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NON-TECHNICAL SUMMARY 

2002/059 Developing fishery-independent surveys for the adaptive management of 
NSW’s estuarine fisheries 

 
PRINCIPAL INVESTIGATORS: Dr Charles Gray 
 
ADDRESS: NSW Department of Primary Industries 

Cronulla Fisheries Research Centre of Excellence 
PO Box 21 
Cronulla, NSW, 2230 
Telephone: 02 9527 8411  Fax: 02 9527 8576 

 
OBJECTIVES: 

1. Develop scientific sampling tools to catch the widest possible size range and diversity of 
fish species in NSW’s estuaries. 

2. Use the gears developed in objective 1 to do pilot studies to determine the most cost-
effective, optimal number of replicates, sites, locations and habitats to be sampled in and 
among estuaries. 

3. Use the results from objectives 1 and 2 to design the optimal sampling regime that will 
become the long-term, large-scale survey of the fish populations in NSW estuaries. 

 
NON TECHNICAL SUMMARY: 

Outcomes Achieved 

Using an experimental strategy, this project successfully developed methods to use multi-mesh gill 
nets and a beam trawl as tools for sampling a wide size range and diversity of fish and crustaceans 
in estuaries of NSW. Experiments also measured spatial and temporal variation of estuarine fauna 
sampled with these gears and provided variances for cost-benefit analyses. Owing to the variable 
and dynamic nature of these fauna, however, the project has identified numerous challenges that 
require the development of novel analytical approaches (which are underway), before a large-scale 
and long-term survey can be designed and optimised across multiple species. Additional research is 
also needed to compare decision-making incorporating fishery-independent methodologies against 
that using data from fishery-dependent sources. This will identify the most reliable, robust and 
cost-effective sampling programmes required to improve the sustainability of NSW’s estuarine 
fisheries resources. 
 
Estuaries in NSW support a wide diversity of fish and invertebrates, which are subject to 
commercial and recreational fishing and a range of other human-induced pressures (e.g., habitat 
degradation, pollution). At present, monitoring of these aquatic resources relies entirely on data 
from fishery-dependent sources. This includes information provided by commercial fishers about 
how long they spend fishing and the quantities of each species that are retained. Other data, such as 
the size-distributions and ages of a few species, are obtained from commercial landings by 
researchers at ports and markets. Periodic surveys of recreational fishers and sampling of their 
catches are also done for a small number of estuaries in NSW. 
 
The limitations of using fishery-dependent data for the assessment and management of fisheries 
resources, particularly in accordance with principles of ecologically-sustainable development 
(ESD), are well-known. For example, these data: (i) provide no information on species that are 
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discarded or not caught (e.g., undersize fish and species of no commercial value); (ii) often are not 
available in estuaries that are closed to fishing or where fishers’ choose not to fish; and (iii) are 
biased and imprecise because of the selectivity of fishing gears, reporting errors and the varying 
practices and levels of skill across many different fishers. So, the future use of fishery-independent 
surveys has been advocated to provide a potentially improved quality of information on the status 
of estuarine fisheries resources in NSW. 
 
Data collected independently of commercial and recreational fisheries using standardised, properly-
designed research surveys, are generally less susceptible to the limitations of fishery-dependent 
data. Sampling gears and surveys are not, however, always properly designed and so can provide 
data that are also probably biased, imprecise, and costly. The preferred approach for developing 
reliable and cost-effective surveys is an experimental one, which uses pilot studies to test the 
design and deployment of sampling gears. This led to the present study, which was to do the 
necessary pilot work to develop scientific tools and designs of sampling for large-scale and long-
term survey of fisheries resources in estuaries of NSW. 
 
Based on key literature on surveys of fisheries resources and experimental design, we developed 
and used a general experimental strategy to meet the specific objectives of the project. Briefly, the 
strategy involved: (i) identifying suitable gear to sample target species; (ii) testing configurations of 
gear and sampling practices to ensure that samples are optimal, representative and cost-efficient; 
(iii) understanding spatial and temporal variability; and (iv) cost-benefit analyses to determine 
optimal levels of replication. 
 
We followed the above strategy for two types of gears: multi-mesh gill nets and a beam trawl. 
These gears sampled a wide size range and diversity of fish and invertebrates (> 60 species), 
including many species of commercial and recreational importance (Objective 1). Experiments 
included a comparison of the utility and efficiency of multi-mesh gill and trammel nets. Gill nets 
were superior, so we tested the effects of using different lengths of net, soak and setting times. 
Experiments with the beam trawl tested the effects of factors such as the size of mesh in the body 
and codend, tow duration and diel period (day vs night). A key result of this work was that 
replicate gill nets and trawls required only short periods of deployment (compared to commercial 
practices), which had benefits for improving replication and potentially reducing the number of 
organisms that were harmed or killed. 
 
After determining an optimal configuration and sampling protocol for each gear, we used the gill 
nets and beam trawl to measure spatial and temporal variation of estuarine fauna over a range of 
scales (e.g., zones, sites, days, weeks, months, seasons, etc). Such experiments identify appropriate 
scales of replication for future studies and allow numbers of replicates to be optimised using 
standard cost-benefit analyses (Objective 2). In our study, individual species and assemblages were 
extremely patchy at the smallest spatial scale examined (i.e., among replicates) – a pattern that was 
consistent across gears, depths and estuaries. There were, however, no consistent patterns of 
variation among the different temporal scales (e.g., days, weeks, months, seasons) for either 
method of sampling. The only consistent pattern across different species and gears was that 
variation among replicates (i.e., small-scale spatial variation) was greater than variation at any 
temporal scale. 
 
The patchiness of many species among samples often precluded sensible univariate cost-benefit 
analyses. Although cost-benefit analysis was also done on assemblages of species, it may not be 
appropriate because it was uncertain how different taxa contribute to an optimal design, or whether 
it was suitable for all species in an assemblage. Further, current analytical procedures cannot 
determine (or optimise) the power of sampling for assemblages of species. So, before a large-scale 
and long-term survey can be designed (Objective 3) new analytical techniques are needed to 
attempt to develop cost-benefit analyses for multiple species. These new procedures are currently 



 Non Technical Summary vii 

Developing fishery-independent surveys  Project No. 2002/059 

being developed because, prior to this project, there were no data available to address these 
problems for assemblages of fish in NSW. Further research is needed to test how to use fishery-
independent data in making managerial decisions, the cost and benefits of using such data and 
whether better outcomes are achieved. This will identify the most appropriate sampling 
programmes for improving the management of fisheries resources and biodiversity in estuaries of 
NSW. 
 
 
KEYWORDS: fishery-independent surveys, estuaries, fish, multi-mesh gill net, beam trawl, cost-
benefit analysis, New South Wales 
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1. BACKGROUND 

The management of most commercial and recreational fisheries in NSW estuaries is currently 
undergoing significant change through a variety of initiatives including the creation of several 
Recreational Fishing Havens, Marine Parks and Reserves, the buy-out of some commercial fishing 
effort and the development of Environmental Assessments and Fisheries Management Strategies. 
In addition to these initiatives, the population density of NSW continues to increase and there have 
never been greater pressures on our estuaries from pollution, land management practices, etc. 
Throughout all this change, there is a continuing need to maintain our aquatic resources for current 
and future generations of commercial and recreational fishers as well as to assess the success of 
those management initiatives that are designed to ensure the sustainability of those resources. 
 
At present, the assessment of NSW’s estuarine commercial and recreational fish stocks relies 
heavily on fishery-dependent information, primarily the catch and effort information supplied by 
the commercial sector, augmented with some biological sampling of commercial landings for a few 
key species. These data have minimal utility for fisheries management because: (i) no information 
is obtained where no fishing takes place (whether that is due to legislative closures and/or fishers’ 
individual choices); (ii) no information is obtained on the critical undersize portion of the exploited 
populations (which includes the next generation of targeted fish); (iii) no information is obtained 
on other species that are considered not worthy of retention in any place/time (for whatever 
reason); (iv) such information is often inaccurately or imprecisely recorded; and (v) the data 
obtained has little scientific rigour because commercial and recreational fishing is mostly done in 
biased, non-independent ways – i.e., the execution of any “replicate” fishing attempt DEPENDS on 
the results of previous attempts. 
 
Clearly, we need a better way to collect information on our estuarine fisheries resources if we are to 
manage them sustainably. We also need a better way to assess the success (or failure) of 
management initiatives that are designed to improve them in adaptive management frameworks 
(i.e., frameworks that are sufficiently responsive and flexible to respond appropriately to quality 
scientific information). To do this, we must have data on the relative abundances of fish in estuaries 
and demographic information (i.e., length, sex, and age composition, reproduction and recruitment 
dynamics) on the various life-history phases of these populations, including those stages prior to 
capture. We also need this information in places and times where fishing does and doesn’t always 
occur (i.e., inside closed areas as well as open areas, in places/times where fishers choose not to 
fish as well as places/times where they do, etc.). This type of data can only be gathered via 
standardized, fishery-independent surveys. 
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2. NEED 

The above Background explains why it is necessary to develop a standardized fishery-independent 
sampling strategy to provide estimates of relative abundances and demographies of populations of 
fish in the estuaries of NSW which will be used in conjunction with existing and any new sources 
of fishery-dependent data (from commercial and recreational fisheries). Before these surveys can 
be implemented, however, it is necessary to do several pieces of very important research. 
 
First, the correct sampling tools and methods need to be developed. Whilst we acknowledge that 
commercial and scientific fishing gears are available, these have been designed to capture very 
specific species and sizes of species. We need to modify these and other gears to develop new 
techniques that will sample wider size ranges and diversities of fish than is the case for commercial 
and recreational fisheries. Specifically, we need to determine the best suite of gears to use to catch 
as wide a size and species range of fishes as possible in as many different habitats as possible. 
 
Second, once the best tools have been developed, appropriate spatial and temporal scales of 
sampling and units of replication need to be determined so that an ongoing survey design based on 
a rigorous sampling protocol can be implemented for the decades to come. 
 
 
 

3. OBJECTIVES 

1. Develop scientific sampling tools to catch the widest possible size range and diversity of fish 
species in NSW’s estuaries. 

2. Use the gears developed in objective 1 to do pilot studies to determine the most cost-effective, 
optimal number of replicates, sites, locations and habitats to be sampled in and among 
estuaries. 

3. Use the results from objectives 1 and 2 to design the optimal sampling regime that will 
become the long-term, large-scale survey of the fish populations in NSW estuaries. 
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4. METHODS 

4.1. Study area 

Experiments were done in a number of different estuaries in NSW, spanning a distance of almost 
700 km along the coast (Fig. 1). More specific details (or links to key references) of each estuary 
are provided in the relevant manuscripts and summaries in the appendices. 
 
 

 
 
Figure 1. Map of the NSW coast showing the locations of the estuaries where experiments 

were done. 
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4.2. An experimental strategy 

This project is underpinned by an experimental approach that involves testing of hypotheses. The 
importance of doing pilot experiments to develop more reliable and cost-effective sampling tools 
and designs of sampling is generally well-known (Andrew and Mapstone, 1987; Underwood, 
1997). Many experimental studies have: (i) compared methods of sampling fish or invertebrates 
(e.g., Guest et al., 2003; Olin and Malinen, 2003); (ii) tested the effects of biotic and abiotic factors 
on the performance of sampling gear (e.g., Acosta, 1994; Misund et al., 1999; Petrakis et al., 2001); 
or (iii) measured spatial and temporal variation in numbers of organisms across hierarchical scales 
(e.g., Morrisey et al., 1992a, b). There are, however, few examples of necessary pilot work being 
done before commencing large scale and long term fishery-independent surveys (e.g., Kennelly, 
1989; Kennelly et al., 1993). Often, surveys are done using commercial fishing gears and 
inappropriate designs of sampling, which may provide data that are biased, inaccurate, imprecise 
and costly. Thus, the hypothesis that fishery-independent sampling provides more reliable and 
robust information than data from fishery-dependent sources, remains largely untested. 
 
We reviewed: (i) previous fishery-independent studies that have used pilot experiments to develop 
and optimise methods and designs; and (ii) key literature on surveys of fisheries resources (e.g., 
Gunderson, 1993) and design and analyses of ecological experiments (e.g., Andrew and Mapstone, 
1987; Underwood, 1997). Many surveys did not use a consistent approach to designing sampling 
gears or surveys. Therefore, we brought the elements together into a general strategy for this type 
of preliminary work, following an experimental approach advocated in previous studies in NSW 
(e.g., Kennelly, 1989; Kennelly et al., 1993). The strategy involves: (i) identifying suitable gear to 
sample target species; (ii) testing configurations of gear and sampling practices to ensure that 
samples are optimal, representative and cost-efficient; (iii) understanding spatial and temporal 
variability; and (iv) cost-benefit analyses to determine optimal levels of replication (Fig. 2). More 
specific details of the strategy are in Rotherham et al. 2007 (Appendix 4). The logical sequence of 
the strategy addresses the objectives of this project. 
 
 

 
 
Figure 2. Steps in the strategy used to develop fishery-independent sampling tools. 
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4.3. Sampling gears 

Many methods are used by commercial fishers in estuaries of NSW; the most common are meshing 
(gill nets), hauling (seining) and trawling (Anon, 2003a, b). These methods catch a diverse range of 
fish and invertebrates. Nevertheless, using commercial configurations and fishing practices is often 
inappropriate for scientific sampling (see above). So, we followed the above strategy for two 
different types of gears: (i) multi-mesh nets; and (ii) trawls. 

4.3.1. Multi-mesh nets 

In general, multi-mesh nets are either gill nets (single wall of netting) or trammel nets (two large-
meshed walls of netting enclosing a loosely-hung centre wall of netting) comprising panels of more 
than two sizes of mesh (Fig. 3). These sorts of gears are designed to catch a wider range of sizes 
(and species) of fish than commercial meshing gears (which typically use a single size of mesh). 
Multi-mesh nets (particularly gill nets) have been used throughout the world for sampling fish and 
invertebrates (Loneragan et al., 1987; Degerman et al., 1988; Mattson and Mutale, 1992; Acosta, 
1997), mainly because they are relatively inexpensive and are easy to deploy and retrieve. Another 
benefit is that they have minimal impacts on the habitat that is sampled. 
 
Multi-mesh nets are often deployed in gangs with continuous (i.e., no gaps between adjacent 
panels) or discrete (gaps between adjacent panels) connections. We used discrete connections in all 
of our nets (Fig. 3) to: (i) reduce non-independence between adjacent nets; and (ii) minimise the 
potential of small-meshed panels leading fish into larger-mesh panels (Hamley, 1975; Pope et al. 
1975). 
 
We used between 3 and 5 sizes of mesh for experiments with multi-mesh nets in Steps 1 and 2 of 
the strategy (Appendix 6 and 7). We considered this to be sufficient to provide some generality of 
results for the hypotheses tested. Further, using additional sizes of mesh in these experiments 
would have restricted levels of replication by imposing logistic constraints. All of our experiments 
in Step 3 of the strategy, however, used seven sizes of mesh (36, 44, 54, 63, 76, 89, 102 mm, 
stretched mesh), in a random order, with gaps of 5 m between each panel. The difference between 
successive sizes of mesh was approximately geometric (i.e., successive sizes of mesh differed from 
one another by an almost constant ratio). Using a geometric progression of mesh sizes, as opposed 
to an arithmetic progression (i.e., where each mesh differs from the succeeding mesh by a constant 
amount), is required so that each size of mesh fishes with similar efficiency (see Regier and 
Robson, 1966; Pope et al., 1975; Jensen, 1986). We considered this important for testing 
hypotheses about differences in patterns of abundance over different spatial and temporal scales. 

4.3.2. Trawls 

Trawls are funnel-shaped nets (Fig. 4) that are towed through the water behind a boat. There are 
many different types of trawls (von Brandt, 1984). Otter trawls and beam trawls are commonly 
used in bottom-trawl fisheries and have been widely used as sampling gears in coastal 
environments worldwide (Stokesbury et al., 1999; West, 2002; Petrakis et al., 2001). We were 
interested in developing a trawling gear for sampling prawns, crabs and juveniles of key, 
economically-important species of finfish. Our trawl nets (both the beam trawl and otter trawl) 
were based on a ‘Florida flyer’ design (Fig. 4). This is widely used in prawn-trawl fisheries in 
eastern Australia (Hughes, 1972) and is known to retain key species of fish and invertebrates 
(Liggins and Kennelly, 1996). Other trawl-net designs are used elsewhere (von Brandt, 1984), but 
we did not test them against the Florida flyer design. Our experiments in steps 1 and 2 of the 
Strategy involved either manipulating the vertical opening of the nets, the sizes of mesh used in the 
body and coded, or the time of day or length of time the trawl was towed. 
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Figure 3. An example of a continuous multi-mesh gill net with discrete connections between 

adjacent panels of different sizes of mesh. 
 
 
 
 
 

 
 
 
Figure 4. Design of a generic ‘Florida flyer” trawl net used in NSW. 
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4.3.3. Other gears 

We intended to follow the above strategy for a third type of gear (i.e., a beach-seine net). Sampling 
with haul nets is, however, considerably more time-consuming and labour-intensive than with gill 
nets or trawls, limiting the numbers of replicates that can be sampled in any given period. Our pilot 
work with gill nets and trawls revealed that among-replicate variability was large (requiring greater 
replication at this scale). Therefore, we decided not to develop a hauling net because, ultimately, 
this method would require additional staff (and therefore greater costs) and provide levels of 
replication that were likely to be inadequate. The Advisory Committee and project investigators 
also agreed that, before investing in additional sampling gears, it should first be demonstrated that 
the gears already examined in this project (i.e., the multi-mesh gill nets and beam trawl, see below) 
actually provide more reliable and cost-effective information than from fishery-dependent sources 
(see Chapter 8). 
 
In recent times, there has been an increasing use and promotion of non-destructive sampling gears, 
such as baited remote underwater video stations (BRUVS, e.g., Willis and Babcock, 2000). We 
also considered using these sorts of gears. Nevertheless, BRUVS (and other visual techniques such 
as diver surveys) are not commonly used in estuaries owing to the turbidity of water, causing poor 
visibility. Many taxa in estuaries also follow diel patterns and are more abundant at night, which 
precludes the use of some visual methods. 
 
A previous study in NSW showed that even in the lower reaches of an estuary, where visibility was 
relatively clear, BRUVS were only effective for sampling two species of fish (Ianna, 2004). In fact, 
studies of non-destructive methods, such as BRUVS, often conclude that it is necessary also to 
sample in concert with other gears (e.g., trawls, Cappo et al., 2004). Until there are significant 
advances in the technology of non-destructive methods (e.g., Didson SONAR), gears based on 
commercial fishing methods (as developed here) will continue to play an important role in 
sampling multi-species assemblages of fish and invertebrates in turbid, estuarine waters. 
Optimising gears and designs of sampling using the strategy outlined above can, however, reduce 
the numbers of organisms that are harmed or killed. 
 

4.4. Summary of experiments 

The experiments are summarised in Table 1. An initial experiment was done to identify a suitable 
multi-mesh gear (i.e., gill nets vs. trammel nets). For the trawling method, however, we simply 
identified otter trawls as being a suitable gear and proceeded to Step 2 of the strategy. After 
completing some initial experiments on the configuration of the otter trawl, we realised that 
sampling with this gear was difficult in shallow water. Further, either a commercial-sized vessel 
would be required to tow the gear in future, or we would have to scale down the gear. The 
scientific literature also discussed many problems of sampling with otter trawls: (i) catches of fish 
are often enhanced by the herding effects of the otter boards and rigging; and (ii) the horizontal 
opening of trawls can be highly variable (Gunderson and Ellis, 1986; Wardle, 1986). So, we 
decided not to proceed to Steps 3 and 4 of the strategy with the otter trawl. Instead, we decided that 
a large beam trawl would be a more suitable sampling gear (Step 1) because it overcame the 
problems of sampling with the otter trawl. We then completed the remaining steps in the strategy 
for the beam trawl. 
 
In most cases, manuscripts relating to each experiment have been published, or submitted to, peer-
reviewed scientific journals. Thus, the specific details of each experiment (i.e., the justification, 
materials and methods, analyses and results) are provided in these manuscripts, which are attached 
as appendices. For a small number of experiments, data have been analysed and interpreted, but 
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manuscripts are still in preparation. In these cases, a summary of each experiment (the hypotheses 
tested, what was done and the main findings) is also attached as an appendix. The remaining 
chapters of this report provide a brief summary of the main results of each experiment (Chapter 5), 
a general discussion (Chapter 6) and implications of the research (Chapters 7, 8, 9, 10).  
 
 
 
Table 1. Summary and location of experiments done for each type of gear during the 

project. TL = Tuggerah Lake; SGB = St Georges Basin; LM = Lake Macquarie; 
CR = Clarence River; HR = Hawkesbury River. Details of each experiment are 
found in the relevant appendix. 

 

Experiments Location Appendix

Multi-mesh nets   
1. Comparison of multi-mesh gill nets and trammel nets TL 6 
2. Multi-mesh gill nets: effects of soak and setting time and panel 

length 
TL 7 

3. Multi-mesh gill nets: spatial variation of fish fauna SGB, LM 8 
4. Multi-mesh gill nets: temporal variation of fish fauna SGB 9 
   

Trawls   
5. Otter trawl: effects of net height and diel period and tow 

duration 
CR, HR 5 

6. Beam trawl: effects of a codend cover and mesh size in the 
body and codend  

CR 10 

7. Beam trawl: effects of diel period and tow duration TL 11 
8. Beam trawl: spatial and temporal variation of fish fauna TL , LM 12 
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5. RESULTS 

Specific details of each experiment are in the relevant appendices. A general summary of the 
results of each experiment involving multi-mesh nets and the beam trawl (including a brief 
description of the experiment and hypotheses tested) is also provided below. Results are not 
summarised below for the preliminary experiments with otter trawls because we decided not to 
proceed with this gear (but details of the experiments are in Appendix 5). 
 

5.1. Multi-mesh nets 

5.1.1. Experiment 1. Comparison of multi-mesh gill nets and trammel nets 

The first experiment compared the utility and efficiency of multi-mesh gill nets and trammel nets. 
We tested the hypothesis that catches of fish would differ between net types and sizes of mesh (38, 
54, 70, 90, and 100 mm). Analyses showed no statistically significant differences between the two 
types of net in compositions and structures of assemblages, abundance, or diversity of catches. The 
two smallest sizes of mesh (i.e., 38 and 54 mm) captured significantly more fish and species than 
did the larger sized meshes and were important for capturing sub-adults and juveniles of some 
species. Greater precision of catch per unit effort, ease of use, and smaller sampling effort made the 
multimesh gillnet the superior method (see Gray et al., 2005 in Appendix 6). 
 

5.1.2. Experiment 2. Multi-mesh gill nets: effects of soak and setting times and panel 
lengths 

Having identified multi-mesh gill nets as a better sampling gear than trammel nets, experiments 
were done to determine the most appropriate configuration and soak (i.e., length of time the gear is 
fished) and setting (i.e., time of night the gear is deployed) times. We tested the hypotheses that 
catches of fish in multi-mesh gill nets were different among: (1) soak times (1, 3 and 6 hours); (2) 
setting times (18:00, 22:00 and 3:00) and; (3) panel lengths (20, 50 and 120 m). Univariate and 
multivariate analyses revealed that 20-m panels soaked for 1 h at any time of the night were 
optimal (in terms of catch obtained and efficiency of sampling) for sampling populations, 
assemblages and the sizes of most species caught. The benefits of short soak times and panels 
include greater replication, smaller costs, and the potential for lower fish mortality (see Rotherham 
et al., 2006 in Appendix 7). 
 

5.1.3. Experiment 3. Multi-mesh gill nets: spatial variation of fish fauna 

We examined patterns of variation of fish fauna sampled with multi-mesh gill nets at several spatial 
scales at two depths (shallow: < 2 m and deep: 4 – 8 m) in two large coastal lakes (Lake Macquarie 
and St Georges Basin). The design incorporated spatial scales including randomly-chosen zones 
(areas separated by 2 – 20 km) within estuaries, randomly-chosen sites separated by at least 1 km 
within each zone and replicate gill-nets separated by 50 – 100 m (Fig. 2). Abundances of fish were 
hypothesised to vary at each spatial scale. Depth-related differences were obvious in both lakes, 
with most species caught in greater numbers or proportions in shallow samples. There were also 
differences in the sizes of some species of fish caught between depths (e.g., shallow samples had 
greater proportions of small fish; deep samples had greater proportions of larger fish). Spatial 
variation was generally greatest at the smallest spatial scale (i.e., among replicate nets taken at a 
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particular site) and this pattern was consistent across species, depths and lakes. Variation was also 
generally larger among sites than zones. These results suggest that future sampling need not 
include the scale of zones, but more effort should be placed on sampling replicate nets and sites in 
these estuaries (see Gray et al., in press in Appendix 8). 
 

5.1.4. Experiment 4. Multi-mesh gill nets: temporal variation of fish fauna 

We examined variation of fish fauna across weeks, months and seasons, again at two depths, in a 
coastal lake (St Georges Basin). Sampling also included the spatial scale of sites (kms apart). Sites 
were sampled for two consecutive weeks, in two months in two consecutive ‘seasons’ (July – 
August, winter and October – November 2005, spring) to test the hypotheses that abundances of 
fish vary at each temporal scale. There were no consistent patterns of variation among the different 
temporal scales. The only consistent pattern across species in both deep and shallow habitats was 
that variation among replicates (which is spatial variation) was greater than any temporal scale. 
Thus, temporal variation was small compared to spatial variation. The structure and composition of 
assemblages differed between depths, with differences largely due to greater numbers and 
proportions of common species caught in shallow water. Some less-common species were, 
however, caught mainly at the deeper depth and contributed to differences in the composition of 
assemblages (see Appendix 9). 
 

5.2. Beam trawl 

5.2.1. Experiment 1: Effects of a codend cover and sizes of mesh in the body and codend 

The hypotheses tested were that catches of fish and crustaceans in the beam trawl would be 
affected by a codend cover and the sizes of mesh in the body (26 vs 41 mm) and codend (20 vs 29 
mm). The cover had no obvious effects on the catches retained in the codend. Similarly, in 
comparisons between trawl bodies made from 26- and 41-mm diamond-shaped mesh, there were no 
differences in the structures of assemblages of fish, nor the mean numbers entering the codends. 
The results also showed that, for most finfish, there were no differences in catches between 
codends made from 20- and 29-mm mesh hung on the bar (i.e., square-shaped mesh). In contrast, 
mesh size in the codend was important for the size selectivity of school prawns (Metapenaeus 
macleayi); with smaller carapace lengths at 50 % retention in the 20-mm codend. We concluded 
that using 41-mm mesh in the body and 20-mm square mesh in the codend of the beam trawl was 
appropriate for further sampling with this gear (see Rotherham et al., 2008a in Appendix 10). 
 

5.2.2. Experiment 2: Effects of diel period and tow duration 

The hypotheses tested were that diel period (day and night) and tow duration (5, 10 and 20 min) 
would affect samples of estuarine fauna caught in the beam trawl. Mean catch rates (numbers of 
fish caught 5 per min) were significantly larger at night for the total numbers of individuals and 
abundant, economically-important species of fish and invertebrates. Greater proportions of larger 
fish were also caught at night for some species, but not across all tow durations. Multivariate 
analyses detected dissimilarities in the composition and structure of assemblages between diel 
periods, which were associated with species caught predominantly, or in larger proportions, at 
night. Short tows (5 min) were more efficient than longer tows (10 or 20 min) for sampling the 
diversity of species. There were, however, no clear or consistent patterns relating to the effect of 
tow duration on the catch rates of other variables, the size ranges of abundant species, or the 
structure and composition of assemblages. In future, more cost-effective and reliable information 
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concerning these taxa would be achieved by sampling with the beam trawl at night using tow 
durations of 5 min (see Rotherham et al. 2008b in Appendix 11). 
 

5.2.3. Experiment 3: Spatial and temporal variation of fauna in the beam trawl 

The hypotheses tested were that: (i) spatial variation would be greater among replicates than sites; 
(ii) abundances and assemblages of fish and crustaceans would vary from night to night, week to 
week, month to month and season to season; and (iii) patterns of spatial and temporal variation 
would be consistent between estuaries. In Tuggerah Lake, spatial variation was generally greater 
among replicate trawls than among sites. There were, however, no general patterns of variation in 
Lake Macquarie; variation was greater among sites for some species and among replicates for 
others. Similarly, patterns of variation among different time-scales were not consistent between 
estuaries. In Tuggerah Lake, there was generally more variation among nights and weeks for most 
species. By comparison, in Lake Macquarie, variation was generally greater among seasons. The 
only consistent pattern was that spatial variation among replicates was generally greater than for 
any temporal scale examined (as for multi-mesh gill nets) (see Appendix 12). 
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6. DISCUSSION 

Assessing the status of fisheries resources and the success of managerial strategies designed to 
ensure their sustainability (i.e., adaptive management) requires quality scientific information. 
Often, however, data are available only from fishery-dependent sources, which are generally biased 
and imprecise. Fishery-independent surveys may overcome some of these problems. Nevertheless, 
similar biases and imprecision are also relevant to fishery-independent data if they are collected 
using poorly-developed gears and designs of sampling. Further, despite fishery-independent 
surveys being perceived as prohibitively expensive, it is surprising that few studies have actually 
examined the costs (or indeed the benefits) of such data (e.g., Kennelly, 1989; Kennelly et al. 
1993). 
 
Much has been written about the importance of doing pilot experiments to develop more reliable 
and cost-effective research surveys (e.g., Andrew and Mapstone, 1987; Underwood, 1997). Yet, 
there are few comprehensive or consistent examples of the necessary pilot work being done prior to 
the commencement of fishery-independent surveys – i.e., using a series of pilot studies to test 
hypotheses about the design and spatial and temporal deployment of sampling gears (e.g., 
Kennelly, 1989; Kennelly and Craig, 1989). Unfortunately, pilot work is often considered an 
unaffordable luxury, despite the potential long-term benefits of more robust and reliable data and 
savings of time and money. So, the process of ‘monitoring’ fisheries resources frequently proceeds 
in ad hoc and hypothesis-free ways, with little or no concern for the accuracy, precision or cost-
effectiveness of the data. 
 
The current project has completed the initial stages of the necessary pilot work to develop fishery-
independent surveys for the adaptive management of NSW’s estuarine fisheries. The research has 
used an experimental strategy to meet its objectives, which draws on key literature about surveys of 
fisheries resources (e.g., Gunderson, 1993) and the design and analyses of ecological experiments 
(e.g., Green, 1979; Andrew and Mapstone, 1987; Underwood, 1997). 
 

Objective 1 

The first objective of the project was to develop scientific sampling tools to catch the widest 
possible size-range and diversity of fish species. We have developed both static (multi-mesh gill 
nets) and towed (beam trawl) sampling gears. Together, these gears have sampled more than 60 
species of fish and invertebrates, including most taxa of key importance to local commercial 
fisheries. For example, the gears were effective at sampling 13 of the 19 (68%) most important 
species identified in the Estuary General Fishery Management Strategy (Table 2); 7 of the 10 
(70%) primary species and 6 of the 9 (67%) secondary species. The gears also sampled key 
recreational species (e.g., Tailor) and many taxa with little or no economic value, but which may be 
ecologically important (see species lists included in appendices 6 to 12). 
 
Key commercially-important species that were not generally caught by our gears included Mud 
crab, River eels, Pipis, Mulloway, Cockles and Beachworms (Table 2). Some of these species were 
not caught because they are associated with ocean beaches (e.g., pipis and beachworms). Other 
species (e.g., mud crabs) generally require the use of traps, which were not considered in this study 
(reasons for this are explained in section 4.3.3). Sampling of River eels also requires traps and 
other methods, which have been developed elsewhere (Silberschneider et al., 2001; Pease, 2004). 
Mulloway were not frequently caught in the beam trawl or multi-mesh gill nets because we did not 
test these gears in estuaries where the species is generally abundant (e.g., deeper riverine estuaries). 
We did, however, catch Mulloway in an otter trawl that was used in deeper areas of the 
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Hawkesbury River and Clarence River (which are large riverine estuaries). Thus, we would expect 
the beam trawl and gill nets to catch Mulloway if future sampling was done in this type of estuary. 
 
Although our gears caught fish and crustaceans across a wide range of sizes (in many cases from 
juveniles to adults), they were not developed for the purpose of sampling immediate post-
settlement fishes, or other small fauna, commonly associated with seagrass beds in the region. 
Much research has already been done on sampling assemblages of seagrass fauna in NSW (e.g., 
Ferrell and Bell, 1991; Gray et al., 1996) and appropriate methodologies, particularly for post-
larval recruits of economically-important species, have already been developed (Gray et al., 2000). 
 
 
Table 2. Species of primary and key secondary importance to the Estuary General Fishery 

(adapted from Table 11 in Anon, 2003a) and whether they were generally sampled 
by the gill net or beam trawl developed in this project. 

 
 

Common name Scientific name Primary or 
key 
secondary 

Sampled by the 
gill net or beam 
trawl 

Sea mullet Mugil cephalus Primary Yes 
Luderick Girella tricuspidata Primary Yes 
Yellowfin bream Acanthopagrus 

australis 
Primary Yes 

School prawn Metapenaeus macleayi Primary Yes 
Dusky flathead Platycephalus fuscus Primary Yes 
Eastern king prawn Melicertus plebejus Primary Yes 
Sand whiting Sillago ciliata Primary Yes 
Mud crab Scylla serrata Primary No 
River eels Anguilla spp. Primary No 
Pipis Donax deltoides Primary No 
Blue-swimmer crab Portunus pelagicus Key secondary Yes 
Greasyback prawn Metapenaeus 

bennettae 
Key secondary Yes 

Mulloway Argyrosomus japonicus Key secondary No 
Cockles various Key secondary No 
Beachworms various Key secondary No 
River garfish Hyporhamphus 

regularis 
Key secondary Yes 

Silver biddy Gerres subfasciatus Key secondary Yes 
Flat-tail mullet Liza argentea Key secondary Yes 
Trumpeter whiting Sillago maculata Key secondary Yes 

 
 
 
The second objective of the project was to use the gears developed in objective 1 to do pilot studies 
to determine the most cost-effective, optimal number of replicates, sites, locations and habitats to 
be sampled in and among estuaries. This was done using experiments incorporating hierarchical 
designs of sampling and nested analyses of variance (see Appendices 8, 9 and 12). These types of 
experiments provide information about variation at different scales and estimates of variances for 
cost-benefit analyses. 
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Cost-benefit analysis is an important component of experimental design because it allows 
allocation of resources (be it money, time or any other variable) in the most cost-effective manner 
to best capture variability at different scales (Underwood, 1997). For example, it can determine 
whether more effort should be put into sampling replicate nets, or different sites or zones in an 
estuary, or whether sampling times need to be separated by days, weeks or months to optimize 
measurements of temporal changes in species. It incorporates information about costs (in any 
“currency”) and variability in abundances (diversity, biomass or any other measurement) which is 
collected prior to the analysis in pilot experiments. Such procedures are well-known for univariate 
measures. Although they have been suggested to be useful for measurement of assemblages of 
species, it is not clear how the different species in an assemblage contribute to the optimal design, 
nor how well it will apply to different species in an assemblage. Thus, new procedures are needed 
to attempt to develop cost-benefit procedures to a multi-species fishery. Problems are aggravated 
when many species in the assemblage are extremely patchy and overdispersed among samples, 
leading to many negative components of variation. 
 
Some of these issues are resolved by post-hoc pooling, but robust methods for doing this are not 
available for multivariate analyses. As an example of the problems, consider analyses of the data 
from the experiment on spatial variation using gill nets in shallow water in Lake Macquarie (6 nets 
in each of 2 replicate sites in each of 3 zones; see Appendix 8). Of the 33 species caught, only 10 
were considered widespread or abundant enough to give meaningful cost-benefit analysis using 
current techniques. Of these, 3 produced negative components of variation for sites and 6 for zones, 
leaving only 1 species in the set of 33 which could yield sensible analyses for all scales. With 
respect to costs, there are added complications because multiple sites (or zones) cannot easily be 
sampled on the same night using gill nets because of the length of time nets need to soak, thus 
always confounding spatial with temporal variation. This problem was overcome in the study using 
beam trawls because 5-minute trawls were shown to sample the assemblage adequately. Thus, 
many trawls and sites could be completed on a single night. 
 
Cost-benefit analysis can be optimized by cost, or by minimizing variation around the estimate of 
the mean of the variable being measured. Although many species could not be analysed for reasons 
given above, analyses were possible for a number of taxa. Using a realistic cost-structure for 
sampling, effort could be allocated to, for example, replicate nets or sites (see Appendix 13), but 
two problems arose. First, the optimal design for any species varied among habitats (e.g., between 
shallow and deep sites in Lake Macquarie and St Georges Basin) and it varied among species 
within any one habitat (results of cost-benefit analyses are in Appendix 13). 
 
The second method of optimising this design minimises the SE around the mean. This method is 
better in this case because: (i) resources are adaptable to the needs of the fishery and (ii) decisions 
about changing managerial practices will be determined by differences in mean values from time to 
time. Unfortunately, to minimise these errors to match those suggested as important in plans of 
management, an impossibly large number of sites would need to be sampled (See tables in 
Appendix 13). 
 
Thus, in this part of the project alone, numerous problems have been identified that need the 
development of novel approaches. These include, but are not restricted to the need to: (i) optimise a 
design across multiple species, which have varying importance to the fishery and which have 
patterns of abundance that vary among habitats and estuaries; (ii) develop procedures which will 
weight the relative contributions of different species to develop a method that can be applicable 
across multiple species to provide a measure for the assemblage; (iii) if possible, reduce variance to 
get reasonable designs that are logistically possible. 
 
The above has specifically concentrated on the gill-net sampling in Lake Macquarie and St Georges 
Basin, but similar comments are applicable to the data obtained from the beam trawl sampling, so 
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will not be repeated here. These novel techniques will be developed over the next year. Although 
preliminary analyses have been done, the development of these techniques could not be completed 
earlier. First, they are dependent on the data that have only become available from this project 
because prior to the fully nested, rigorous designs used in this project, data were not available to 
allow anyone to address this problem. The identified problems are not due to the way that these 
data were collected, but reflect the variable and dynamic nature of these assemblages. They thus 
present a major challenge, but one that needs to be met if cost-effective sampling is to replace more 
ad hoc programmes in the future. The data are now available to develop such procedures, which are 
underway. 
 

Objective 3 

The third objective of the project was to use the results from objectives 1 and 2 to design an 
optimal sampling regime that will become the long-term, large-scale survey of the fish populations 
in NSW estuaries. Designing an overall sampling regime that is ‘optimal’ requires consideration of 
a number of different elements (which are covered by our experimental strategy – see Appendix 4). 
These include: (i) optimising the configuration of the sampling gear (i.e., its actual design) and its 
deployment (i.e., how and when the gear is used) so that samples of target species are optimal, 
representative and cost-efficient; (ii) identifying the relevant spatial and temporal scales that should 
be included in a survey; and (iii) optimising the numbers of replicates to be sampled with the gear 
at the relevant spatial and temporal scales. 
 
The results of our tool-development work (Objective 1) were used to optimise the configuration 
and deployment of the multi-mesh gillnet and the beam trawl (in terms of catch obtained and 
efficiency of sampling). For multi-mesh gillnets, we concluded that an optimal strategy for future 
sampling would be the use of 20 m panels and a soak time of 1 hour, at any time of the night (see 
Appendix 7). The benefits of using short panels and soak times in future surveys has been 
highlighted above and is discussed in Appendix 7. For the beam trawl, the optimal configuration of 
the net was 41 mm diamond-mesh in the body and 20 mm square-mesh in the codend (Appendix 
10). Sampling at night using a tow duration of 5 min was considered optimal for deployment of the 
beam trawl. The benefits of this strategy have also been highlighted above and in Appendix 11. 
 
Our pilot studies on spatial and temporal variation (Objective 2) identified the relevant scales to be 
included in a long-term, large-scale survey. A general pattern from these experiments was that 
variation among replicate gill-nets and trawls was large compared to variation at larger spatial 
scales (i.e., sites or zones within an estuary). Thus, future designs of sampling should not include 
the scale of ‘zones’ and more effort should be placed on sampling replicate nets (or trawls) and 
sites (see Appendix 8). 
 
A second important pattern (which was consistent between gears and depths; and among species 
and estuaries) was that temporal variation within a season was small compared to spatial variation). 
These results suggest that comparisons among different sites or estuaries sampled at different times 
within a season are unlikely to be confounded by short-term temporal variation i.e., any differences 
probably represent small-scale spatial variation, rather than temporal variation (see Appendix 12 
and 13). This is advantageous to the design of a large-scale and long-term survey because less 
effort would be required to sample replicate ‘times’ within a season. 
 
The small-scale spatial variation observed in our experiments is probably explained by a host of 
potential models (which were not tested here and remain speculative), including the schooling 
behaviour of many species of fish and the heterogeneity of the underlying substrate. Stratification 
of sampling into different habitats (to reduce variances) was extremely difficult for each gear 
because each replicate invariably covered a large area that often contained a mosaic of bare and 
vegetated habitats. Further, some species of seagrass (e.g., Zostera capricorni) die on a seasonal 
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basis, further exacerbating reliable stratification. For multi-mesh gill nets, we found the only 
reliable option was to stratify samples by depth, which subsequently revealed large differences in 
the abundances and sizes of fish, and the composition of assemblages between shallow (< 2 m) and 
deep (4 to 8 m) strata. So, future surveys should include both shallow and deep strata to obtain 
representative samples of fish populations and assemblages. 
 
Since beam trawls can damage vegetated habitats (although less so than otter trawls), sampling 
with this gear was mostly done in areas of predominantly bare sediment. Apart from the 
undesirable effect of damaging vegetation, trawling through beds of seagrass also results in the 
gear retaining large amounts of leaves; potentially affecting proper operation of the trawl and 
selectivity of its codend. Although different depth strata were sampled with the gill nets, this was 
not possible with the beam trawl because much of our pilot work was done in shallow (< 3-m deep) 
coastal lakes. Nevertheless, given the distinct differences in fish fauna between depth strata for gill 
nets, sampling shallow and deep strata (as candidates for standardising future surveys) is also likely 
to be required for the beam trawl in estuaries with deeper water (e.g., riverine systems). 
 
We have produced an optimal sampling regime in relation to the design and deployment of our 
sampling gears (i.e., so that samples are optimal, representative and cost-efficent); and identified 
the relevant spatial and temporal scales of sampling and strata (i.e., deep and shallow habitats) to be 
included in future surveys (see above). Given the results of our cost-benefit analyses and the 
problems identified above, however, it is clear that the optimal numbers of replicates to be sampled 
at each of the relevant spatial and temporal scales cannot yet be determined for all species and 
estuaries in NSW. Solving these problems remains a significant challenge for the future. In the 
meantime, we have identified an additional, crucial step that must be done before a large-scale, 
long-term fishery-independent survey is implemented in NSW. This step involves testing the 
hypothesis that fishery-independent data provides better information and leads to better 
management decisions than fishery-dependent data (see ‘Further Development’). 
 
Completing this next stage of research is not dependent on a generalized optimal design as 
relatively powerful experiments can be done to test the above hypothesis. The issue of optimal 
designs (i.e., in terms of the numbers of replicates) is more critical to implementing large-scale and 
long-term surveys, which need to be powerful and cost-effective (because of the need to sample 
many different estuaries). Once these challenges have been addressed we will be in a strong 
position to: (i) determine whether or not fishery-independent surveys really are a worthwhile 
investment for monitoring estuarine fisheries and biodiversity in NSW; and (ii) prescribe a general 
design that also incorporates optimal numbers of replicates at the important scales we have 
identified using the optimal configurations of gear and sampling practices already developed in this 
project. 
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7. BENEFITS 

This project has provided a general experimental strategy for developing fishery-independent 
sampling tools and designs (see Chapter 4). The strategy was presented at a local and at an 
international conference and published in a peer-reviewed scientific journal (Rotherham et al., 
2007), which should benefit researchers interested in developing more reliable and cost-effective 
surveys of fisheries resources. 
 
Using the strategy outlined above, we have developed and optimised two different types of gears 
for sampling estuarine fish and invertebrates in NSW (i.e., a multi-mesh gill and a beam trawl). We 
have also provided new data on spatial and temporal variation of estuarine fauna sampled with 
these gears. The main benefit of this work is that these sampling gears and data now provide an 
important basis for further research, which is necessary before any commitments are made to do 
large-scale and long-term fishery-independent surveys in estuaries of NSW. This includes the need 
to: (i) develop new procedures for multi-species cost-benefit analysis; and (ii) directly test the 
benefits of fishery-independent sampling against data from fishery-dependent sources for assessing 
and managing fisheries resources (see ‘Further Development’ below). Prior to this project, there 
were no properly-developed sampling gears or data to investigate these problems. 
 
Significant and long-term benefits to estuarine fisheries in NSW (and indeed Australia) and their 
stakeholders can only be realised if commitments are made to do the additional research that is now 
required (see below). This includes identifying the most cost-effective and reliable long-term 
sampling programmes (i.e., fishery-independent, fishery-dependent, or both) that should be 
invested in by NSW DPI for assessing and managing fisheries resources, biodiversity and the 
effects of natural and anthropogenic impacts in estuarine systems. This should also benefit other 
management agencies and jurisdictions in Australia. First, it will increase awareness about the need 
to do this type of research in order to allocate limited resources more carefully. Second, it will 
provide a framework for other agencies to do similar research. Ultimately, the more of this type of 
work that is done, the more that unreliable and unusable sources of information will be identified 
and discouraged. Indeed, if commonly-used sources of data are found to be unreliable for providing 
indicators of abundance and population structure, alternative strategies for assessing fisheries 
resources and biodiversity will need to be developed. 
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8. FURTHER DEVELOPMENT 

In the short-term, the data from this project will allow the development of new techniques to 
attempt to overcome the problems of optimising designs of sampling for multiple species (see 
‘Discussion’ above). In March 2007, the Advisory Committee for the project met to discuss 
specific directions for longer-term development. It was strongly agreed that before commitments 
are made to do large-scale and long-term surveys (or indeed to develop other types of sampling 
gears) of estuarine fisheries resources in NSW, research is urgently required to test the benefits of 
our fishery-independent methodologies against data from fishery-dependent sources. Because 
funding of future monitoring studies relies on the public purse, with cost-recovery from 
stakeholders, it is necessary to identify and support programs that will provide the most cost-
effective and reliable data. 
 
The primary benefit of fishery-independent surveys is that the data are less prone to biases and 
imprecision than is realistic for most fishery-dependent data – but how much better are the data 
than information already (or potentially) available from fishery-dependent sources? Do better data 
actually improve decision-making? Is there a sufficient marginal benefit to offset the extra 
expenditure? These questions can only be answered by doing research that also considers the 
managerial interpretation of the alternative sources of data. Therefore, before commencing large-
scale and long-term surveys, the crucial logical step is to compare our fishery-independent 
sampling strategy with data from both commercial and recreational fisheries. We have submitted a 
proposal to FRDC to do this essential research. The specific objectives of the proposed research are 
to: 
 

1. evaluate the effectiveness of a standardised fishery-independent sampling strategy 
compared with sources of fishery-dependent data (e.g., data from commercial and 
recreational fisheries) for assessing fisheries resources and biodiversity. 

 
2. investigate the extent to which fishery-independent data reduce uncertainty in the 

management of estuarine fisheries resources and lead to decisions that are more reliable 
and robust. 

 
3. examine the values of fishery-independent sampling for use across estuaries with different 

management regimes (e.g., estuaries open and closed to commercial and recreational 
fishing; marine parks) and for assessing the impacts of immediate environmental 
perturbations (e.g., floods, pollution) and those in the future (e.g., impacts of climatic 
change on the dynamics of populations of fish and diversity of fish assemblages). 

 
An experimental approach will be used to test the relative value of different sources of data for the 
assessment and management of estuarine fisheries resources and biodiversity in NSW. Fishery-
independent sampling tools developed in the present project would be implemented across a 
number of estuaries with different management regimes (i.e., open and closed to 
commercial/recreational fishing). Data from commercial and recreational fisheries would also be 
collected simultaneously in these estuaries (where available), requiring additional sampling to 
enhance existing port monitoring and creel surveys. The costs and benefits of each type of data and 
their managerial response could then be tested over equivalent spatial and temporal scales. This 
new research will provide a scientific basis for determining the most appropriate mix of fishery-
independent and –dependent data for improving the sustainability of fisheries resources and 
biodiversity in estuaries of NSW. 
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9. PLANNED OUTCOMES 

The key planned outcome for this project was ‘a large-scale, long-term data collection regime 
which will become the primary source of information used in NSW to manage our commercial and 
recreational estuarine fisheries’. We have successfully developed two types of gears for sampling 
estuarine fish and crustaceans in the most optimal, reliable and cost-effective way. We have also 
completed pilot experiments examining spatial and temporal variation of estuarine fauna sampled 
with these gears and performed cost-benefit analyses. Our research has, however, identified further 
challenges that need to be addressed before a large-scale and long-term survey can be finalised and 
implemented. First, populations and assemblages of fish and crustaceans sampled in this project 
were extremely variable at small spatial scales and among habitats and estuaries, making current 
univariate and multivariate cost-benefit procedures inappropriate. Thus, novel analytical techniques 
to optimise designs of sampling across multiple species are needed, and currently in development 
(see ‘Discussion’ above). 
 
Second, the planned outcome of this project relies on the hypothesis that fishery-independent 
surveys provide better data than from fishery-dependent sources – leading to better management of 
fisheries resources. There are, however, no data to test this hypothesis. Decisions concerning the 
appropriate mix of fishery-dependent and -independent data should not be based simply on 
pragmatic considerations and value judgments. Ideally, an experimental approach that directly 
compares the costs and benefits of each type of data and their management response, is required. 
This has not yet been done because in many cases appropriate fishery-independent sampling tools 
and designs have not yet been developed. The sampling tools developed in this project now provide 
an excellent (and rare) opportunity to test the relative value of different sources of data for the 
assessment of estuarine fisheries resources, before long-term (and possibly illogical) commitments 
to any additional sampling programs are made. 
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10. CONCLUSIONS 

This project has successfully developed procedures to use multi-mesh gill nets and a beam trawl as 
tools for sampling a wide size range and diversity of fish species in estuaries of NSW, in an 
optimal, reliable and cost-effective way (Objective 1). We also did pilot studies using these gears to 
identify important spatial and temporal scales of variation across different strata; and performed 
analyses to determine cost-effective and powerful levels of replication (Objective 2). The variable 
and dynamic nature of the populations and assemblages of fish and crustaceans measured in this 
project, however, meant that optimising designs of sampling across multiple species was not 
straightforward or appropriate using current analytical techniques. Thus, novel procedures (which 
are currently being developed) are required to analyse these data before optimal levels of 
replication for a long-term, large-scale survey (Objective 3) can be finalised. Further, we have 
identified a crucial step that must be completed if fishery-independent surveys are to become a 
primary source of information to assess the status of estuarine fisheries in NSW. This step involves 
demonstrating that such surveys actually provide better data and management outcomes, than data 
currently (or potentially) available solely from commercial and recreational fisheries. There is now 
an urgent requirement for methods to incorporate fishery-independent data into decision making 
and the costs and benefits of using such data. The relevant experiments must be done to provide a 
scientific basis for determining the most appropriate sources of data for improving the 
sustainability of fisheries resources and biodiversity in estuaries of NSW. 
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Appendix 4: Rotherham, D., Underwood, A.J., Chapman, M.G. and Gray, C.A. 2007. A 
strategy for developing scientific sampling tools for fishery-independent 
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Appendix 5: Johnson, D.D., Rotherham, D., Gray, C.A. 2008. Sampling estuarine fish and 
invertebrates using demersal otter trawls: effects of net height, tow duration 
and diel period. Fish. Res. 93: 315–323. 
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Appendix 6: Gray, C.A., Jones, M.V., Rotherham, D., Broadhurst, M.K., Johnson, D.D., 
Barnes, L.M., 2005. Utility and efficiency of multi-mesh gill nets and trammel 
nets for sampling assemblages and populations of estuarine fish. Mar. Freshw. 
Res. 56: 1077–1088. 
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Appendix 7: Rotherham, D., Gray, C.A., Broadhurst, M.K., Johnson, D.D., Barnes, L.M, 
Jones, M.V., 2006. Sampling estuarine fish using multi-mesh gill nets: Effects 
of panel length and soak and setting times. J. Exp. Mar. Biol. Ecol. 331: 226–
239. 
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Appendix 8: Gray, C.A., Rotherham, D., Chapman, M.G., Underwood, A.J., and Johnson, 
D.D. Spatial scales of variation of assemblages of fish in coastal lakes sampled 
with multi-mesh gillnets: Implications for designing research surveys. Fish. 
Res. In press. 
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Appendix 9: Summary of experiment 5: Temporal variation of fish fauna sampled with 
multi-mesh gill nets 

Aim 
To provide information on the need to sample at different temporal scales and provide data for 
cost-benefit analyses to determine optimal levels of replication for future surveys. 

Methods 

Design of sampling and gear 

We examined variation in populations and assemblages of estuarine fish across weeks, months and 
seasons, at two depths (shallow: < 2 m and deep: 4 – 8 m) in a coastal lake (St Georges Basin). 
Sampling also incorporated two spatial scales within the estuary: two sites 1 km apart nested in 
each of two zones (2 – 20 km apart; Fig 1) to measure temporal-spatial interactions and to provide 
greater generality. We did not attempt to measure variation among the nights sampled because it 
takes several nights (in this case 4) to sample all 4 sites across the two zones. Sites were sampled 
for two consecutive weeks, in two months in two consecutive ‘seasons’ (July – August, winter and 
October – November 2005, spring) to test the hypotheses that abundances of fish vary at each 
temporal scale. 
 
Each multi-mesh gillnet consisted of 7 individual, 20-m panels of different sizes of stretched mesh 
(36, 44, 54, 63, 76, 89 and 102 mm), connected together in a random order. Adjacent panels were 
separated by 5 m of rope to minimise the potential effect of the smaller-mesh panels ‘leading’ 
larger fish to adjacent larger-meshed panels. The 36- and 44-mm panels were made from 
monofilament netting with twine diameter of 0.15 mm; the remaining panels had multifilament 
netting with a twine diameter of 0.4 mm. All panels were 2 m deep and had a hanging ratio of E = 
0.5. 
 
Nets were bottom-set at dusk, left to soak for 1 hour and then retrieved (Rotherham et al., 2006). 
Catches in each net were then identified and counted; economically-important species of fish were 
measured for fork length (FL, to the nearest 0.5 cm). 

Analyses of data 

For frequently abundant species (occurring in >25 % of samples), we analysed 3 factors (seasons, 
months, weeks) separately for each site and depth using nested ANOVA and then extracted the 
components of variation (Underwood, 1997). Zones were not included in the model; instead, sites 
were treated as replicated experiments and analysed separately, giving 4 independent estimates of 
each component of variation. Multivariate components of variation were calculated for each of the 
different spatial scales using permutational multivariate analysis of variance (PERMANOVA; 
Anderson, 2001, 2005; Anderson and Millar, 2004). Components of variation were then averaged 
across the four sites. Negative components of variation were removed using pooling procedures 
(Fletcher and Underwood 2002). 
 
Differences in assemblages between deep and shallow habitats were examined using multivariate 
analyses done on Bray-Curtis dissimilarity matrices. Centroids were calculated from the 6 replicate 
gill-nets in each depth for each sampling time. Analyses were done using: (i) untransformed 
abundance data (to test if the abundance of assemblages differed); (ii) standardised, untransformed 
abundance data (to test if assemblages were sampled in similar proportions); and (iii) 
presence/absence data (to test if the species composition of assemblages and frequencies of 
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occurrence of the different taxa differed). Analyses of similarity (ANOSIM; Clarke, 1993) tested 
the hypothesis that assemblages differed between depths. The SIMPER procedure was used to 
identify species that contributed to differences between assemblages (Clarke, 1993). Non-metric 
multidimensional scaling (nMDS) was used to display multivariate patterns of data. 
 
Size-frequency distributions of abundant, economically-important species (> 50 individuals in both 
shallow and deep samples pooled across sampling times) were compared between depths in each 
lake using Kolmogorov-Smirnov (K-S) tests. Analyses were done for A. australis, G. subfasciatus, 
G. triscuspidata, H. castelnaui, L. argentea, M. cephalus, P. dentex, P. fuscus, P. saltatrix, R. 
sarba, S. ciliata, S. maculata. 

Main results 
A total of 13 484 fish and invertebrates from more than 38 species were sampled during the 
experiment. More individuals and species were caught in the shallow (8807 individuals from 36 
species) than in the deep (4677 individuals from 28 species). Twenty six species were caught in 
both depths; ten species were caught only in shallow and 2 species only in the deep. 
 
For most analyses, components of variation were negative at one or more scales; most frequently at 
the scales of weeks and months (Table 2). Therefore, the data were pooled as 4 times of sampling 
in each season and re-analysed (Table 3). Components of variation for species at deep sites were 
generally larger for seasons than for times within seasons. This pattern was, however, not 
consistent for the shallow sites. The only consistent pattern across both depths was that the residual 
variation (which is a spatial component) was greater than any temporal scale for every species 
(Table 3). 
 
There were significant differences (ANOSIM, p<0.05) in the abundance, structure and composition 
of assemblages between shallow and deep water, which were obvious in nMDS ordinations (an 
example is shown in Fig 2 for the presence/absence data only). Differences were primarily driven 
by species that were caught in greater numbers (abundance data), proportions (standardised data) or 
more frequently (presence/absence data), in shallow water (e.g., Sillago ciliata, Gerres 
subfasciatus, Girella tricuspidata, Herklotsichthys castelnaui, Mugil cephalus, Myxus elongatus, 
Table 4). Some taxa were, however, caught predominantly, or in larger numbers and proportions in 
deep water (Table 4, e.g., Acanthopagrus australis, Pomotomus saltatrix, Sillago maculata, 
Chelidonicthys kumu, Pagrus auratus, Pseudocaranx dentex). 
 
K-S tests detected significant differences in the size-frequencies of most species between depths 
(Table 5). In general, greater proportions of smaller individuals of many species were caught in 
shallow depths (Fig. 3). By comparison, greater proportions of larger individuals were caught in the 
deep strata (Fig. 3). 

Main conclusions 
Fishery-independent surveys are often time-consuming, labour-intensive and expensive. Because of 
these limitations, multiple sites and estuaries often cannot be sampled on the same night, or even 
the same week. Therefore, any spatial comparisons are potentially confounded by time because 
most sites (and estuaries) are sampled on different nights (or in different weeks). Here, for most 
species, temporal variation was small compared to spatial variation. So, as long as several sites 
within an estuary are sampled within a season, it is reasonable to interpret observed differences 
among sites as representing spatial rather than temporal variation. Further research is, however, 
needed to test whether similar patterns are observed over temporal scales longer than a few months.  
 
There were differences in the structure and composition of assemblages and sizes of key species 
between deep and shallow water. Thus, in future studies, sampling across these depth strata would 
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be necessary to ensure that sampling is representative of the underlying populations and 
assemblages. 
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Table 1. Total numbers of individuals of the 20 most abundant species sampled in multi-
mesh gillnets in shallow and deep strata in St Georges Basin. % = percent 
contribution to the total numbers. 

 
 No. %  No. % 
Shallow   Deep   

Sillago ciliatia 2048 23.25 Sillago ciliatia 954 20.40 
Gerres subfasciatus 1448 16.44 Gerres subfasciatus 624 13.34 
Girella tricuspidata 757 8.60 Girella tricuspidata 504 10.78 
Herklotsichthys castelnaui 669 7.60 Herklotsichthys 

castelnaui 
474 10.13 

Myxus elongatus 655 7.44 Acanthopagrus australis 443 9.47 
Platycephalus fuscus 648 7.36 Pomatomus saltatrix 288 6.16 
Liza argentea 603 6.85 Rhabdosargus sarba 229 4.90 
Mugil cephalus 530 6.02 Sillago maculata 211 4.51 
Pomatomus saltatrix 260 2.95 Platycephalus fuscus 200 4.28 
Acanthopagrus australis 231 2.62 Mugil cephalus 184 3.93 
Pelates sexlineatus 229 2.60 Pseudocaranx dentex 181 3.87 
Rhabdosargus sarba 224 2.54 Liza argentea 155 3.31 
Pseudocaranx dentex 167 1.90 Pagrus auratus 58 1.24 
Sillago maculata 117 1.33 Chelidonicthys kumu 36 0.77 
Meuschenia trachylepis 60 0.68 Dasyatis thetis 25 0.53 
Monodactylus argenteus 36 0.41 Myxus elongatus 23 0.49 
Monacanthus. chinensis 36 0.41 Pelates sexlineatus 19 0.41 
Dasyatis thetis 25 0.28 Trachurus 

novaezelandiae 
15 0.32 

Portunus pelagicus 17 0.19 Synaptura nigra 14 0.30 
Sphyraena obtusata 7 0.08 Portunus pelagicus 12 0.26 
All other 15 spp. 40 0.45 All other 8 spp. 28 0.60 
      
Total 8807 100 Total 4677 100 

 
 



 

FRDC Project No. 2002/059  87 

Table 2. Components of variation calculated from mean squares in ANOVA for abundant species caught in deep (D) and shallow (S) habitats. 
Temporal scales are seasons (S), months (M) and weeks (W). 

 

 

  D S D S D S 
A. australis S 1.36 0.09 G. subfasciatus S -0.39 35.56 G. tricuspidata S 0.13 10.77 
 M (S) -0.39 0.18  M (S) -1.45 0.42  M (S) 0.14 3.47 
 W (M, S) 0.50 0.00  W (M, S) 8.16 14.02  W (M, S) 3.78 1.37 
 Res 4.39 2.62  Res 18.60 43.22  Res 9.40 27.67 

H. castelnaui S 27.04 59.75 C. kumu S 0.17 na L. argentea S 2.47 -5.70 
 M (S) -7.86 14.10  M (S) -0.11 na  M (S) 1.23 0.54 
 W (M, S) 12.62 35.09  W (M, S) 0.05 na  W (M, S) -1.06 20.85 

 Res 36.20 
345.9

8
 Res 1.10 na  Res 15.43 32.90 

M. cephalus S 4.80 7.69 M. elongatus S na 3.58 M. trachylepis S na 0.00 
 M (S) -0.19 -1.58  M (S) na 0.38  M (S) na -0.01 
 W (M, S) -0.13 3.33  W (M, S) na 1.63  W (M, S) na -0.01 
 Res 5.02 7.38  Res na 13.32  Res na 0.31 

P. auratus S 1.43 na P. dentex S 1.03 -0.36 P. fuscus S -0.19 1.46 
 M (S) -0.08 na  M (S) -0.01 1.03  M (S) 1.72 -0.47 
 W (M, S) -0.08 na  W (M, S) 0.53 -0.11  W (M, S) 0.27 0.89 
 Res 2.18 na  Res 1.74 3.59  Res 1.37 5.78 

P. saltatrix S 0.13 0.46 P. sexlineatus S na 0.17 R. sarba S 0.42 0.48 
 M (S) -0.16 -1.29  M (S) na 0.57  M (S) -0.26 0.55 
 W (M, S) 0.75 3.24  W (M, S) na -2.21  W (M, S) 0.29 0.26 
 Res 3.83 3.48  Res na 33.39  Res 6.25 2.82 

S. ciliata S 7.01 -4.58 S. maculata S -0.26 0.60 Multivariate S 571.62 590.87 
 M (S) -5.84 -1.34  M (S) 0.54 0.12  M (S) 16.11 37.69 
 W (M, S) 16.59 6.65  W (M, S) 0.56 0.17  W (M, S) 468.30 223.01 

 Res 17.40 90.13  Res 2.43 2.07  Res 
1560.9

0
1408.3

0 
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Table 3. Components of variation calculated from mean squares in ANOVA for abundant species caught in deep (D) and shallow (S) habitats. Months 
and weeks were pooled as 4 times (T) of sampling within each season (S) because of negative estimates of variance. 

 
  D S    D S    D S 
A. australis S 1.23 0.15  G. subfasciatus S 0.70 35.70  G. tricuspidata S 0.17 11.93 
 T (S) 0.24 0.13   T (S) 6.30 14.30   T (S) 3.87 3.68 
 Res 4.39 2.62   Res 18.60 43.22   Res 9.40 27.67 

H. castelnaui S 24.42 64.45  C. kumu S 0.13 na  L. argentea S 2.85 0.39 
 T (S) 7.39 44.49   T (S) 0.00 na   T (S) 0.23 17.83 
 Res 36.20 345.98   Res 1.08 na   Res 15.03 32.90 

M. cephalus S 4.77 7.17  M. elongatus S na 3.70  M. trachylepis S na 16.07 
 T (S) 0.60 2.28   T (S) na 1.89   T (S) na 0.00 
 Res 5.53 7.38   Res na 13.32   Res na 45.71 

P. auratus S 1.37 na  P. dentex S 1.03 0.01  P. fuscus S 0.39 1.31 
 T (S) 0.00 na   T (S) 0.52 0.57   T (S) 1.42 0.58 
 Res 2.08 na   Res 1.74 3.58   Res 1.37 5.78 

P. saltatrix S 0.08 0.04  P. sexlineatus S na 0.71  R. sarba S 0.33 0.66 
 T (S) 0.64 2.38   T (S) na 0.00   T (S) 0.11 0.62 
 Res 3.83 3.48   Res na 31.96   Res 6.25 2.82 

S. ciliata S 5.07 0.00  S. maculata S 0.16 0.64  Multivariate S 576.99 603.43 
 T (S) 12.70 6.52   T (S) 0.79 0.24   T (S) 479.03 248.14 
 Res 17.40 87.37   Res 2.42 2.07   Res 1560.90 1408.30 
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Table 4. Results of SIMPER analyses. Average abundance of species contributing to 
differences in assemblages of fish fauna between shallow and deep strata for a) raw 
abundance data; b) standardised abundance data (proportions); and c) 
presence/absence data. Species are listed in order of their contribution to the 
average dissimilarity (Av. Diss) between the two groups at a cumulative cut-off of 
80%. 

 
 Shallow Deep    

Species 
Av. 

Abund 
Av. 

Abund 
Av. 

Diss Contrib% 
Cum. 

% 

a) raw abundance data      
Sillago ciliatia 10.67 4.97 13.05 20.26 20.26 
Gerres subfasciatus 7.54 3.25 9.00 13.97 34.23 
Herklotsichthys castelnaui 3.48 2.47 6.31 9.80 44.03 
Girella tricuspidata 3.94 2.62 4.93 7.66 51.69 
Myxus elongatus 3.41 0.12 4.66 7.23 58.92 
Liza argentea 3.14 0.81 4.42 6.86 65.78 
Platycephalus fuscus 3.37 1.04 4.38 6.80 72.57 
Mugil cephalus 2.76 0.96 3.94 6.12 78.69 
Acanthopagrus australis 1.2 2.31 2.52 3.91 82.60 

b) standardised abundance data (proportions) 
Sillago ciliatia 10.67 4.97 9.38 15.89 15.89 
Gerres subfasciatus 7.54 3.25 6.49 11.01 26.90 
Girella tricuspidata 3.94 2.62 5.80 9.84 36.74 
Herklotsichthys castelnaui 3.48 2.47 5.57 9.44 46.18 
Acanthopagrus australis 1.2 2.31 5.24 8.88 55.05 
Mugil cephalus 2.76 0.96 3.61 6.13 61.18 
Myxus elongatus 3.41 0.12 3.43 5.81 66.99 
Liza argentea 3.14 0.81 3.42 5.80 72.79 
Platycephalus fuscus 3.37 1.04 3.37 5.71 78.50 
Pomatomus saltatrix 1.35 1.5 2.70 5.58 83.08 

c) Presence/absence data 
Meuschenia trachylepis 0.31 0.03 2.60 8.30 8.30 
Myxus elongatus 3.41 0.12 2.28 15.58 15.58 
Pelates sexlineatus 1.19 0.10 2.13 22.37 22.37 
Mugil cephalus 2.76 0.96 1.78 28.06 28.06 
Monacanthus chinensis 0.19 0.02 1.78 33.74 33.74 
Herklotsichthys castelnaui 3.48 2.47 1.76 39.36 39.36 
Liza argentea 3.14 0.81 1.75 44.95 44.95 
Chelidonicthys kumu 0.01 0.19 1.60 50.05 50.05 
Pagrus auratus 0.01 0.30 1.57 55.06 55.06 
Pseudocaranx dentex 0.87 0.94 1.41 59.55 59.55 
Sillago maculata 0.61 1.10 1.34 63.81 63.81 
Dasyatis thetis 0.13 0.13 1.28 67.91 67.91 
Synaptura nigra 0.03 0.07 1.28 72.00 72.00 
Portunus pelagicus 0.09 0.06 1.11 75.33 75.53 
Rhabdosargus sarba 1.17 1.19 0.88 78.35 78.35 
Cnidoglanis macrocephalus 0.03 0.04 0.88 81.15 81.15 
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Table 5. Results of Kolmogorov-Smirnov tests (D values shown) for differences in the size 
frequency distributions of abundant species between deep and shallow habitats. 
*P<0.05; **P<0.01; ***P<0.001. 

 
Species Deep vs. Shallow 

 D P 

Acanthopagrus australis 0.233 *** 
Gerres subfasciatus 0.232 *** 
Girella. triscuspidata 0.217 *** 
Herklotsichthys castelnaui 0.301 *** 
Liza argentea 0.152 ** 
Mugil cephalus 0.138 * 
Pseudocaranx dentex 0.2 ** 
Platycephalus fuscus 0.126 * 
Pomatomus saltatrix 0.218 *** 
Rhabdosargus sarba 0.307 *** 
Sillago ciliatia 0.267 *** 
Sillago maculata 0.128 ns 

 



 Appendices 91 

Developing fishery-independent surveys  Project No. 2002/059 

 
 
Figure 1. Diagrammatic representation of the design of the experiment 
 

Stress: 0.2

 
 
Figure 2. Two-dimensional nMDS plot of presence/absence data showing relationships 

between assemblages of fish sampled in deep (dark circles) and shallow (light 
circles) habitats with multi-mesh gill nets. 
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Figure 3. Size-frequency distributions of abundant economically-important species caught in 

deep and shallow habitats with multi-mesh gill nets. Data are pooled across sites 
and sampling times. 
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Appendix 10: Rotherham, D., Broadhurst, M.K., Gray, C.A. and Johnson, D.D. 2008. 
Developing a beam trawl for sampling estuarine fish and crustaceans: 
Assessment of a codend cover and effects of different sizes of mesh in the body 
and codend. ICES J. Mar. Sci. 65: 687–696. 
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Appendix 11: Rotherham, D., Gray, C.A., Johnson, D.D. and Lokys, P. 2008. Effects of diel 
period and tow duration on estuarine fauna sampled with a beam trawl over 
bare sediment. Consequences for designing more reliable and efficient 
surveys. Est. Coast. Shelf Sci. 78: 179–189. 
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Appendix 12: Summary of experiment 8: Spatial and temporal variation of fish fauna 
sampled with a beam trawl. 
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Summary of experiment 8: Spatial and temporal variation of fish fauna sampled with a beam 
trawl 

Aim 
To investigate spatial and temporal patterns of variation in the abundance of estuarine fish and 
crustaceans sampled with an experimental beam trawl. The hypotheses tested were that: (1) most 
spatial variation in abundance is at the smallest scale (replicate tows); (2) abundances of fish and 
crustaceans vary from night to night, week to week, month to month and season to season; and (3) 
patterns of spatial and temporal variation are consistent between estuaries. 

Methods 

Design of experiment and gear 

The experiment was done in two estuaries (Tuggerah Lake and Lake Macquarie). These estuaries 
we selected because they are relatively close together; allowing sampling to be done during the 
same time periods. Sampling was done at three sites (separated by kilometres) within each estuary. 
Two nights were sampled within each of two weeks, within each of two months, within each of two 
seasons (see Fig. 1). Nights and weeks were sampled at random within each month and season to 
remove any potential effects of moon phase and to minimise any possible non-independence 
among nights and weeks. Given that there are generally no sites deeper than 4 m in Tuggerah Lake, 
sampling was not stratified into deep and shallow. Sites deeper than 4m exist in Lake Macquarie, 
but we only sampled areas < 4 m in depth to facilitate comparisons with Tuggerah Lake. 
 
Sampling was done at night using a beam trawl (horizontal opening of 3m) configured with 41-mm 
diamond-shaped mesh in the body and 20-mm mesh hung on the bar (i.e., squared shaped; bar 
length of 10mm) in the codend (see Appendix 10). On each night of sampling, 6 replicate tows of 
the beam trawl (5 min duration; see appendix x) were done at each site for a total of 18 trawls. The 
beam trawl was towed at speeds of about 1.2 ms-1. 
 
After each replicate tow was completed, the contents of the codend were emptied onto a tray and 
sorted by species. Collection of data included: the total numbers of individuals of each species; and 
the sizes of economically-important finfish (fork length – FL to the nearest 0.5 cm), crabs (carapace 
width to the nearest mm) and prawns (carapace length – CL to the nearest mm). 

Analyses of data 

For each estuary separately, we analysed variation among sites and replicates for each night of 
sampling using nested ANOVA and then calculated the components of variation (Underwood, 
1997). For species that were found in more than 25% of samples on each night, this gave 16 
independent estimates of variation among these spatial scales (i.e., 2 nights x 2 weeks x 2 months x 
2 seasons = 16 times of sampling). Components of variation for spatial scale were then averaged 
across the times of sampling.  
 
Variation among nights, weeks, months and seasons was also analysed for frequently abundant 
species (occurring in more than 25% of samples) using nested ANOVA. Components of variation 
calculated from mean square estimates. This was done separately for each site and estuary, 
providing 3 independent estimates of the components of variation, which were then averaged 
across sites. Negative components of variation were removed using pooling procedures (Fletcher 
and Underwood 2002). 
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Multivariate components of variation were also calculated for each of the different spatial and 
temporal scales using permutational multivariate analysis of variance (PERMANOVA; Anderson, 
2001, 2005; Anderson and Millar, 2004). 

Main results 
A total of 46 113 fish and invertebrates from more than 45 species were caught in the experiment. 
More individuals and species were caught in Tuggerah Lake (31 032 individuals from more than 40 
species) than in Lake Macquarie (15 081 individuals from 32 species). More than 27 species were 
caught in both estuaries; 13 species were caught only in Tuggerah Lake and 5 species only in Lake 
Macquarie. 

Spatial variation 

In Tuggerah Lake, for most species there was a general pattern of more variation among replicates 
than among sites (Table 1). There were, however, no general patterns of variation in Lake 
Macquarie; variation was greater among sites for some species and among replicates for others 
(Table 2). These results suggest that the scales of sites and replicates need to be incorporated into 
future sampling because patterns of variation are not consistent even between estuaries that are 
close together. 

Temporal variation 

Patterns of temporal variation were not consistent between estuaries. In Tuggerah Lake, there was 
generally more variation among nights and weeks for most species Table 3). In Lake Macquarie, 
however, variation was often greater among seasons than among months, weeks or nights (Table 
4). For most species across both estuaries, temporal variance was generally small compared to 
spatial variation among replicates (residual variance). 
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Table 1. Total numbers of individuals of the 20 most abundant species sampled in a beam 
trawl in Tuggerah Lake and Lake Macquarie. % = percent contribution to the total 
numbers. 

 
 No. %   No. % 
Tuggerah Lake   Lake Macquarie   

Gerres subfasciatus 12 538 40.40 Metapenaeus bennettae 5319 35.27 
Metapenaeus bennettae 5292 17.05 Gerres subfasciatus 3923 26.01 
Penaeus plebejus 2740 8.83 Ambassid spp. 2754 18.26 
Pseudorhombus jenynsii 2432 7.84 Metapenaeus macleayi 1125 7.46 
Acanthopagrus australis 1911 6.16 Sillago maculata 603 4.00 
Pelates sexlineatus 1808 5.83 Apogon spp. 554 3.67 
Metapenaeus macleayi 1568 5.05 Pelates sexlineatus 240 1.59 
Rhabdosargus sarba 794 2.56 Acanthopagrus australis 135 0.90 
Sillago maculata 693 2.23 Loligo spp. 87 0.58 
Ambassid spp. 303 0.98 Pomatomus saltatrix 56 0.37 
Loligo spp. 239 0.77 Pseudorhombus arsius 47 0.31 
Herklotsichthys castelnaui 106 0.34 Hyperlophus vittatus 36 0.24 
Synaptura nigra 100 0.32 Siganus fuscescens 34 0.23 
Platycephalus fuscus 73 0.24 Herklotsichthys castelnaui 33 0.22 
Hyporhamphus regularis 65 0.21 Portunus pelagicus 27 0.18 
Portunus pelagicus 60 0.19 Penaeus plebejus 25 0.17 
Centropogon australis 43 0.14 Pagrus auratus 18 0.12 
Pomatomus saltatrix 42 0.14 Monacanthus. chinensis 13 0.09 
glassy 40 0.13 Pseudorhombus jenynsii 9 0.06 
Cnidoglanis macrocephalus 34 0.11 Atherinosoma microstoma 7 0.05 
All other 20 spp. 151 0.48 All other 12 spp. 36 0.22 
      
Total 31032 100 Total 15081 100 
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Table 2. Components of spatial variation calculated from mean squares in ANOVA for abundant species in Tuggerah Lake. Spatial scales are Sites and 
replicates (Res). 

 
A. australis Sites 9.02  A. jacksoniensis Sites 1.06  C. macrocephalus Sites 0.14 
 Res 10.93   Res 3.56   Res 0.67 
           
G. subfasciatus Sites 310.11  H. castelnaui Sites 0.45  H. regularis Sites 0.02 
 Res 364.47   Res 1.00   Res 0.38 
           
Loligo spp. Sites 0.34  M. bennettae Sites 154.37  M. macleayi Sites 8.97 
 Res 2.22   Res 152.64   Res 14.44 
           
P. fuscus Sites 0.00  P. jenynsii Sites 50.95  P. pelagicus Sites 0.03 
 Res 0.40   Res 34.98   Res 0.52 
           
P. plebejus Sites 22.44  P. saltatrix Sites 0.08  P. sexlineatus Sites 17.54 
 Res 36.81   Res 0.43   Res 12.77 
           
R. sarba Sites 2.13  S. maculata Sites 1.35  S. nigra Sites 0.02 
 Res 3.60   Res 2.88   Res 0.47 
           
Multivariate Sites 388.12         
 Res 478.26         
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Table 3. Components of spatial variation calculated from mean squares in ANOVA for abundant species in Lake Macquarie. Spatial scales are sites and 
replicates (Res). 

 
 

A. australis Sites 0.16  A. jacksoniensis Sites 102.67  Apogon spp. Sites 13.03 
 Res 0.51   Res 56.61   Res 11.29 
           
G. subfasciatus Sites 411.33  H. vittatus Sites 0.00  Loligo spp. Sites 0.07 
 Res 241.61   Res 3.52   Res 1.22 
           
M. bennettae Sites 513.99  M. macleayi Sites 479.00  P. arsius Sites 0.03 
 Res 280.39   Res 332.30   Res 0.29 
           
P. auratus Sites 0.53  P. pelagicus Sites 0.13  P. sexlineatus Sites 1.11 
 Res 0.36   Res 0.12   Res 9.45 
           
S. fuscescens Sites 3.38  S. maculata Sites 1.92  Multivariate Sites 1032.04 
 Res 5.12   Res 3.02   Res 1231.49 
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Table 4. Components of temporal variation calculated from mean squares in ANOVA for abundant species caught in Tuggerah Lake. Temporal scales 
are seasons (S), months (M) nested in seasons, weeks (W) nested in months and seasons, and nights (N) nested in weeks, months and seasons. 

 
A. australis S 1.06  A. jacksoniensis S 0.96  G. subfasciatus S 55.73 
 M (S) 0.00   M (S) 0.14   M (S) 55.72 
 W (M, S) 2.02   W (M, S) 0.57   W (M, S) 10.54 
 N (W, M, S) 1.94   N (W, M, S) 0.11   N (W, M, S) 285.16 
 Res 10.93   Res 2.28   Res 359.22 

H. castelnaui S 0.01  H. regularis S 0.02  Loligo spp. S 0.28 
 M (S) 0.00   M (S) 0.02   M (S) 0.01 
 W (M, S) 0.04   W (M, S) 0.00   W (M, S) 0.01 
 N (W, M, S) 0.05   N (W, M, S) 0.26   N (W, M, S) 0.16 
 Res 0.56   Res 0.19   Res 1.76 

M. bennettae S 11.08  M. macleayi S 1.40  P. fuscus S 0.00 
 M (S) 49.80   M (S) 0.40   M (S) 0.00 
 W (M, S) 159.06   W (M, S) 5.28   W (M, S) 0.05 
 N (W, M, S) 47.57   N (W, M, S) 5.91   N (W, M, S) 0.00 
 Res 152.64   Res 14.44   Res 0.31 

P. jenynsii S 12.11  P. plebejus S 4.10  R. sarba S 0.00 
 M (S) 25.96   M (S) 7.38   M (S) 0.02 
 W (M, S) 6.35   W (M, S) 10.51   W (M, S) 1.04 
 N (W, M, S) 24.94   N (W, M, S) 14.21   N (W, M, S) 0.26 
 Res 34.98   Res 35.43   Res 3.57 

S. nigra S 0.01  Multivariate S 70.95     
 M (S) 0.00   M (S) 171.95     
 W (M, S) 0.02   W (M, S) 163.01     
 N (W, M, S) 0.00   N (W, M, S) 220.83     
 Res 0.44   Res 478.26     
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Table 5. Components of temporal variation calculated from mean squares in ANOVA for abundant species caught in Lake Macquarie. Temporal scales 
are seasons (S), months (M) nested in seasons, weeks (W) nested in months and seasons, and nights (N) nested in weeks, months and seasons. 

 
A. australis S 0.00  A. jacksoniensis S 103.11  G. subfasciatus S 119.25 
 M (S) 0.04   M (S) 15.31   M (S) 181.61 
 W (M, S) 0.00   W (M, S) 6.70   W (M, S) 37.86 
 N (W, M, S) 0.05   N (W, M, S) 35.18   N (W, M, S) 78.40 
 Res 0.62   Res 56.22   Res 241.61 
           
M. bennettae S 298.54  Apogon spp. S 13.12  P. saltatrix S 0.00 
 M (S) 0.00   M (S) 0.00   M (S) 0.00 
 W (M, S) 85.77   W (M, S) 5.18   W (M, S) 0.00 
 N (W, M, S) 91.33   N (W, M, S) 0.51   N (W, M, S) 0.09 
 Res 280.39   Res 8.48   Res 0.52 
           
S. maculata S 0.56  P. sexlineatus S 0.46  Multivariate S 793.66 
 M (S) 0.08   M (S) 0.00   M (S) 137.10 
 W (M, S) 0.01   W (M, S) 0.29   W (M, S) 192.54 
 N (W, M, S) 0.80   N (W, M, S) 0.27   N (W, M, S) 319.10 
 Res 3.02   Res 8.18   Res 1234.97 
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Appendix 13: Summaries of the spatial cost-benefit analyses for multi-mesh gill nets and 
beam trawl. 
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Table 1. Summary of cost-benefit analyses for abundant species caught in multi-mesh gill nets in Lake Macquarie. θ2
e = variance due to replicate nets; 

θ2
S = variance due to sites; cost of a deep replicate = 40 min; cost of a shallow replicate = 50 min; cost of a site = 480 min; limiting cost = 

2400 min (5 nights, 1 site per night). N = optimal number of replicate gill nets; B = optimal number of replicate sites; B10% = number of sites 
required to detect changes of 10% of the mean; B30% = number of sites required to detect changes of 30% of the mean. See Underwood (1997) 
for cost-benefit formulae. Actual replication = 6 replicate gill nets at each of 6 replicate sites. 

 
 

Lake Macquarie          

Species θ2
e θ2

S N B Mean B10% B30 % 

Estimated SE 
using optimal 

replication 
(% of mean) 

Estimated SE 
using actual 

replication 
(% of mean) 

Deep          
Gerres subfasciatus (Silver biddy) 74.99 21.27 6.50 3.24 8.03 50.90 5.66 39.62 29.55 
Acanthopagrus australis (Yellowfin bream) 4.73 0.03 43.50 1.08 1.61 5.35 0.59 22.24 22.92 
Platycephalus fuscus (Dusky flathead) 0.44 0.23 4.80 3.57 0.39 214.29 23.81 77.46 58.03 
Liza argentea (Flat-tail mullet) 2.19 0.85 5.57 3.41 0.67 278.82 30.98 90.36 67.39 
Pomatomus saltarix (Tailor) 5.29 2.48 5.06 3.52 1.89 98.81 10.98 53.00 39.63 
Rhabdosargus sarba (Tarwhine) 0.71 0.00 67.58 0.75 0.25 19.67 2.19 51.08 56.44 
Sillago maculata (Trumpeter whiting) 5.72 0.88 8.83 2.88 2.39 26.74 2.97 30.47 23.13 
Multivariate 1863.00 477.00 6.85 3.18      
          
Shallow          
Gerres subfasciatus (Silver biddy) 60.68 36.28 4.01 3.53 8.86 65.49 7.28 43.09 31.38 
Mugil cephalus (Sea mullet) 29.71 21.05 3.68 3.61 3.67 216.60 24.07 77.42 56.77 
Platycephalus fuscus (Dusky flathead) 2.81 0.12 14.99 1.95 1.67 11.07 1.23 23.81 18.79 
Liza argentea (Flat-tail mullet) 37.22 26.75 3.65 3.62 6.03 101.65 11.29 52.98 38.88 
Sillago ciliata (Sand mullet) 1.86 0.84 4.61 3.38 1.14 95.86 10.65 53.27 38.44 
Pomatomus saltarix ( Tailor) 3.33 3.34 3.09 3.78 2.08 102.08 11.34 51.96 38.74 
Rhabdosargus sarba (Tarwhine) 7.52 10.06 2.68 3.91 2.53 201.02 22.34 71.71 54.27 
Multivariate 1542.00 1046.00 3.76 3.59      
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Table 2. Summary of cost-benefit analyses for abundant species caught in multi-mesh gill nets in St Georges Basin. θ2
e = variance due to replicate nets; 

θ2
S = variance due to sites; cost of a deep replicate = 40 min; cost of a shallow replicate = 50 min; cost of a site = 480 min; limiting cost = 

2400 min (5 nights, 1 site per night). N = optimal number of replicate gill nets; B = optimal number of replicate sites; B10% = number of 
replicate sites required to detect changes of 10% of the mean; B30% = number of sites required to detect changes of 30% of the mean. See 
Underwood (1997) for cost-benefit formulae. Actual replication = 6 replicate gill nets at each of 6 replicate sites. 

 
 

St Georges Basin          

Species θ2
e θ2

S N B Mean B10% B30 % 

Estimated SE 
using optimal 

replication 
(% of mean) 

Estimated SE 
using actual 

replication 
(% of mean) 

Deep          
Gerres subfasciatus (Silver biddy) 12.04 5.74 5.02 3.53 3.06 87.19 9.69 49.73 37.19 
Acanthopagrus australis (Yellowfin bream) 11.83 11.12 3.57 3.85 6.06 39.36 4.37 31.96 24.39 
Liza argentea (Flat-tail mullet) 0.37 0.12 6.08 3.32 0.39 119.57 13.29 60.03 44.74 
Girella tricuspidata (Luderick) 4.14 1.69 5.42 3.44 1.06 220.21 24.47 79.96 59.67 
Sillago ciliata (Sand mullet) 7.24 1.34 8.04 2.99 3.94 14.43 1.60 21.96 16.53 
Pseudocaranx dentex (Silver trevally) 1.21 0.82 4.21 3.70 0.72 212.36 23.60 75.74 57.14 
Pomatomus saltatrix ( Tailor) 11.56 2.12 8.09 2.99 3.67 26.40 2.93 29.73 22.40 
Rhabdosargus sarba (Tarwhine) 2.79 1.62 4.55 3.63 1.78 70.67 7.85 44.15 33.16 
Sillago maculata (Trumpeter whiting) 0.46 0.10 7.43 3.09 0.50 64.77 7.20 45.80 34.32 
Multivariate 1118.00 347.00 6.22 3.29      
          
Shallow          
Gerres subfasciatus (Silver biddy) 59.99 23.95 4.90 3.31 6.22 93.46 10.38 53.14 38.23 
Mugil cephalus (Sea mullet) 73.39 84.29 2.89 3.84 8.50 151.80 16.87 62.85 47.19 
Liza argentea (Flat-tail mullet) 146.88 124.67 3.36 3.70 10.03 167.41 18.60 67.24 49.72 
Girella tricuspidata (Luderick) 6.07 3.97 3.83 3.57 3.81 38.36 4.26 32.76 23.95 
Sillago ciliata (Sand mullet) 86.59 141.72 2.42 3.99 16.78 63.05 7.01 39.74 30.41 
Pseudocaranx dentex (Silver trevally) 6.32 2.59 4.84 3.32 2.17 83.01 9.22 49.97 35.97 
Pomatomus saltatrix ( Tailor) 6.61 2.38 5.16 3.25 2.44 61.33 6.81 43.43 31.18 
Sillago maculata (Trumpeter whiting) 1.79 0.78 4.69 3.36 0.94 130.20 14.47 62.27 44.89 
Multivariate 1079.00 901.00 3.39 3.69      
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Table 3. Summary of cost-benefit analyses for abundant species caught in the beam trawl in Tuggerah Lake. θ2
e = variance due to replicate trawls; θ2

S = 
variance due to sites; cost of a replicate trawl = 10 min; cost of a site = 45 min; limiting cost = 480 min; N = optimal number of replicate 
trawls; B = optimal number of replicate sites; B10% = number of replicate sites required to detect changes of 10% of the mean; B30% = number 
of sites required to detect changes of 30% of the mean. See Underwood (1997) for cost-benefit formulae. Actual replication = 6 replicate 
trawls at each of 3 replicate sites. 

 
 

Tuggerah Lake          

Species θ2
e θ2

S N B Mean B10% B30 % 

Estimated SE 
using optimal 

replication 
(% of mean) 

Estimated SE 
using actual 

replication 
(% of mean) 

Ambassid spp. 3.56 1.06 3.89 5.72 37.56 0.14 0.02 1.56 1.98 
Gerres subfasciatus (Silver biddy) 364.47 310.11 2.30 7.06 43.53 24.72 2.75 18.71 25.54 
Acanthopagrus australis (Yellowfin bream) 10.93 9.02 2.33 7.02 6.64 31.13 3.46 21.05 28.66 
Synaptura nigra (Black sole) 0.47 0.02 10.13 3.28 0.35 56.05 6.23 41.33 52.53 
Platycephalus fuscus (Dusky flathead) 0.40 0.00 22.04 1.81 0.25 34.02 3.78 43.37 60.42 
Cnidoglanis macrocephalus (Estuary catfish) 0.67 0.14 4.61 5.27 0.12 2070.37 230.04 198.18 246.78 
Metapenaeus bennettae (Greasyback prawn) 152.64 154.37 2.11 7.26 18.38 67.15 7.46 30.41 42.13 
Herklotsichthys castelnaui (Southern herring) 1.00 0.45 3.16 6.26 0.37 565.37 62.82 95.01 123.16 
Melicertus plebejus (Eastern king prawn) 36.81 22.44 2.72 6.65 9.51 39.76 4.42 24.45 32.44 
Hyporhamphus regularis (river garfish) 0.38 0.02 9.58 3.41 0.23 113.77 12.64 57.77 73.02 
Metapenaeus macleayi (school prawn) 14.44 8.97 2.69 6.67 5.44 48.34 5.37 26.91 35.76 
Loligo spp. (Squid) 2.22 0.34 5.45 4.82 0.83 108.02 12.00 47.32 58.48 
Pseudorhombus jenynsii (small-toothed flounder) 34.98 50.95 1.76 7.67 8.44 99.35 11.04 35.99 51.52 
Portunus pelagicus (Blue swimmer crab) 0.52 0.03 9.00 3.56 0.21 199.62 22.18 74.92 94.17 
Pomatomus saltatrix (Tailor) 0.43 0.08 5.07 5.02 0.15 759.10 84.34 123.01 152.38 
Rhabdosargus sarba (Tarwhine) 3.60 2.13 2.76 6.62 2.76 45.25 5.03 26.15 34.62 
Sillago maculata (Trumpeter whiting) 2.88 1.35 3.09 6.32 2.41 39.44 4.38 24.98 32.48 
Pelates sexlineatus (Striped trumpeter) 12.77 17.54 1.81 7.61 6.28 62.40 6.93 28.64 40.78 
Multivariate 1863.00 477.00 4.19 5.52      
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Table 4. Summary of cost-benefit analyses for abundant species caught in the beam trawl in Lake Macquarie. θ2
e = variance due to replicate trawls; θ2

S 
= variance due to sites; cost of a replicate trawl = 45 min; cost of a site = 45 min; limiting cost = 480 min; N = optimal number of replicate 
trawls; B = optimal number of replicate sites; B10% = number of replicate sites required to detect changes of 10% of the mean; B30% = number 
of sites required to detect changes of 30% of the mean. See Underwood (1997) for cost-benefit formulae. Actual replication = 6 replicate 
trawls at each of 3 replicate sites. 

 
 

Lake Macquarie          

Species θ2
e θ2

S N B Mean B10% B30 % 

Estimated SE 
using optimal 

replication 
(% of mean) 

Estimated SE 
using actual 
replication 

(% of mean) 

Ambassid spp. 56.61 102.67 1.58 7.90 9.56 0.91 8.23 43.80 63.93 
Gerres subfasciatus (Silver biddy) 241.61 411.33 1.63 7.84 13.62 1.86 16.70 62.06 90.07 
Acanthopagrus australis (Yellowfin bream) 0.51 0.16 3.73 5.83 0.47 0.00 0.02 48.39 61.41 
Synaptura nigra (black sole) 280.39 513.99 1.57 7.91 18.47 3.41 30.70 50.67 74.02 
Siganus fuscescens (Black trevally) 5.12 3.38 2.61 6.75 0.12 0.00 0.00 753.37 1006.00 
Pseudorhombus arsius (Large-toothed flounder) 0.29 0.03 7.08 4.14 0.16 0.00 0.00 77.75 96.29 
Apogon spp. (Cardinal fish) 11.29 13.03 1.97 7.41 1.92 0.04 0.33 82.68 115.92 
Pagrus auratus (snapper) 0.36 0.53 1.73 7.70 0.06 0.00 0.00 495.49 711.12 
Metapenaeus macleayi (school prawn) 332.30 479.00 1.77 7.66 3.91 0.15 1.37 238.91 341.67 
Loligo spp. (Squid) 1.22 0.07 9.00 3.56 0.30 0.00 0.01 79.24 99.61 
Portunus pelagicus (Blue swimmer crab) 0.12 0.13 2.07 7.30 0.09 0.00 0.00 170.58 237.04 
Sillago maculata (Trumpeter whiting) 3.02 1.92 2.66 6.71 2.09 0.04 0.39 32.24 42.93 
Pelates sexlineatus (Striped trumpeter) 9.45 1.11 6.20 4.49 0.83 0.01 0.06 91.90 113.46 
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Appendix 14: Gray, C.A., Rotherham, D., Underwood, A.J., Chapman, M.G. and Johnson, 
D.D. 2007. A strategy for developing fishery-independent sampling tools. 
Poster presentation at the 2007 “Fish Stock Assessment Methods for Lakes 
and Reservoirs: Towards the true picture of fish stock”, conference Ceske 
Budejovice, Czech Republic. 
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