
MINISTRY OF FISHERIES 

Te Tautiaki i nga tini a Tangaroa 

Catch-at-age sampling 

B. Bull 
D. J. Gilbert 

New Zealand Fisheries Assessment Report 2001/53 
November 2001 

ISSN 1 175-1 584 



Catch-at-age sampling 

B. Bull 
D. J. Gilbert 

NIWA 
PO Box 14 901 

Wellington 

New Zealand Fisheries Assessment Report 2001153 
November 200 1 



Published by Ministry of Fisheries 
Wellington 

2001 

ISSN 1175-1584 

0 
Ministry of Fisheries 

2001 

Citation: 
Bull, B.; Gilbert, D.J. (2001). Catch-at-age sampling. 

New Zealand Fisheries Assessment Report 2001/53. 19 p. 

This series continues the informal 
New Zealand Fisheries Assessment Research Document series 

which ceased at the end of 1999. 



EXECUTIVE SUMMARY 

Bull, B.; Gilbert, D. J. (2001). Catch-at-age sampling. 

I New Zealand Fisheries Assessment Report 2001/53. 19 p. 
1 

Catch at age sampling is carried out for a number of important New Zealand fisheries. The data are used 
to produce length and age frequency estimates, which are used as inputs to stock assessment population 
models. There are two main sampling methods; Scientific Observer Programme (SOP) sampling at sea. 
and market sampling of landed catches. Age frequencies can be estimated from length frequencies and 
age data using the age-length key method, or from a direct age sampling programme. 

Stratification of catch-at-age sampling is discussed in the first section of this report. Methods currently 
used in New Zealand are described and recommendations are made. Length sampling should include 
stratification by time, and by any other factors expected to affect length or age, including subarea and 
vessel characteristics. An effort should be made to ensure that sampling covers the length of the season 
and all strata. The stratification process reduces bias and has no disadvantages. If a market sampling 
programme is carried out with stratification, then the same stratification should be used in the analysis. 
Biases can occur when age-length keys are used if age-length relationships differ between subareas or 
change during the season because of fish growth. The recommended solution is to use direct age 
sampling. It may also be possible to avoid these biases by stratifying the age-length sampling or by 
modelling fish growth explicitly, but neither approach is currently used in New Zealand. At the least, 
otolith collection should be spread over the season and area of the fishery. Finally, two current methods 
of subsarnpling otoliths for ageing are compared. 

A strategy for determining a good catch sampling regime for any specific fishery is presented in the 
second section. The effect of the sampling design on the precision of length or age frequency estimates 
can be investigated. Once a range of sampling designs has been assessed, the best design can be selected 
on the basis of precision and cost. The cost will depend on the amount of sampling carried out and the 
number of otoliths aged. We describe a resampling method for estimating the precision of a sampling 
design. Two examples of the method are given, for the SOP sampling programme for the west coast 
South Island hoki fishery and the market sampling programme for the Bay of Plenty snapper fishery. In 
both, the length sampling effort could be cut down without a substantial loss of precision in age 
frequency estimates, provided that good coverage of the fishery (in terms of time, area, and vessels) was 
maintained. The number of fish measured per sample could also be reduced. However, precision would 
be substantially improved by ageing more otoliths. For west coast South Island hoki, direct age 
sampling would be an alternative, and could avoid the biases associated with age-length key sampling 
while maintaining current levels of precision, at the expense of increased ageing effort. Direct age 
sampling does not appear to be a cost-effective option for Bay of Plenty snapper. A third example is 
given, for the direct age sampling programme for East Northland snapper. This example.demonstrates 
that the resampling method as it stands may overestimate the benefit of decreasing the number of 
samples when moving from an age-length key sampling to a direct age sampling regime. 



1. INTRODUCTION 

Catch at age sampIing is carried out for a number of important New Zealand fisheries. Age frequency 
estimates are used as inputs to stock assessment population models, and can also be used directly to 
estimate mortality or year class strengths. They therefore play an important role in stock assessment. 

There are two main methods of age frequency estimation. The first is the age-length key method. The 
equations for age frequency estimation using an age-length key are given in Appendix 1. Fish are 
sampled, either from individual shots or from landed catches, and measured. These length 
measurements, along with the catch weights and the length-weight relationship, are used to estimate the 
length frequency of the catch. The sampling area may be divided into strata, by time period, region, 
andor other variables, in which case a separate length frequency is calculated for each stratum and they 
are summed to produce the total length frequency. Otoliths are collected from a subsample of fish and 
aged. These age data are used to produce an age-length key, which gives the age distribution of fish of 
each length. The age-length key is applied to the length frequency to produce an age frequency, i.e., an 
estimate of the number of fish of each age and sex in the catch. 

The second method is direct age sampling, in which the age-length key is not used. Instead, the age 
frequency is calculated directly from the age measurements, in the same way as a length frequency is 
calculated from length measurements. 

This report describes work carried out under Objective 1 of Ministry of Fisheries project SAM9802: 
"To determine optimal sampling regimes for catch-at-age data." We discuss two aspects of catch-at-age 
sampling design. Stratification is discussed in Section 2. We review methods of stratification currently 
used in catch sampling of New Zealand fisheries and make general recommendations. A method of 
optimising catch sampling regimes is described in Section 3, and applied to two current New Zealand 
sampling programmes. 



2. STRATIFICATION 

2.1 Length sampling stratification 

In this section, we first describe Scientific Observer Programme (SOP) sampling and market sampling 
of commercial catch length data. We then discuss the motivations for stra-g these data, and the 
variables which can be stratified on. Current methods used to stratify length data from New Zealand 
fisheries are reviewed in Section 2.1.1. This section is written in terms of length sampling, but the same 
principles apply to direct age sampling. Sampling otoliths for an age-length key is a different issue, 
discussed in Section 2.2. 

Scientific observers on fishing vessels collect length data and otoliths from catches. The length data can 
be used to estimate the length frequency of the commercial catch of a species. One issue with the data is 
that SOP sampling is haphazard and nonrandom. Sampling coverage does not appear to follow any 
particular pattern, and can be highly variable between years, both in term of the total sampling effort 
and the distribution of effort. As a result, the SOP length data for a species may not be representative of 
the entire fishery, and is sometimes restricted to a particular area or part of the season. 

Market catch sampling is carried out by NTWA staff at processing sheds once catches have been landed. 
NIWA staff take a number of fish from each landing, which are measured and otolithed. Sometimes the 
fishing company provide the sample themselves. From the point of view of length frequency estimation, 
market sampling has both advantages and disadvantages compared to SOP sampling. Market sampling 
gives the researcher better control of the sampling process, in that they can request a particular number 
of samples from a given port, time period, and vessel type. It allows all length measurement to be 
carried out by a small group of people, which enables better quality control. Market sampling is also the 
cheaper option, since the Ministry of Fisheries need only pay for occasional sampling time, rather than 
paying for scientific observers to spend sustained amounts of time at sea. Another potential benefit is 
that a sample from a single landing could include many catches, and hence represent a larger proportion 
of the fishery than a sample from a single catch. However, this depends on the method by which the 
sample is chosen. The fish could all have been taken from a single catch, which would negate this 
advantage. Another potential sampling problem is that fish might have been sorted before the sample 
was taken. To avoid problems of this sort, fish should be selected using an appropriate protocol to take a 
random sample from the landing. Market sampling also has the disadvantage that if small fish were 
caught and discarded at sea, they would not be sampled. Another issue is that market-sampled fish 
cannot be traced back to the tow in which they were caught, which prevents stratification based on tow 
details such as the exact location or depth. 

There are two types of stratification. 
Pre-stratification is the division of sampling effort into strata before sampling begins. Strata can 

represent geographical regions, periods during the fishing season, fishing methods, vessel types or size 
ranges, or other aspects of the catching process. Typically more effort is allocated to the strata which 
are expected to contain higher proportions of the total catch (an optimal stratification allocates 
sampling effort in proportion to total stratum variance). Pre-stratification is possible for market 
sampling data, but not for SOP data, since the researcher has little control over the SOP sampling 
process. 

Post-stratification is the division of data into strata after sampling is complete. It is often applied to 
SOP data to allow subsets of the data to be given proper weight, and occasionally to market sampling 
data where a pre-stratification has been unsatisfactory. Post-stratification can result in the under- 
estimation of variance if the low within-stratum variances of proposed strata are simply the result of 
random variation. A standard of reasonableness or the existence of exogenous information supporting 
the proposed strata is desirable. 



Separate length or age frequencies are estimated for each stratum and combined to produce an overall 
length or age frequency (see Appendix 1). Sometimes the stratum length or age frequencies are reported 
individually and not combined. 

The objectives of stratification are to avoid bias and improve precision. It may be necessary to stratify 
on a variable if fish lengths vary with that variable. The sampling might over-represent a particular 
range of the variable, which would bias the estimated length or age frequencies. Stratification on the 
variable avoids this bias. For example, if fish from a particular subarea were larger than average, and the 
sampling rate in that subarea was high (relative to the proportion of commercial catch taken in the 
subarea), then the estimated length frequency would be biased high, unless stratification was used. Pre- 
stratification on the variable has the added effect of improving the precision of length or age frequency 
estimates, by assigning sampling effort to strata in which effort is most useful. 

In direct age sampling, post-stratification has the added advantage that it allows the researcher to choose 
a subsample of otoliths for ageing, with the objective of meeting precision targets while ageing as few 
otoliths as possible, and hence minimising cost. 

When using market sampling data, the researcher should pre-stratify on those variables believed to have 
an effect on fish length or age. The same stratification should be used in the analysis.The only 
disadvantage of stratifying the market sampling programme is the logistic difficulty of taking the 
required number of samples from each stratum. For SOP data, pre-stratification is impossible, which 
leaves two options for dealing with those variables with which fish length varies. If the distribution of a 
variable in SOP samples is found to be similar to that in the commercial fishery, then stratification on 
the variable is unnecessary. Otherwise, the data should be post-stratified on that variable, to avoid bias. 
For example, if fish length distributions differ between subareas, and a particular subarea contains a 
higher proportion of the SOP-observed catch than of the fishery catch, then the data should be stratified 
by subarea. This will have the effect of decreasing the importance assigned to SOP samples from the 
oversampled subarea. 

There are a number of variables which can be stratified on. Not all of them will be relevant to any 
particular fishery, but it should be possible to improve the accuracy of length and age frequency 
estimation by considering the applicable ones. A variable can be used for stratification only if it is 
routinely recorded both in the sampling programme and in commercial catch records. SOP data include 
information on the position and date of the catch, vessel characteristics such as size, nationality, or 
processing type, the target species, the bottom depth, and the gear depth. All these data are also recorded 
on the Trawl Catch Effort Processing Return (TCEPR), apart from vessel characteristics, which are held 
by the Ministry of Fisheries. (Whether the data are recorded accurately is another matter.) For small 
vessels and fishing methods other than trawling, different catcweffort forms are used, which are less 
informative. One example is the Catch Effort Landing Return (CELR), which gives the dates of catches 
and the statistical areas in which they were taken, but not, for instance, depth information. 

Market sampling data are more limited in that they do not include information on individual catches. 
The data include the landing date, the area fished in (or the port of landing, as a proxy), the company 
operating the vessel, and vessel characteristics. All these data are also recorded on the Catch Landing 
Return (CLR) or Catch Effort Landing Return (CELR) forms. 

When stratifymg by time, the researcher needs to divide the season into strata. Weeks, fortnights, and 
months are typical choices. The strata need not all be the same length. It is standard practice to merge 
adjacent time periods in which few samples were taken. 

There are a number of different approaches to stratifying on position: 
stratify by Quota Management Area (QMA), if the fishery spans more than one QMA 
stratify by statistical area, combining adjacent areas in which little fishing takes place 



stratify by the 'natural' divisions of the fishery, dividing the fishery into strata in which different 
sizes of fish are present, or in which different vessel types operate. 
stratify by port of landing. The problem with this approach is that it is hard to identify the port of 
landing from landing return forms, because each port is referred to by many different names. 

Another option is stratification by fishing company. Different companies can have different fishing 
practices aimed at taking fish of different sizes. One problem with this approach is that it would be 
difficult in some fisheries to identify the fishing companies of vessels from landing records. 

It is possible to stratify by several variables simultaneously. For example, the data could be stratified by 
season and by fishing method, in which case each stratum would be a seasodfishing method 
combination. Adjacent strata containing small amounts of data can be pooled; at minimum, each stratum 
should contain at least two samples, so that a variance estimate can be calculated. A target of less than 
three samples for a stratum is not recommended because a variance based on two samples will be very 
imprecise. It may be that a particular poststratification is hown to be desirable, but cannot be carried 
out due to small sample sizes in the SOP data. 

2.1.1 Length sampling stratification in New Zealand fisheries 

Most length and age frequencies calculated for New Zealand fisheries are based on SOP data. There are 
market sampling programmes for some species, including Cook Strait hoki, snapper, trevally, and a 
group of inshore species including rubyfish, gemfish, bluenose, and alfonsino. 

2.1.1.1 Market sampling 

The Cook Strait hoki market sampling programme is camed out in processing sheds in Nelson, Picton, 
and Wellington (Cordue et al. 1999). A relatively complex stratification was used in 1998-99, with 
sampling proportional to the expected catch. Stratification was by time (typically months or fortnights, 
depending on the amount of sampling), vessel length (under 30 m, 30-40 m, over 40 m), and island 
(North, South). Stratifications by individual port and by fishing company were considered but rejected, 
firstly because the strata would have become too small and secondly because it would be difficult to 
identify the fishing companies of vessels from landing records. However, an effort was made to spread 
the sampling over ports and companies, where previously most sampling was done at the Sealords and 
Sanfords sheds (S.Ballara, NIWA, pers.comm.). There have been some reservations about the market 
sampling programme, in that the subsampling from each landing is carried out by the fishing company, 
and is not as random or as traceable to the original catch as might be desired. 

Snapper stocks SNA 1,2,7, and 8 are sampled through a market sampling programme (Davies & Walsh 
1995, Blackwell et al. 2000). In 1998-99, Walsh et al. (2000) produced separate age frequencies for the 
SNA 8 west coast single trawl fishery and the SNA 1 Bay of Plenty, Hauraki Gulf, and East Northland 
longline fisheries. The west coast and Bay of Plenty results were based on length sampling and an age- 
length key; the Hauraki Gulf and East Northland results were based on direct age sampling. Within each 
area, landings were pre-stratified by season. In snapper research, the term stratification is also used to 
denote the method of stratified sampling of grades of fish within each landing (Davies et al. 1993). Fish 
are divided into grades when landed, by quality (export, standard, etc), and a random sample of bins is 
taken from each grade. The resulting measurements are scaled up to the weights of each grade in the 
landing. NIWA has developed software to analyse data from this two-stage stratified sampling 
procedure (Nick Davies, NTWA, pers. comm.; primary author's unpub. data). Blackwell et al. produced 
age frequencies for SNA 2 and Tasman BayJGolden Bay (SNA 7), based on direct age sampling. 
Landings were stratified by vessel class and season; for SNA 2, vessels were divided into a small group 
of high catch trawlers and Danish seiners, and all other vessels, and for SNA 7, vessels were divided 



into high catch trawlers and Danish seiners, other trawlers, and all other vessels. Seasons were 
combined as necessary. The target number of sampled landings in each stratum was proportional to the 
square of the expected catch (this design is optimal if within-stratum variances are equal). Like Cook 
Strait hoki, but unlike SNA 1 and SNA 8, the procedure for sampling fish within each landing was 
undefined. 

Trevally stocks TRE 1 and TREi 7 are sampled by a market sampling programme (Walsh et al. 1999). In 
1997-98, the snapper sampling design of Davies & Walsh (1995) was used. A modification was made 
for purse-seine catches, for which a two-stage stratified sampling design was used to sample trevally 
from the four holds of each vessel. 

Rubyfish, gemfish, alfonsino, and bluenose in FMA 2 are all sampled by market sampling, under a 
unified programme because the same vessels typically fish all four species. In 1999-2000, RBY 2, SKI 
2, BYS 2, and BNS 2 were sampled using similar designs to SNA 2 and SNA 7 (Blackwell et al. 2001). 
Each stock was stratified by vessel class and season. A set of 10 vessels was identified as high catch 
trawlers and separated fiom all other vessels. For BNS 2 only, the 'other' vesseIs were further 
subdivided into low catch trawlers and all other vessels. Seasons were combined as necessary. The 
target number of sampled landings in each stratum was proportional to the square of the expected catch, 
with a minimum of three samples. However, such a high proportion of the landings of rubyfish in the 
high catch strata were taken by a single vessel that there were too few available landings to reach the 
target numbers. Fish were assumed to be randomly sampled within landings. 

2.1 .1 .2 SOP sampling 

Hoki are sampled by the SOP. The stratification of hoki data has received more attention than that of 
any other New Zealand fishery. In the past, hoki SOP data have been stratified only by time. Bradford 
(2000) investigated the representativeness of the Chatham Rise SOP sampling of the hoki fishery in 
times, locations, and bottom depths, and found some deficiencies in the coverage of the extremes of the 
fishery, i.e., the eastern Chatham Rise, and shallower and deeper water. Accordingly, it is planned that 
data from the Chatham Rise will be post-stratified in the future. Consideration should be given to 
geographically stratifying data from the west coast South Island fishery, at least to separate the Hokitika 
Canyon from the northern area (S. Ballara, NIWA, pers. comm.). The fourth key hoki fishery, the Sub- 
Antarctic, covers a very large area and probably should be stratified as well. However, this might be 
hindered by commercial sensitivity concerns relating to tow locations. Bull (2000) investigated the SOP 
coverage of the four main hoki fisheries in 1997-98 and 1998-99 in terms of representativeness of the 
fishery. It was found that coverage was generally representative for location (at least to the statistical 
area level), depth, and whether the catch was taken in midwater or on the bottom. Coverage was not 
representative of time, but that is not a problem since data are post-stratified by time. Coverage was also 
not representative of vessels, in terms of vessel sizes, nationalities, and processing type. This could 
present a problem, especially as different processing types (surimi, head-and-gut, fillet, iceboat) target 
different sizes of fish. 

An analysis of catch-at-age of'chatham Rise hoki in 1997-98, 1998-99, and 1999-2000, based on direct 
age sampling data, used a regression tree approach to determine a good post-stratification (R.I.C.C. 
Francis, NIWA, unpublished results). The objective was to determine a stratification which explained as 
much as possible of the variance in fish lengths (as a proxy for ages) in the SOP data. This is the 
situation in which stratification yields the most improvement in sampling precision, although precision 
may be overestimated due to a posteriori stratification. The regression tree method is recursive: it 
divides the domain into two strata, choosing the cut-point so as to explain the maximum possible 
variance, and it then subdivides each of the two strata further, and so on, until there is no significant 
improvement or the strata are reduced below a set size. The potential stratifying variables were latitude, 



longitude, depth, and time. Various combinations of these variables resulted; for example, the final 
stratification for 1997-98 was: 
(I) west of 178.6" E, depth less than 530 m 
(2) west of 178.6" E, depth 530 m to 590 m 
(3) west of 178.6" E, depth more than 590 m 
(4) east of 178.6" E. 

Oreos are another case for which relatively sophisticated methodology has been used to deal with spatial 
patterns in lengthrage distribution. Black and smooth oreos in OEO 3A (the Chatham Rise) show 
geographical variation in size. The SOP sampling is haphazard and does not sample subregions of the 
area in proportion to total catches. Length frequency calculation therefore needs to take the locations of 
sampling into account. This problem was approached using a kriging method rather than post- 
stratification (Ian Doonan, M A ,  pers. comm.) Kriging, a spatial statistics technique (Cressie 1991), 
can be used to extrapolate over a surface from a set of sample points. The kriging estimate of the surface 
at a given location is a weighted average of nearby sample points. For OEO 3A, the area was divided 
into grid cells, and the mean fish length in each cell was estimated using kriging, based on data from 
nearby SOP samples. The kriging estimate in each cell was weighted by the total catch in the cell to 
produce an overall estimate of mean length. The same kriging weights and total catch weights were used 
to scale length frequencies from SOP tows up to an overall length frequency. Other ore0 stocks are dealt 
with more simply. BOE 3A and SSO 3A in 1999 were post-stratified by depth (less than 900 &greater 
than 900 m) and by vessel nationality (former SovietNew Zealand) (Doonan et al. 1999). BOE 4 and 
SSO 4 in 1999 were simply divided into six subareas and separate mean lengths produced for each 
(Alan Hart, NIWA, pers. comrn.). 

Orange roughy are also sampled by the SOP. Francis & Tracey (2000) found that, because of the 
patchiness of the SOP coverage, the data could not be reliably used to prepare length or age frequencies 
for stock assessments (although the data are valuable for other purposes). Although large numbers of 
fish were sometimes measured, these may have come from only a few trips and there was often 
significant between-trip variation in mean length. This makes it difficult to be sure that the sampled trips 
were representative of the whole catch. Post-stratification was not seen as a solution to this problem. 

Southern blue whiting SOP data are divided by substock (north and south Campbell Island Rise, Bounty 
Platform, Auckland Islands Shelf) (Hanchet 2000). The data are sometimes temporally stratified into 
weeks when this is justified by differences in length frequencies between weeks (e.g., Hanchet 1991). 

For other middle-depths species, including hake, ling, and blue warehou, length frequencies are 
currently calculated from SOP data without stratification (Bagley et al. 1998, Horn & Ballara 1999, 
Dunn et al. 2000). The limited amount of SOP data available for some of these species may restrict the 
amount of stratification that can be camed out. 



2.2 Age-length key sampling stratification 

An age-length key (ALK) is a matrix of proportions at age for each length which is applied to a length 
frequency to estimate an age frequency (Appendix 1). Typically, otoliths are collected from a large 
number of the measured fish, and a subsample of these is selected for ageing to prepare the ALK. 

The potential problem with using an ALK is that one ALK may not be representative of the age-at- 
length distribution of the entire catch. If a single ALK is used for a whole fishing season, there is a risk 
that the ALK is wrong for some fish, because the age-length relationship changes over the season as fish 
grow. Similarly, if a single ALK is used for geographically distinct areas, it may be inaccurate because 
of differences in growth rates between areas, or because spatial distribution is sizedependent. The 
resulting age frequencies would be biased, and the errors would not be indicated by the c.v.s. This 
problem should be assumed to occur in all fisheries except those where the ALK has been shown not to 
vary geographically and in which fish do not grow substantially during the fishing season. 

One approach to this problem is to produce a separate ALK for each time period, or each area; in other 
words, to stratify the ALK and the length sampling. However, this approach would require a large 
number of otoliths. We are not aware of any New Zealand fishery for which this is done. It might also 
be possible to deal with fish growth by modelling fish age as a function of length and time, using the 
available age-length data: effectively this approach would allow the ALK to change over the course of 
the season. However, the best way of dealing with the problem of representativeness of ALKs is to 
.move to direct age sampling. If all these approaches are considered impractical then, as a last resort, 
otoliths for the ALK should be collected in proportion to the length sampling over the time and 
geographical span of the fishery, not, for example, all collected in the first week of the season! 

A less important issue is the question of how many otoliths should be aged from each length class. 
Currently two approaches are used: either the same number of otoliths are randomly sampled from each 
length class, or the number sampled from each length class is proportional to the estimated frequency of 
that length class. Sometimes the latter approach is made more like the former by sampling 
proportionately more otoliths in the tails of the length distribution. Both approaches are valid. The f is t  
option of equal sampling of length classes will give better precision for the more uncommon age 
classes, and the proportional sampling option will give better precision for the main age classes in the 
catch. Proportional sampling will hence result in a smaller mean weighted c.v., but equal sampling may 
be a better option for stock assessment if the results are sensitive to the estimated catches of the 
youngest or oldest age classes. 



3. OPTIMAL SAMPLING REGIMES 

To determine the optimal catch sampling regime for a fishery, the effect of the sampling design on the 
precision of length or age frequency estimates needs to be investigated. When a range of sampling 
designs has been assessed, the optimal design can be selected on the basis of precision and cost. The 
cost will depend on the amount of sampling carried out and the number of otoliths aged. We describe a 
resampling method for estimating the precision of a sampling design. Three examples of the method are 
given in Section 3.1, for the SOP sampling programme for the west coast South Island hoki fishery, the 
market sampling programme for the Bay of Plenty longline snapper fishery, and for the East Northland 
snapper fishery in which direct age sampling is currently used. 

The resampling method starts from the assumption that the variability in observed lengths and ages will 
be similar to that in previous years. On this basis, the precision of a sampling design in a future year is 
estimated by the precision that the design would have had in a recent past year. In other words, we 
assess a sampling design by asking "How successful would this sampling design have been last year?'. 
This approach could potentially be inaccurate if the age distribution of the fishery changed markedly 
between years, for example if a strong new cohort recruited to the fishery, or if fishing practices 
changed. 

For age-Iength key sampling programmes, we consider the following elements of the design: 
the number of samples taken, i.e., the number of trawl tows or landings sampled 
the number of fish measured in each sample 
the number of otoliths aged to produce the age-length key 
use of direct age sampling, instead of length sampling with an age-length key, with a specified 
number of otoliths collected and aged from each sample. 

The effects of changes in the numbers of samples, measurements per sample, and otoliths can all be 
assessed by resampling statistics. We use a nonparametric bootstrapping method, which approximates 
the true probability distributions of the catch, length, and age data by the distributions of the observed 
data in a single recent year. ResampIed datasets are generated by resampling samples within each 
stratum, fish within each sample, and otoliths within the age sample. We assume that the ALK does 
represent age-at-length within the entire catch. Changes to the survey design are modelled by 
resampling more or fewer samples, fish, andlor otoliths. A large number of datasets are resampled and 
an age frequency is estimated for each. The precision of age frequency estimation using the design is 
measured by the mean weighted C.V. of the resampled age frequencies. If this mean weighted C.V. is 
below the Ministry of Fisheries target, then the design has acceptable precision. The cost of the design is 
measured in terms of the number of samples taken and the number of otoliths aged. It could be 
converted to a dollar cost, allowing the design which had the lowest dollar cost, while meeting precision 
targets, to be selected. 

We use a similar approach for assessing the precision which could be achieved if direct age sampling 
was used instead of length sampling with an age-length key. Simulated age data are generated by 
applying the age-length key to the length data. Each fish is randomly assigned an age, with the 
probabilities of each age given by the appropriate row of the age-length key. A large number of age 
datasets are then generated by resampling samples and fish. Because it would be too expensive to age 
a11 the fish which are currently measured, reduced numbers of samples and of otoliths per sample are 
specified. Again, an age frequency is estimated for each resampled dataset, and the precision of the 
design is measured by the mean weighted C.V. of the resampled age frequencies. The cost of the design 
is measured in terms of the number of samples taken and the number of otoliths aged. 

Variations from the standard sampling design can also be dealt with by the resampling approach. For 
example, in snapper and trevally sampling, the catch is divided into quality grades, and a sample is 
taken from each. This is dealt with by resampling fish within each grade separately. In some cases, the 



catch of each grade is packed in bins, a subsample of bins is taken, and all fish in each sampled bin are 
measured. This is dealt with by resampling bins within each grade, instead of resampling individual 
fish. 

3.1 Examples of evaluating sampling design precision 

In this section, we give three examples of the use of the above resampling method to evaluate the 
precision of alternative sampling designs. 

3.1.1 Examples currently sampled by ALK 

The first case is the SOP sampling programme for the west coast South Island (WCSI) hoki fishery. 
Scientific observers measure large samples of hoki from individual tows. Otoliths are collected and an 
age-length key is used for age frequency estimation. This resampling analysis is based on the data from 
the June-July 1999 spawning season, in which 55 647 fish were measured in 51 1 samples (mean of 109 
fish per sample), and 817 otoliths were used for the age-length key. Estimated length and age 
frequencies were given by Ballara & Livingston (2001). 

The second case is the market sampling programme for the Bay of Plenty (BOP) longline snapper 
fishery (SNA 1). NIWA staff measure large samples of snapper from individual landings. Some 
landings are divided into two grades (standard and export) and a subsample is taken from each. Otoliths 
are collected and an age-length key is used for age frequency estimation. This resampling analysis is 
based on the data from the 1998-99 fishing year, in which 5095 fish were measured in 28 samples 
(mean of 182 fish per sample) and 291 otoliths were used for the age-length key. Estimated length and 
age frequencies were given by Walsh et al. (2000). 

For each of these cases, we estimate the effects on the precision of catch-at-age estimates of 
changing the number of samples taken, with 0.5, 0.75, 1.5, and 2.0 times the original number of 

samples 
reducing the maximum number of fish measured per sample, or per grade in a sample, with 

maximum counts of 25,50,75, 100, and 200 
changing the number of otoliths aged for the age-length key, with 0.5, 0.75, 1.5, and 2.0 times the 

original number of otoliths. 
using direct age sampling, with 0.5,0.75, and 1.0 times the original number of samples, and 
- for hoki: 3, 5, and 10 otoliths aged per sample. 
- for snapper: 5, 10, and 20 otoliths aged per grade in a sample. 

The cost of each modified design is measured by the number of samples taken and the number of 
otoliths aged. The total number of fish measured is also given. The precision of each design is measured 
in terms of the mean weighted C.V. of age frequency estimates. 

The results of these resampling analyses are shown in Tables 1 and 2. 

In these examples we have shown only the effects of changes in one of the three factors of samples, 
measurements per sample, and otoliths. It would be possible to go on to determine the effects of 
combinations of changes. If criteria were specified, it would be possible to determine the optimal design 
by searching the joint space of all three factors. 



Table 1: Comparison of the precisions and costs of alternative west coast South Island hoki sampling 
designs. Precision is expressed in terms of the mean weighted C.V. of age frequency estimation, and has some 
inaccuracy in the 'tenths' digit. Costs are expressed in terms of the number of tows sampled, numbers of 
otoliths aged, and numbers of fish measured (rounded to nearest 100). 

(a) Sampling designs using an age-length key 

Precision Cost 
Mean weighted C.V. Tows Otoliths Measurements 

v 

Number of 0.5 x 12.7 25 8 817 28 100 
tows,sampled 0.75 x 12.1 386 817 42 100 

1.0 x 12.0 511 817 55 700 
1.5 x 11.7 769 817 83 800 
2.0 x 11.9 1 022 817 111 400 

Maximum no. 25 12.5 511 817 12 800 
fish measured 50 12.1 511 817 25 400 

75 12.0 511 817 37 900 
100 12.2 511 817 49 900 
200 12.1 511 817 55 000 
original no. 12.0 511 817 55 700 

Number of 0.5 x 
otoliths aged 0.75 x 

1.0 x 
1.5 x 
2.0 x 

(b) Direct age sampling designs 

Samples 
0.5 x 
0.75 x 
1.0 x 
0.5 x 
0.75 x 
1.0 x 
0.5 x 
0.75 x 
1.0 x 

Otoliths per sample 
3 

Precision 
Mean weighted C.V. Tows 

258 
386 
511 
25 8 
386 
51 1 
25 8 
386 
511 

Cost 
Otolith 



Table 2: Comparison of the precisions and costs of alternative Bay of Plenty snapper sampling designs. 
Precision is expressed in terms of the mean weighted C.V. of age frequency estimation, and has some 
inaccuracy in the 'tenths' digit. Costs are expressed in terms of the number of landings sampled, numbers 
of otoliths aged, and numbers of fish measured (rounded to nearest 100). 

(a) Sampling designs using an age-length key 

Precision 
Mean weighted C.V. - 

Number of 0.5 x 20.7 
landings sampled 0.75 x 19.7 

1.0 x 19.2 
1.5 x 18.5 
2.0 x 18.4 

Maximum no. 25 
fish measured 50 

75 
100 
200 
original no. 

Number of 0.5 x 
otoliths aged 0.75 x 

1.0 x 
1.5 x 
2.0 x 

(b) Direct age sampling designs 

Samples 
0.5 x 
0.75 x 
1.0 x 
0.5 x 
0.75 x 
1.0 x 
0.5 x 
0.75 x 
1.0 x 

Otoliths per sample 
5 

Precision 
Mean weighted C.V. 

Cost 
Landings Otoliths Measurements 

13 29 1 2 700 
19 '29 1 3 900 
26 29 1 5 100 
38 29 1 7 700 
50 291 10 100 

Cost 
Landings Otoliths 

13 73 
19 107 
25 140 
13 145 
19 212 
25 280 
13 29 1 
19 425 
25 560 



The WCSI hoki results (Table 1) indicate that the number of tows sampled could be reduced by 
as much as 50% without substantial loss of precision in age frequency estimation. Savings in 
dollar costs would result. However, the challenge would be to reduce sampling effort without 
reducing coverage. The sampling effort should be distributed across the fishing season, the 
geographical extent of the fishery, and the vessel sizes, processing types, and fishing methods 
used. The coverage of these factors in the 1998 and 1999 spawning fisheries was discussed by 
Bull (2000). 

The number of hoki measured from each tow could also be substantially reduced, at least to a 
maximum of 75, without significant loss of estimation precision. This could allow scientific 
observers to spend more effort on collecting other data. 

Ageing more otoliths for the age-length key would substantially improve the precision of age 
frequency estimates. Ageing 50% more otoliths would decrease the mean weighted C.V. by about 
2%: ageing 100% more otoliths would decrease it by about 4%. 

Direct age sampling appears to be a viable alternative for the WCSI hoki fishery, but a major 
increase in ageing effort would be required to maintain c.v.s at current levels. Ageing 3 otoliths 
per tow sampled would require that 1500 otoliths be aged instead of 800 and also worsen the 
mean weighted C.V. by 1.5%. A preferable option would be to sample 25% fewer tows and age 5 
otoliths per tow, in which case 1900 otoliths would have to be aged, but the mean weighted C.V. 

would stay at current levels. These options should be considered, despite the increased expense of 
ageing more otoliths, because the use of an age-length key can lead to biases and should be 
avoided when feasible. 

The BOP snapper results (Table 2) indicate that the relatively small number of landings sampled 
was sufficient, and in fact could be reduced even further without substantial loss of precision in 
age frequency estimation. The number of hoki measured from each tow could be reduced to a 
maximum of 75 without substantial loss of precision. 

Ageing more otoliths for the age-length key would substantially improve the precision of age 
frequency estimates. Ageing 50% more otoliths would decrease the mean weighted C.V. by about 
3%: ageing 100% more otoliths would decrease it by about 5%. 

Direct age sampling would be an expensive alternative for the BOP snapper fishery. About 20 
otoliths per sample would need to be aged to retain current levels of precision, which would 
double the total ageing effort. 

3.1.2 Example currently sampled by direct age sampling 

The third example is the market sampling programme for the East Northland longline snapper 
fishery (SNA I), which currently uses direct age sampling. This resampling analysis is based on 
the data from the 1998-99 fishing year, in which 1021 otoliths were aged from 43 samples (mean 
of 24 otoliths per sample). Estimated length and age frequencies were given by Walsh et al. 
(2000). 

This example was carried out to investigate the ability of the resampling method to assess the 
benefit of direct age sampling designs. For both WCSI hoki and Bay of Plenty snapper, 
investigations of direct age sampling designs using simulated age data showed that the precision 
of estimates depended on the number of otoliths aged, not the number of samples taken. For 



example, in the BOP snapper analysis, the estimated precision achieved taking 140 otoliths from 
25 samples was equal to that of taking 145 otoliths from 13 samples. Similarly, in the WCSI hoki 
analysis, the estimated precision from 2555 otoliths and 51 1 samples was equal to that from 2580 
otoliths and 258 samples. These results seemed implausible, because taking more samples should 
reduce the effect of between-sample variation and improve precision. We theorised that the 
between-sample variability of the simulated direct-age data was too low because the method 
applies the same age-length key to all samples, and hence neglects between-sample variation in 
the agenength relationship. If this was the case, then applying the resampling method to real 
direct-age data should show a greater benefit from taking more samples. The East Northland 
snapper data were analysed to test this hypothesis. 

We estimate the effects on the precision of catch-at-age estimates of using 0.5, 0.75, 1.0, 1.5, and 
2.0 times the original number of samples, with 5, 10, and 20 otoliths aged per sample. The results 
are shown in Table 3. 

Precision now increases with the number of samples, for a given number of otoliths. For example, 
the mean weighted C.V. with 650 otoliths from 65 samples is 28.7, lower than the mean weighted 
C.V. with 630 otoliths from 33 samples of 32.1. However, the number of otoliths is still a major 
determinant of precision. 

We conclude that the resampling method using simulated direct-age data may be underestimating 
between-sample variation, and hence overestimating the benefit of decreasing the number of 
samples. It would therefore be unwise to decrease the number of samples dramatically when 
moving from ALK sampling to direct age sampling. 

Table 3: Comparison of the precisions and costs of alternative East Northland snapper sampling 
designs. Precision is expressed in terms of the mean weighted C.V. of age frequency estimation, and 
has some inaccuracy in the 'tenths' digit. Costs are expressed in terms of the number of landings 
sampled and numbers of otoliths aged. 

Samples 
0.5 x 

Precision 
Otoliths per sample Mean weighted C.V. 

Cost 
Landings Otoliths 
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Appendix 1 : Equations for age frequency estimation using an age-length key 

The following equations apply to the basic sampling procedure. See Davies & Walsh (1995) for 
equations for age frequency estimation from graded data. We do not give equations for 
calculating the variances or c.v.s of estimates because NlWA now uses bootstrapping estimates of 
variance of age frequencies in preference to algebraic estimates. 

Let Wv be the weight of the jth sampled catch from the ith stratum, pii~, the sampled proportion of 
fish of length 1 and sex s in the jth sample from the ith stratum, w(l,s) the expected weight of a 
fish of length I and sex s, Si the total landed catch from the ith stratum. Then the estimated 
number of fish of length I and sex s in the jth sampled catch from the ith stratum is 

and the estimated number of fish of length I and sex s in the ith stratum is 

and the estimated total number of fish of length I and sex s taken by the fishery is 

Now let nnp, be the proportion of fish of length I and sex s which are age a in the age-length key. 

Then the estimated total number of fish of age a and sex s taken by the fishery is 

(The age-length key is typically expressed as a matrix, or one matrix for each sex, where the 

(1,a)th element is z~,~,.~. The calculation of fi, can then be expressed as a matrix product.) 

A difficulty arises when no fish of some length I were aged. Then nap, is undefined. There are a 
number of options for resolving this problem. If I is within the range of lengths of the age sample, 
then row 1 of the age-length key can be calculated using interpolation from adjacent rows. If not 
(ie. I is more than the length of the longest fish ages, or less than the length of the shortest fish 
aged), then fish of length I can be assigned to some guesstimated age, or to an 'other' age group, 
or dropped out of the analysis entirely. This problem should arise only for relatively rare length 
classes, and so should not have a major impact on the results. 


