock a for recapture gear type g, in 
month t, and length interval i; 

u 
m a,g,t,i - frequency of recaptured tagged fish in recapture sample from substock 

a for recapture gear type g, in month t, and length interval i; 

Simulation data input to the estimator were specific to substocks. For simulations 
including process error caused by spatial heterogeneity in P(rec.), simulation data 
were limited to the Hauraki Gulf substock with 10 spatial strata. Release and recapture 
data were summed by spatial strata before input to the estimator. 

The total recapture sample size was dependent on the type and level of process error 
included in the operating model. Because the recapture sample size, n2 was constant, 
multiplicative scaling of P(rec.) due to process error directly affects the simulation 
tag-recapture data. This results in different mean tag-recapture sample sizes being 
input to the estimator between operating model scenarios. Potential bias attributable to 
sample size alone was avoided by adjusting the operating model population size to 
maintain constant mean tag-recapture sample size in all scenarios. The method for this 
adjustment is described in Appendix 3, equation 3 1. 

3.2.5. Simulation Scenarios 

A range of operating ,model scenarios was investigated for alternatives of 
observatiodsampling error and process error. To identify and determine intrinsic bias 
in the estimator in the absence of process error, estimator performance was 
investigated, both with and without observation and sampling error (i.e. using 
deterministic and stochastic operating model data) termed Baseline 1 and Baseline 2 
respectively. For Baseline 1, "true" operating model tag release and recapture sample 
data were used in simulations, i.e., equations 21, 23, 26 and 28 in Appendix 3 were 
not calculated for the simulated data. For Baseline 2, observation and sampling error 
was added to the simulated data using these equations, i.e., stochastic operating model 
data were generated. For all other simulations, the simulated data were stochastic and 
included some process error. The relative effects of gear-specific and spatial bias were 
investigated individually and simultaneously. The following list denotes the scenarios 
in terms of the type of error included in the operating model data input to the 
estimator. 

Baseline 1 : Deterministic (no observatiodsampling error) 
Baseline 2: Stochastic (observation/sampling error) 
Scenario la: Gear-specific bias longline-longline q = 0.6 
Scenario 1 b: Gear-specific bias longline-longline q = 0.6, unadjusted 
Scenario 2a: Gear-specific bias longline-longline q = 0.7 
Scenario 2b: Gear-specific bias longline-longline q = 0.7, unadjusted 



Scenario 3 : 

Scenario 4a: 
Scenario 4b: 
Scenario 5a: 
Scenario 5b: 

Scenario 6: 

Scenario 7: 
Scenario 8: 
Scenario 9: 

Gear-specific bias longline-longline and Danish seinelsingle trawl- 
single trawl q = 0.6 
Hauraki Gulf spatial bias option 1 
Hauraki Gulf spatial bias option 1, unadjusted 
Hauraki Gulf spatial bias option 1, longline-longline q = 0.6 
Hauraki Gulf spatial bias option 1, longline-longline q = 0.6, 
unadjusted 
Hauraki Gulf spatial bias option 1,longline-longline and Danish 
seinekingle trawl-single trawl q = 0.6 
Hauraki Gulf spatial bias option 2 
Hauraki Gulf spatial bias option 2, longline-longline q = 0.6 
Hauraki Gulf spatial bias option 2, longline-longline and Danish 
seinelsingle trawl-single trawl q = 0.6 

In scenarios lb, 2b, 4b, and 5b the operating model population size was not adjusted 
and therefore constant tag-recapture sample size was not maintained. This was done to 
determine the relative effect of varying the total recapture sample size on the 
performance of the Petersen estimator. 

3.2.6. Petersen Estimator 

The term "Petersen estimator" is used loosely here to denote the series of calculations 
made to the tag release and recapture data to account for sources of error, the 
stratification of the data, and in calculating estimates of the population size of each 
substock. The stratification of the simulated data input to the estimator was essentially 
identical to the length stratification used for the operating model populations. Details 
of the estimator structure are presented in Appendix 3 and a brief overview follows. 

The Petersen estimator is structured with respect to fish length, and all stratification by 
substock, length, and time is identical to the operating model. Simulated data for fish 
tagged and released length frequencies, n,, recapture sample length frequencies, nz, and 
tagged fish recaptures, my were input to the estimator for the calculation of Petersen 
estimates of substock population and biomass. The data were corrected for sources of 
bias, including fish growth and tag detection rate before the Petersen calculation. 

The monthly length frequency distributions of the tag-recaptures and recapture samples 
were corrected for the effects of growth to estimate the length distributions of these 
samples at the time of release. The maximum likelihood growth model (Francis 1988) 
was used to estimate the length of a fish at release given its recapture length and release 
and recapture dates. The model was modified so that growth was modelled as a function 
of length at recapture to back-calculate fish length 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 gp 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 1 year previously is a. 
Besides the adjustment to the mean length increment parameters, all other parameters 



are as defined earlier for the operating model. In fitting the growth model to the tagging 
data, the following parameter values were estimated: 

Hauraki Gulmay of Plenty east Northland 
2.3 1 1.78 
1.71 0.96 

0.96 
0.1 1 
0.37 

indicating significantly slower average growth of snapper in the east Northland 
substock. Consistent with the operating model, no measurement error was assumed in 
the estimator. 

Using these parameters, length frequencies for (a) recaptured tagged snapper and (b) 
catches examined for tagged individuals, were converted to length frequencies at the 
time of release. No fish less than 25 cm long were tagged. The growth transition matrix, 
when applied to the recapture tagged fish length frequency distributions, was therefore 
modified. The transition matrices were truncated at 25 cm and renorrnalised so that there 
was zero probability of a recaptured tagged fish having a predicted Iength at release 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 examined for tagged individuals were truncated at 25 cm, so 
that no fish under 25 cm were included in the Petersen calculation. 

The recapture sample data (corrected for the effects of growth) and the release sample 
data were stratified by length for the calculation of the pooled Petersen estimate for each 
length stratum. The length stratification was that used for calculating absolute biomass 
from the 1994 tagging programme data (see Table 1). 

The unbiased Petersen estimate of number of fish in 'the population for a substock and 
length stratum was calculated using Chapman's modification (Seber 1982). Mean weight 
of fish specific to a substock and length stratum was calculated using a published length- 
weight relationship for snapper (Paul 1976) and an estimated population length 
composition within the area-length stratum. The observed length frequency distribution 
used was the composite length frequency distribution described earlier for the operating 
model population. The arithmetic mean weight within the stratum, as calculated using 
the length-weight relationship, was weighted by the observed frequency distribution in 
the 1 cm length intervals of the stratum. 

The estimate of biomass specific to a substock and length stratum was calculated as the 
product of the Petersen estimate and the mean weight. The estimate of total population 
biomass in a substock (over all length strata) was the sum of the length-stratum biomass 
estimates. 

The performance of the Petersen estimator was evaluated relative to the %Bias in the 
mean of 1000 simulation estimates of the operating model population numbers and 
biomass. %Bias was calculated for estimates of substock numbers in each length 



stratum and total biomass. The C.V. of the mean estimator biomass was calculated and 
the median estimated biomass was derived from the simulation estimates allocated to 
15 categories from the minimum to maximum values. 

4. Results 

4.1. Operating Model 

For the scenarios where the operating model population size was fixed (not adjusted 
to maintain a constant tag-recapture sample size, i.e., Baselines 1 and 2, scenarios lb, 
2b, 4b, and 5b), the biomass of the Hauraki Gulf, East Northland, and Bay of Plenty 
substocks was 20 506 t, 13 733 t, and 7100 t respectively (Table 3). This is to be 
expected because the tagging programme data were used to specify the operating 
model dimensions. The deterministic tag-recapture sample sizes generated for the 
Hauraki Gulf, East Northland, and Bay of Plenty substocks were 267, 150 and 48 
respectively, producing a total tag-recapture sample of 466 fish (Table 4). 

4.2. Estimator Performance 

4.2.1. Bias in the Deterministic Scenario 

For the deterministic scenario, Baseline 1, that excluded process error, there was 
positive bias in estimator biomass for the Hauraki Gulf and Bay of Plenty substocks, 
(4.09% and 9.33% respectively), and negative bias for East Northland substock 
(-7.62%, Table 4). This bias was attributable to the length stratification used in the 
estimator and some slight differences in the growth models used in the operating 
model and estimator. A comparison was made of the deterministic operating model 
mark rate (or P(rec.) being nllN) and the recapture rate (mlnz) in each 1 cm length 
interval. A similar comparison was made for these data surnmarised according to the 
length strata used in the estimator calculations. Assuming homogeneity in the mark 
rate in 1 cm length intervals and particular length strata, zero difference is to be 
expected. In order to isolate the effects of length stratification and the growth models, 
this comparison was made for operating model data: for the deterministic scenario 
including the growth model calculations to project the population length frequency 
(Baseline la), and excluding the growth model calculations (Baseline lb). These 
comparisons are presented in Appendix 4. 

As expected, the comparison between the deterministic operating model mark rates 
and recapture rates in 1 cm length intervals in the scenario that excludes growth of the 
population shows no difference for all substocks (Appendix 4, Tables 1-3). However, 
the comparison with respect to the length strata used in the Petersen estimator shows 
consistent differences that directly cause bias in population size estimates (Appendix 
4, Tables 4-6. This bias due to the stratification of the data by length produced bias in 
biomass estimates of -2.21%, -4.78%, and 0.47% for the Hauraki Gulf, East 
Northland, and Bay of Plenty substocks respectively (see Table 4). The differences in 
bias between substocks is probably due to the respective length compositions and 
differences in mark rates between 1 cm length intervals comprising length strata. 



When growth of the operating model population is modelled (Baseline la), there is 
positive bias in Petersen estimates for the smaller length strata and negative bias for 
the larger length strata (Figure 7 and Appendix 4, Table 7). This adds to that effect 
caused by the length stratification and serves to increase bias in Petersen biomass 
estimates to 4.09%, -7.62%, and 9.33% for the Hauraki Gulf, East Northland, and Bay 
of Plenty substocks respectively (see Table 4). This result indicates that the combined 
effect of modelling growth in the operating model and Petersen estimator, and 
stratification by length, generally gave positive bias in biomass estimates. 

4.2.2. Observation and sampling error 

Introducing observation and sampling error in operating model data (Baseline 2) 
causes positive bias in the Petersen estimator and increases positive bias in biomass 
estimates (see Table 4). This is due to an increase in the positive bias in Petersen 
estimates in all length strata, and it appears more pronounced for the larger length 
strata and for the East Northland and Bay of Plenty substocks (see Figure 7). The 
underlying bias in estimates of substock biomass directly attributable to length 
stratification, growth models, observation, and sampling error is 5.35%, 0.87%, and 
19.46% for the Hauraki Gulf, East Northland, and Bay of Plenty substocks 
respectively. 

4.2.3. Gear specific Recapture Rate Heterogeneity 

In scenarios 1-3, gear-specific recapture rate heterogeneity cause positive bias in 
substock biomass estimates (see Table 4). Excluding bias due to length stratification, 
growth, observation, and sampling error, gear specific bias was up to 36%, 43%, and 
2 1% for the Hauraki Gulf, East Northland, and Bay of Plenty substocks respectively. 
This was highest in the East Northland substock because the catches by longline 
constituted the entire recapture sample and a large proportion of the release sample 
was collected by longline. Gear-specific bias introduced for both release gear types 
compounded the effect further for the Hauraki Gulf, East Northland, and Bay of 
Plenty substocks, resulting in an overall bias in the estimator of 41% and 51% 
respectively. 

Bias in the estimator was not highly sensitive to the tag-recapture sample size with 
little difference in bias (within 3%) between scenarios in which the operating model 
was either adjusted or not adjusted to maintain a constant recapture sample size (see 
Table 4). The effect is fairly constant within the range of operating model sample 
sizes tested in simulations. 

4.2.4. Spatial Mark Rate Heterogeneity 

The spatial heterogeneity in mark rate estimated for the Hauraki Gulf produced an 
overall positive bias in estimator biomass of 30% and 4% for options 1 and 2 
respectively (Scenarios 4a and 7) excluding bias due to length stratification, growth, 
observation, and sampling error (see Table 4). This result indicates the effect on the 
estimator of the degree of spatial heterogeneity, with option 2 having a more even 
distribution of the recapture sample over all strata and up to a 2-fold variation in 



P(rec.). The high positive bias obtained from option 1 is most likely attributable to the 
disproportionate allocation of the recapture sample to spatial strata having values of 
P(rec.) at the extremes of the range considered (4-fold variation). 

The effects of gear-specific heterogeneity in the Hauraki Gulf operating model are 
compounded by the simultaneous effects of spatial heterogeneity (Scenarios 5, 6 ,  8, 
and 9). Total bias of up to 90% and 56% was obtained for spatial heterogeneity 
options 1 and 2 respectively with gear-specific heterogeneity for both longline and 
trawl applied simultaneously (see Table 4). This result was similar for the scenario 
including longline-specific heterogeneity only (88% and 54%) because both the 
release and recapture samples were mainly derived from longline. 

For Scenario 4b, bias in the estimator was less sensitive to a 21% decrease in the size 
of the recapture sample than Scenario 4a (Table 4). However, a 40% decrease in the 
recapture sample in Scenario 5b reduced the bias by 10% compared to Scenario 5a. 
This shows some sensitivity of the estimator accuracy to the tag-recapture sample 
size. 

4.2.5. Distribution of Estimator Biomass 

The biomass estimator for the Hauraki Gulf substock appears to be approximately 
normally distributed whereas the distributions appear to be a little skewed to the right 
for the East Northland and Bay of Plenty estimates (Figures 8 and 9). This pattern is 
consistent for all the scenarios. The c.v. of the estimator is also relatively constant 
with respect to a substock over all scenarios (see Table 4). This indicates the estimator 
biomass to be reasonably constant irrespective of the type of process error introduced 
in the operating model. Consequently there is little difference between mean and 
median biomass estimates for the Hauraki Gulf estimator (see Table 3) and hence their 
bias relative to the operating model (see Tables 3 and 4). Skewness in the distributions 
of estimator biomass for the East Northland and Bay of Plenty substocks results in 
consistent differences between the mean and median biomass estimates (see Table 3). 
The lower value of the median biomass produces lower median bias compared to bias 
in the mean for these substocks (see Tables 3 and 4). 

5. Discussion 

The Monte Carlo method has been used to evaluate mark-recapture estimators. Chao 
(1987, 1989) derived a best estimator for sparse recapture data with temporal 
variability and heterogeneity in the probability of recapture. Hargrove & Borland 
(1 994) tested a Jolly-Seber estimator for experiments requiring temporal stratification 
of the recapture sample due to temporal variability in mark rate. Kendall et al. (1995) 
tested a variant of the Jolly-Seber estimator to derive a "robust" design having primary 
and secondary recapture samples and that accommodated temporal and behavioral 
sources of variation in the probability of recapture. All these studies were directed at 
obtaining the best estimator given a specific context of experimental data. In all 
approaches, the initial operating model population size is fixed as a "known" 



population and variations to the estimator are investigated with respect to its 
performance. 

This is essentially the approach followed in this study of the 1994 SNA 1 tagging 
programme using a stratified Petersen estimator (Schwarz & Taylor 1998). 
Essentially, the estimator simply reversed the operating model calculation for 
expected recaptures to estimate the operating model population size. The effects being 
measured were those quantified sources of bias in the tagging programme data set in 
the context of the estimated population and sample length compositions. The 
modification made in simulations was to include processes in the operating model that 
were not specifically modelled in the estimators used previously to calculate absolute 
biomass from tagging programme data. 

Some assumptions made in structuring the operating model will influence the utility 
of the estimates of estimator performance. The main operating model constraint was 
that the population was closed. This is a gross simplification because fish move 
between substocks and the population is subject to fishing mortality. Neither of these 
factors were modelled and this may reduce the accuracy of the Monte Carlo bias 
estimates. Zero fishing mortality is a reasonable assumption given equal probability of 
capture of markedJunrnarked fish. However, this was not so because significant 
fishing gear avoidance was observed. Consequently, true spatial variability in the 
distribution of fishing mortality that is non-uniform for the tagged population would 
tend to confound spatial heterogeneity in the mark rate. 

The operating model was structured so that recapture samples and recaptured fish 
were not "removed" from the operating model total and tagged populations 
respectively. Again, this assumption seems reasonable for a large population when the 
assumption of equal capture probability is plausible. The recapture samples were 
small for the population size. Therefore, the effect of not reducing the operating model 
populations is unlikely to directly influence the probabilities of recapture that might 
bias the expected operating model tag-recapture data. However, this may not be true 
for the scenarios investigating spatial heterogeneity in which smaller components of 
the Hauraki Gulf substock were modelled as spatial strata. The size of the populations 
relative to the recapture sample sizes, although still very large, would be smaller and 
recapture probabilities in some length intervals may alter following the recapture and 
subsequent removal of tagged fish. Not modelling this effect for these scenarios is 
likely to reduce the accuracy of Monte Carlo bias estimates. 

The cause of bias described in Appendix 1 is essentially attributable to the incorrect 
stratification of mark-recapture data so that the probability of recapture of the pooled 
data is not equivalent to the sum of the probabilities of its components (Schwarz & 
Taylor 1998). The Petersen estimate is a ratio and this cause of bias is simply due to 
an inequality between the sum of the reciprocal of tag-recaptures and 1 over the sum 
of tag-recaptures. This effect, produced by pooling data by length strata, was clearly 
identified in the simulations using deterministic operating model data while excluding 
growth effects. Given the length composition data from the tagging programmes and 
the choice of length stratification used in the estimator, this produced mainly negative 
bias in the Petersen estimator. The order of this bias was dependent upon the length 
composition of the operating model and the relative difference in mark rates in 



respective 1 cm length intervals pooled into length strata. Bias therefore differed 
between substocks. Although evident, this source of error was small relative to other 
sources investigated. However, it is worthy of consideration in specifying the length 
stratification of estimators. 

. . 

Estimator performance was sensitive to minor differences in the forward- and back- 
calculations of the operating and estimator growth models respectively. Tests using a 
normal distribution showed these differences affected the tails of the population 
length frequency distributions, hence estimator bias occurred in the smallest and 
largest length strata. The direction of this bias for biomass estimates was dependent 
upon the population length composition and the growth models. For the Hauraki Gulf1 
Bay of Plenty substocks, bias was positive, and for the East Northland substock, bias 
was negative. This indicates the importance of obtaining accurate growth estimates to 
avoid bias in mark-recapture estimates of absolute biomass. 

Observation and sampling error in simulation mark-recapture data appeared to affect 
estimator performance. This was most evident for the East Northland and Bay of 
Plenty substocks which showed a large increase in positive bias. This is likely to be 
due to the smaller tag release and recapture sample sizes for these stocks, particularly 
in the larger length intervals. The skewed distribution of mean estimator biomass 
towards large biomass indicates this. Having larger sample sizes, the mean estimator 
biomass for the Hauraki Gulf substock lacked any skewness in distribution of 
simulation biomass estimates. The direct influence of low sample size on estimator 
performance was apparent in scenario 5b and indicates its importance in mark- 
recapture experiment design. 

Both forms of process error produced positive bias in Petersen absolute biomass 
estimates. The pattern of inherent estimator bias in population estimates by length 
strata was constant, but bias was simply scaled up when gear-specific processes were 
included in the operating model. This reflects the direct scaling of the probability of 
recapture in the operating model to implement gear-specific interactions. Similarly, 
spatial heterogeneity produced direct increases in bias in all length strata because 
uniform length composition was assumed for all spatial strata. These direct effects 
illustrate the simple calculations made in the estimator and the fixed length 
compositions used in the operating models. The simulations provide an indication of 
the degree of estimator bias given the length compositions found and estimated in the 
tagging programme, the length stratification used, and the order of process error in the 
estimator. 

In considering estimator bias in SNA 1 absolute biomass estimates, certain types of 
process error need discussion. Gear-specific interactions for longline and trawl (single 
trawl and Danish seine) methods were investigated. Although Gilbert & McKenzie 
(1999) detected a gear specific interaction for trawl, it was not as well defined as that 
found for longline. Firm conclusions should not therefore be made. However, the 
longline gear effect was clearly apparent in both the 1985 and 1994 tagging 
programmes and a relationship with respect to fish length was also indicated. The 
implications of this effect on existing Petersen biomass estimates merit evaluation. 



Of the two spatial heterogeneity options investigated, option 1 was the most likely in 
the 1994 tagging programme. Option 2 provided a useful comparison of the influence 
of levels of spatial heterogeneity, showing that relatively low bias may result from up 
to 2-fold variation in mark rates so long as the recapture sample is broadly distributed 
over all spatial strata. Option 1 indicated higher variation in mark rates and the 
disproportionate allocation of the recapture sample over spatial strata had in fact 
occurred in the tagging programme. Estimator bias with respect to this option only 
should therefore be considered for the Hauraki Gulf substock. As mentioned earlier, 
significant spatial heterogeneity was not indicated for the East Northland and Bay of 
Plenty substocks. 

The ranges of positive estimator bias in absolute biomass for the Hauraki Gulf 
substock is 28% to 88% due to gear-specific and spatial sources of process error. 
Gear-specific process error produced positive estimator bias of between 28% to 44% 
and 26% to 30% for the East Northland and Bay of Plenty substocks respectively. 
Current absolute biomass estimates for the SNA 1 substocks are therefore positively 
biased and should be recalculated using mark-recapture estimators. Unfortunately, 
insufficient recapture information is available to permit a detailed recalculation of the 
tagging programme data that accounts for spatial heterogeneity. As a proxy, the order 
of estimator bias from the simulations presented here may be used to provide a basis 
for the range of approximately unbiased absolute biomass estimates of the Hauraki 
Gulf substock. Petersen estimators that account for gear-specific interactions may be 
constructed to calculate approximately unbiased absolute biomass estimates from the 
1985 and 1994 tagging programmes. 

Conclusions 

The significant sources of error detected in the 1985 and 1994 SNA 1 tagging 
programmes that indicated violation of the assumptions required for the Petersen 
estimator to be unbiased were gear specific and spatial heterogeneity in the mark 
rates of tagged fish in the population. 
The underlying cause of bias in Petersen estimates is mainly due to the 
stratification of mark-recapture data so that the mark rates of the pooled data are 
not equivalent to the combined mark rates of the individual data cells, i.e., the 
pooling of heterogeneous data. 
Inherent bias was found in the Petersen estimator due to the high variability in 
mark rates in 1 cm length intervals evident in the 1994 tag-recapture data. 
Estimator accuracy was generally found to be reasonably insensitive to the total 
tag-recapture sample size, although some sensitivity to small sample sizes was 
detected . 
Large positive bias in the estimator was due to gear-specific and spatial 
heterogeneity in the probability of recapture, but precision was relatively high 
given the specified and assumed levels of observation and sampling error applied 
to release and recapture sample length frequencies. 
The range of positive estimator bias in absolute biomass estimates due to inherent, 
gear-specific, and spatial sources of process error was 28% to 88% for the Hauraki 
Gulf substock. Inherent and gear specific process error produced positive 



estimator bias in absolute biomass estimates of between 28% to 44% and 26% to 
30% for the East Northland and Bay of Plenty substocks respectively. 

7. Some strict assumptions necessary for the operating model were likely to have 
affected the estimates of estimator bias, hence accuracy of the bias estimates is not 
certain. 

8. Approximately unbiased absolute biomass estimates that account for gear specific 
processes and spatial heterogeneity in mark rates may not be calculable for the 
1985 and 1994 tagging programmes. 
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Table 1 : Population estimates (x 1000) for substock length strata from the 1994 SNA 1 tagging 
programme 

Length Interval (cm) Hauraki Gulf East Northland Bay of Plenty 
stratum 

Table 2 : Recapture sample sizes (estimated number of fish) taken from commercial catches and 
examined for tagged fish by fishing method for each month during the 1994 SNA 1 
tagging programme recapture phase. - , denotes no sample taken 

Month 

1 

Hauraki Gulf 
Longline Single Danish 

Trawl Seine 
28 199 17 794 14 625 
43 323 23 347 26 936 
25 928 17 231 30 734 
23 137 - 11 700 
23 633 - 
16 207 - 5 125 
11 923 - 1 501 
40 338 - 8 342 
64 422 - 20 131 
72 762 - 17 149 
50 902 - 8 771 
55 106 - 12 493 
22 221 - 7 459 

East Northland 
Longline 

Bav of Plenty 
Longline Single Danish 

Trawl Seine 
4 397 - - 

9 567 11 695 2 988 
6 102 - 4 364 
1613 13 729 - 
5 233 - 5 128 
3 189 8 452 1 342 
8 941 12 753 11 656 
5 054 12 818 14 015 
- 2 632 - 

5 451 3 622 4 149 
4 531 6 788 3 911 
2 885 5 692 9 723 
2 539 7 888 917 



Table 3: Means and medians of 1000 Petersen estimates of operating model (OPMOD) biomass 
from simulations, and the percentage bias of the median with respect to "true" 
operating model biomass for the range of operating model scenarios investigated 

Scenario 

Baseline la  

Baseline 2 

1 a 

lb  

2a 

2b 

3 

4a 

4b 

5a 

5b 

6 

7 

8 

9 

Scenario 

Baseline la  

Baseline 2 

1 a 

lb  

2a 

2b 

3 

Scenario 

Baseline l a  

Baseline 2 

1 a 

lb  

2a 

2b 

3 

Hauraki Gulf 

OPMOD 

20 506 

20 506 

15 694 

20 506 

16 897 

20 506 

15 318 

16 272 

20 506 

11 716 

20 506 

11 618 

20 117 

14 442 

14 239 

Mean 

21 345 

21 604 

21 617 

28 082 

21 622 

26 080 

21 633 

22 112 

27 598 

22 028 

36 990 

22 080 

22 036 

22 184 

22 144 

Median Bias 

East Northland 

OPMOD Mean Median Bias 

Bay of Plenty 

OPMOD Mean Median Bias 



Table 4: Percentage bias (%Bias) and coefficient of variation (c.v.) of the Petersen estimator of 
operating model biomass calculated from 1000 simulation estimates for the Hauraki 
Gulf, East Northland, and Bay of Plenty substocks. The range of operating model 
scenarios investigated are listed and described in the text. Total m, the total tag 
recapture sample size, is shown 

SUBSTOCK 
Hauraki Gulf East Northland Bav of Plentv 

Scenario 

Baseline l a  
Baseline l b  
Baseline 2 
1 a 
Ib 
2a 
2b 
3 
4a 
4b 
5a 
5b 
6 
7 
8 
9 

Total m 

466 
594 
466 
464 
359 
465 
383 
465 
267 
212 
267 
159 
267 
267 
266 
267 

Baseline 1 a: Deterministic (no observation error) 
Baseline lb: Deterministic no growth (no observation error) 
Baseline 2: Stochastic (observation error) 
Scenario la: Gear-specific bias Longline q=0.6 
Scenario 1 b: Gear-specific bias Longline q=0.6, OPMOD unadjusted 
Scenario 2a: Gear-specific bias Longline q=0.7 
Scenario 2b: Gear-specific bias Longline q=0.7, OPMOD unadjusted 
Scenario 3: Gear-specific bias Longline,Trawl q=0.6 
Scenario 4a: Spatial bias option 1 
Scenario 4b: Spatial bias option 1, OPMOD unadjusted 
Scenario 5a: Spatial bias option 1, gear-specific bias Longline q=0.6 
Scenario 5b: Spatial bias option 1, gear-specific bias Longline q=0.6, OPMOD unadjusted 
Scenario 6: Spatial bias option 1, gear-specific bias Longline, Trawl q=0.6 
Scenario 7: Spatial bias option 2 
Scenario 8: Spatial bias option 2, gear-specific bias q=0.6 
Scenario 9: Spatial bias option 2, gear-specific bias Longline, Trawl q=0.6 



Figure 1 : The quota management areas for the west and east coast snapper stocks 
(SNA 8 and SNA 1 respectively) and the range of three two SNA 1 
substocks; east Northland, Hauraki Gulf, and Bay of Plenty. 



releaselrecovery ratios 
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Figure 2: The ratio of the number of tagged fish recaptured to the number of tagged 
fish released for each square in a 5 x 5 minute grid of the Hauraki Gulf. 



Figure 3: Ten spatial strata composed of 5 x 5 minute grid areas (501 to 703) chosen 
to represent spatial units of the Hauraki Gulf population having approximately 
homogenous mark rates. Differences in mark rates between spatial strata 
represent mark rate heterogeneity within the population. Dashed lines 
represent statistical catch reporting area boundaries. 
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Figure 4: Operating model population length frequencies, pa,i , for the three substocks 
comprising SNA 1, Hauraki Gulf, East Northland and Bay of Plenty, 
derived from longline and trawl survey length composition data. 
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Figure 5: Effective tagged population length frequencies, n,,,, , combined for both 
release gear types, grel, derived from the 1994 SNA 1 tagging programme 
used in the operating model for each substock. 
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Figure 6 : The proportion of the total Hauraki Gulf recapture sample, nl, relative to 
the mark rates P(rec.) estimated for each of 10 spatial strata derived from 
two least squares estimates, Options 1 and 2, that represent alternatives for 
spatial heterogeneity (variation) in mark rates. 
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Figure 7: Percentage bias in the Petersen estimator by length strata from 1000 
simulations of each of the operating model scenarios investigated. 
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Figure 8 : Distribution of Petersen estimates of operating model biomass (t) from 
1000 simulations for the respective substocks in Baseline 2 and Scenario 1 a. 
The "true" operating model biomass (OPMOD) for each scenario and 
substock is shown. 
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Figure 9 : Distribution of Petersen estimates of operating model biomass (t) from 
1000 simulations for the respective substocks in Scenario 3 and for the 
Hauraki Gulf substock in Scenarios 4a to 6. The "true" operating model 
biomass (OPMOD) for each scenario and substock is shown. 



Appendix 1: Sources of bias associated with the estimation of population size N 

a. Intrinsic bias in the Petersen Estimator 

Where the distribution of marked animals in a population is homogeneous and all five 
assumptions associated with the Petersen estimator (I?, Equation 1) are met the 
conditional distribution of random variable m2 for a given nl and n2 is the hypergeometric 
distribution (Equation 2) (Seber 1982). 

The expected value of the random variable m2 is therefore the expected value of the 
hypergeometric distribution for a given nl and n2 (Equation 3). 

Chapman (195 1) showed that the estimator Z? (Equation 1) in respect to the random 
variable m2 is biased. Chapman derived an estimator (N*, Equation 4) which he showed 
was perfectly unbiased where n, + n2 2 N and also gave a reasonable approximation of 

N where n, + n, < N or (nln2)lN>4, (Equation 4 after Seber 1982). 

Chapman also demonstrated that, although the bias in the Petersen estimator fi (Equation 
1) can be large for small sample sizes, the bias in Z? relative to N approaches 0 as N 
approaches co. Therefore, under conditions where nl and 1-22 are large relative to N (e.g., 
the 1985 and 1994 snapper tagging programmes) the inherent bias in the Petersen 



estimator fi (Equation 1) is small, i.e., the difference between fi and N* (Equation 4) is 
negligible. 

A far more serious level of bias in the estimation of N is introduced when the assumption 
of homogenous mixing of marks in the population is violated. In the next section, the 
Petersen estimator is used to illustrate how conditions of heterogenous tag allocation can 
lead to biased estimates of N. In doing so, the assumption is made that if all five 
conditions required to apply the Petersen estimator are met, the Petersen estimator 
(Equation 1) is an unbiased estimator of N; this can be regarded as a reasonable 
assumption when nl and n2 are large relative to N. 

b. Bias under conditions of heterogeneous mixing of tags 

In a homogeneously tagged population the ratio of marked to unmarked animals across 

the population is constant and given by the underlying population mark-rate. Under 

such conditions, any suitably large sample (n2) taken from the population will provide a 
relatively unbiased estimate of the population mark-rate (Equation 5) and a population 
estimator (e.g., the Petersen estimator [Equation 11) derived from this sample will also be 
relatively unbiased ( fi =N). 

A heterogeneously marked population can be considered to consist of i strata, where i > 1, 
such that the underlying mark-rates in each stratum are different. Any suitably large 
sample (nzi) taken from within a stratum will still provide a relatively unbiased estimate 
of the stratum population size. A relatively unbiased estimate of the total population N is 
derived by summing the individual stratum estimates (Equation 6). 

In order to apply Equation 6, the number of marked animals in each stratum (nli) has to 
be known. The form of the single estimator derived from a heterogeneously marked 



population without explicit regard to the individual stratum mark-rates is given in 
Equation 7. 

Under most circumstances 6,,, # fi and fi will be a biased estimator. The magnitude 

of bias (-ve or +ve) in the # estimator can be represented by Equation 8. 

Bias N = f i - N  
[ A  I 

However there are certain sampling strategies under which fi will be unbiased given the 
population N is heterogeneously marked. A sampling strategy that will always produce an 
unbiased fi estimator is one where the ratio of nz, samples sizes exactly match the ratio of 
Ni population sizes, i.e., the total population is sampled in proportion to abundance such 
that: 

fi is unbiased if and only if fisu,,, = 6 i.e. 



Appendix 2: Algorithm to determine the optimum distribution of examined catch 
(nz) over ten spatial strata in the Hauraki Gulf 

1. Make initial guesses for the population numbers in each of the spatial strata a within 

each statistical area s , kso ; 

2. Using the known number of tagged fish released in each spatial stratum, n, and . D 

A 

recaptures msa , calculate the estimated recapture sample size from Ns as follows: 

3. Calculate the expected recapture sample size in statistical area s by fishing gear type g 
as follows: 

4. Calculate the objective function: 

5. Repeat 1 - 4 to minimise SSQ. 

With this algorithm, a spatial allocation of the underlying population and the recapture 
samples between strata within statistical areas was derived and used to simulate spatial 
heterogeneity in the probability of recapture in the length-based operating model. 



Appendix 3: Length-based operating model and Petersen estimator 

Subscript notation for the length-based operating model and Petersen estimator is: 

a - sub-stock 
t - month during recapture phase 
i,j - length class interval 
g - fishing method gear type for recapture sample 
grel - fishing method gear type used to capture fish for tag and release 
d - depth stratum 
s - trawl catch shot size 
st - length stratum used for 1994 tag-recapture estimator 
sp - spatial stratum within Hauraki Gulf sub-stock 
T - single trawl method 
L - longline method 

OPERATING MODEL 

Total Population 

The operating model "true" population length frequency distribution was calculated using 
estimates of the population proportion at length distribution, pa,, , and the total 
population numbers. p , i  was a composite of a length frequency distribution derived from 
samples of commercial longline catches and research trawl survey samples. The 
calculation of pa,, is described in Section 3.2.1.1. The operating model "true" population 
length frequency distributions at the time of the release of the tagged population, t=O, 
Na,,j were calculated : 

Nu, t=o, i  = 

where pa,, is the composite estimated population proportions at length; and T,,,, is the 
tagging programme estimate of numbers in the population for length stratum st comprised 
of the 1 cm length intervals i = min,, to i = ma&,. The interval ranges for each st and 
values for Tat,, are presented in Section 3.2.1.1 ., Table 1. The minimum length interval for 
the smallest length stratum assessed in the tagging programme corresponded to the 
minimum legal size for snapper (25 cm). In order to create a realistic operating model 
population that includes fish less than this length, an additional length stratum was 
created for the length interval range min,, = 5 cm to max,, = 24 cm having a total 
population size of 1.5 tat sf+^ . 



Tagged Population 

Numbers of tagged fish released in the operating model "true" population was n,,,,,,ds,i . 

The correction for initial mortality, It, at the time of release was made with respect to the 
fishing method of capture used for tagging and release. 

A log-linear relationship was found between initial mortality for trawl-caught snapper 
related to s and i using the results of the 1994 mortality experiment : 

For longline-caught snapper the relationship, using the results of both the 1992 and 1994 
mortality experiments, was : 

For both methods, the estimated probability of initial mortality was : 

The effective number of released tagged fish was therefore : 

ii) Tag Loss 

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 frequency distribution of tagged snapper released in each substock 
was : 

Population Growth 

grel d s 

The growth model used was that of Francis (1 988) and had the same parameters: 



g, and gp describe mean annual growihs 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. 

For a fish tagged at time Tl and of length LI recovered with a length L2 at time T2, the 
estimated distribution for L2 is assumed to be normal with a mean value (ignoring 
measurement bias) given by: 

u(sin(2n(Ti - w))) 
4, = 

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

and 

The variance of L2 is a function of measurement error and growth variability 

where d is the variance of the nett measurement error and v is the growth variability 
parameter. 

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

where p is E(L2) calculated using (8), o is the standard deviation calculated from (12), and 
F( ) denotes the cumulative normal probability density function for length interval x given p 
and o. Using (1 3), a distribution was calculated for each length interval at the time of 
release, j (being Ll ), that described the probability of a fish in j growing to length interval i 
(substituted into x). A growth matrix, p , , i j  was therefore calculated for each month of the 
recapture phase, i.e. the range of T2 for months t = 1 to 13, and for each substock, that 
defined the probability of a fish in j at the time of release growing to i in t months. 



The operating model population length frequency distribution for t was calculated using the 
length distribution at the time of release and the growth probability matrix. 

Similarly, the length frequency distribution of the tagged population for t during the 
recapture phase was calculated : 

Recapture Sample 

Simulated observations of tagged fish in the monthly recapture samples were generated in 
the operating model according to the mark rate of tagged fish in the population : 

specific to a, i, and grel. Given this mark rate, the number of recaptures at length in t for a 
given recapture sample size, i.e. fish examined for tagged individuals, was calculated : 

Observation and Sampling Error 

i) Release Sample Length Frequency 

The 95% confidence interval of the normally distributed estimate of log-transformed initial 
mortality for fish captured for tagging and release using the single trawl method,  red^,^^,^ 
was : 

(Agresti 1984) and therefore : 

Similarly the 95% confidence interval of the predicted log-transformed initial mortality of 
longline-caught and tagged snapper, predLtd,j , was : 



(Agresti 1984) and OL,~, , ,  was calculated using (19) and substituting for 95%CIL,4s,i. A set of 
1000 simulated values f ~ r p r e d , , ~ ~ , , ~  was drawn at random from the distribution specified 
b y ~ , , ~ ~ , i  to produce the Uth simulation value for Ipl,d,s,i. 

The simulation value of n,,,,l,ds,i that incorporates sampling error for the Uth simulation 
was calculated : 

The assumed value of tag loss at the time of release, L, was assumed to be normally 
distributed with CV[L] was assumed equal to 0.1. The estimate of tag loss for the Uth 
simulation that incorporates sampling error was specified : 

where 

ii) Recapture Sample Length Frequency 

The number of fish examined for marks was calculated from the length frequency samples 
taken from the commercial catches examined for tagged fish during the recapture phase of 
the 1994 tagging programme. The method for calculating monthly length frequency 
estimates, n~ . , , , , ~  , and variance, d , , , ,  was that used for estimating commercial catch 
length compositions for snapper (Davies & Walsh 1995) and was normally distributed : 

The number of fish examined for marks used in the Uth simulation incorporating sampling 
error was calculated : 

where 



iii) Tag Recaptures 

Expected number of recaptures observed in recapture samples, ma,cg,i , was assumed to have 
a binomial distribution : 

U 
ma,grel,g,t,l - B ( P , ~ )  (27) 

where p was specified using (1 6) and substituting for n using observed recapture sample 
length frequency data, n ~ , ~ , ~ , ~ , , .  

Process Error 

Differences in P(rec.) relative to grel , either single trawl or longline, were simulated in 
the operating model by scaling the deterministic solution for P(rec.) (16) as follows : 

Differences in P(rec.) relative to sp were derived by apportioning the 1994 tagging 
programme population estimates Ta,,, : 

a,,,, = (29) 
where a is the Hauraki Gulf and /1, is the proportion of the population estimated for 
spatial stratum sp using the least squares estimator described in Section 3.1.2. Ta,v,st was 
substituted into (1) to obtain population length frequencies in sp at the time of release 
relative to i, Nsp,t=o,i . Nsp,,,i and n,,,,,rt,, were substituted into (16). 

In order to maintain constant total tag recapture sample size m in all scenarios 
investigated, the operating model population N was adjusted as follows (note subscripts 
for substock, month and length have been omitted): 

where ST, DS and L are the single trawl, Danish seine, and longline gear types 
respectively, q is the gear-specific bias scalar, and nl and nz are the total release and 
recapture samples sumrnated over g, grel and t .  The adjusted population length frequency 
N* was then substituted into (1 6) for the calculation of operating model tag recapture 
data. In the case of spatial bias, the tagging programme estimate of numbers in the 
population T,,, for all length strata was scaled before calculating the operating model 
population N (equation (I)), so that a constant tag recapture sample size was obtained. 



Simulation Data 

The tag release and recapture data incorporating process, observation and sampling error 
generated by the operating model for the U'h simulation for input to the Petersen estimator 
were as follows: 
u 

n , - effective tagged population frequency in a for grel and i; 
u 

n ~ , a , g , t , i  - recapture sample frequency in a for g, in t ,  and i; 
u 

m ~ , g , ~ , i  - frequency of recaptured tagged fish in recapture sample from a for g, in t ,  
and i; 

PETERSEN ESTIMATOR 

The monthly number of recaptures was corrected for the mean success rate, R , in detecting 
tagged fish in recapture samples : 

Recapture sample length frequency distributions were corrected for growth effects. For a 
fish tagged at time TI and recovered with a length LZ at time T2, the estimated distribution 
for the length at tagging, Ll is normal with a mean value (ignoring measurement bias) given 
by: 

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

where $ is the variance of the nett measurement error and v is the growth variability 
parameter. Length frequency distributions for m and nz were back-calculated to t=O using 

* 

(13) specified by (32) and (33) and substitutingp,,,ij for the back-calculation into (14). 

Simulation release and recapture data was therefore allocated to length strata as follows: 

thus pooling all data for the 1 cm length intervals i = min,, to i = max,, for length stratum 
st by substituting simulation tag release, recapture and recapture sample data into xi. 

The estimate of number of fish in the population in a for st was calculated using Chapman's 
modification (Seber 1982) for an unbiased Petersen estimator : 



where nul,a,st is the tag release length frequency summed over grel; nu2,a,s, and mua,,, are 
the recapture sample and tag recaptures length frequencies respectively summed over all 
g and t. 

Biomass Estimation 

Mean weight in a and st was 

where pa,, is the proportion of snapper in i and a; w i  is the mean weight of snapper in i as 
estimated using length-weight parameters, and st consists of the 1 cm length intervals 
i = minst to mmSt as presented in Table 1. 

The estimate of biomass specific to a, and st, was calculated : 
- - 

Ba,a - N a , s r  waSsl (37) 
and the estimate of total population biomass (over all length strata) was the sum of the 
length-specific biomass estimates : 

Estimator Performance 

The performance of the Petersen estimator was evaluated relative to the %Bias in the mean 
and median of 1000 simulation estimates of the "true" population numbers and biomass in 
the operating model as follows : 

where X is the mean or median of 1000 simulation estimates of the operating model 
population numbers or biomass, X,. %Bias was calculated for estimates of total 
population biomass and numbers in each length stratum. The rv of X was calculated. 



Appendix 4 : Bias attributable to length stratification and growth 

The following tables present the operating model population length fi-equencies and 
release and recapture sample data with a comparison of the mark rates and recapture rates 
with respect to 1 cm length intervals and the length strata used in the Petersen estimator. 



Appendix 4 Table 1: Hauraki Gulf operating model population and sample sizes with respect to 1 cm 
length intervals for the scenario having no growth or observation error, showing zero 
difference between M/N2 and Nl/N. 

Length (cm: N 1  N N I i N  



Appendix 4 Table 2: East Northland operating model population and sample sizes with respect to 1 
cm length intervals for the scenario having no growth or observation error, showing zero 
difference between M/N2 and Nl/N. 

Length (cm; N 1 



Appendix 4 Table 3: Bay of Plenty operating model population and sample sizes with respect to 1 cm 
length intervals for the scenario having no growth or observation error, showing zero 
difference between M/N2 and Nl/N. 

Length (cm: N 1 



Appendix 4 Table 4: Hauraki Gulf operating model population and sample sizes with respect to 
length strata for scenario having no growth or observation and sampling error. %Bias is the 
percentage bias in the Petersen estimate of population size 

Stratum 
1 
2 
3 
4 
5 
6 
7 
8 

Appendix 4 Table 5: East Northland operating model population and sample sizes with respect to 
length strata for scenario having no growth or  observation and sampling error. %Bias is the 
percentage bias in the Petersen estimate of population size 

Stratum 
1 
2 
3 
4 
5 
6 
7 
8 



Appendix 4 Table 6: Bay of Plenty operating model population and sample sizes with respect to 
length strata for scenario having no growth or  observation and sampling error. %Bias is 
the percentage bias in the Petersen estimate of population size 

Stratum 
1 
2 
3 
4 
5 
6 
7 
8 

Appendix 4 Table 7: Percentage bias in Petersen estimates of the operating model population for the 
Hauraki Gulf, East Nortland and Bay of Plenty substocks with respect to length strata for 
the scenario having growth and no observation and sampling error 

Stratum Hauraki Gulf East Northland Bay of Plenty 


