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Non Technical Summary 
 
2001/104 Aquafin CRC – Southern Bluefin Tuna aquaculture subprogram: Tuna 
environment subprojects – Development of regional environmental sustainability 
assessments for tuna sea-cage aquaculture  
 
PRINCIPAL INVESTIGATOR: Dr J.E. Tanner  
ADDRESS: SARDI Aquatic Sciences 
 PO Box 120, 
 Henley Beach, S.A. 5022 
 Telephone: 08 8207 5489 
 Fax: 08 8207 5481 
 Email: tanner.jason@saugov.sa.gov.au 
 

OBJECTIVES: 

1. Establish a steering committee of stakeholders and hold a Steering Committee for 

 
environmentally sustainable development (ESD) assessment.  

2. Develop a set of methodologies for measuring and evaluating each of the 
parameters in order to provide an ESD assessment.  

3. In collaboration with researchers involved in the development of ecosystem scale 
models for salmon farming, identify the key information/data required to 
parameterise and validate these models for the tuna industry.  

4. Integrate the field and remote data collection systems, necessary to provide the data 
required for the parameterisation of these ecosystem scale models, into the regional 
ESD assessments. 

Note, the original objective 3 (Using knowledge gained through this process and in 
consultation with stakeholders develop target levels for key parameters as a basis for 
effecting management responses) was dropped from the project due to considerable 
problems that were experienced with the SCFA-ESD reporting approach taken.  At the 
same time, it was agreed that the remainder of the project should be refocused towards 
providing a lead-up to the FRDC 2005/059 Aquafin CRC-SBT Aquaculture 
Subprogram: risk and response – understanding the tuna farming environment.  As a 
consequence, this report has become somewhat fragmented. 

Fisheries and Aquaculture Environmental Sustainable Development reporting 
workshop to develop a set of operational parameters for regional scale
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NON-TECHNICAL SUMMARY: 

 
Outcomes Achieved to Date: 
This project has provided the tuna industry, regulators and researchers with a suite of 
important information on the environment around Port Lincoln at a regional scale, how it 
interacts with tuna farming, and how to characterise environmental conditions.  From a 
methodological perspective, it has delivered a report on the applicability of remote sensing 
for environmental monitoring in the region, which makes several recommendations on 
how this relatively new technology could be used, and it has developed a telemetered 
environmental monitoring system that is used on a regular basis by some industry 
members to help understand conditions on their leases.  In addition, a model of waste 
deposition on the sea-floor has been developed, and this will be made available to industry 
so that they can examine likely waste deposition patterns on their individual leases, 
allowing them to place pontoons in an arrangement that minimises the interaction between 
adjacent pontoons.  This waste deposition model, along with the nutrient model, have 
been further refined as part of FRDC 2003/222, and they are now used by PIRSA 
Aquaculture to help set initial maximum stocking rates for aquaculture zones as they are 
revised.  This thus meets the planned outcomes of a system for modelling the impact of 
tuna farming activities at regional scales, and regional modelling to assist in determining 
carrying capacity.  The project has also generated the first quantitative data on how 
seabirds respond to tuna farms, and has shown that an economically important fraction of 
feed can be consumed primarily by seagulls if no measures are taken to reduce scavenging.  
New data have also been collected on oceanographic conditions in the tuna farming zone 
which has been used in the waste deposition model and provided a useful precursor for 
the Risk and Response project.  Additional data that has been useful for this project has 
also been documented.  Finally, the perceptions of a range of stakeholders as to the 
environmental risks associated with tuna aquaculture have been assessed, and addressed by 
way of a literature review. 
 
 
The environmental risk assessment conducted was one of the first such assessments of an 
aquaculture industry using the Standing Committee for Fisheries and Aquaculture 
framework developed for risk assessment of wildfisheries.  As such, it identified a number 
of issues that need to be dealt with by those conducting such risk assessments.  In 
particular, there is a need to have a broad range of representation at the workshop, and it 
can be difficult to come to a consensus opinion.  Indeed, for contentious issues, such an 
approach is likely to leave no-one happy with the final outcome.  It is also important for 
the participants to have access to the latest information prior to the workshop, so that they 
ould make informed judgements rather than relying on perceptions often bc ased on 

issues addressed, ten were not considered 

incomplete or out of date information.  In this project, we conducted a literature review of 
priority issues after the workshop, in order to inform the final rankings with the latest 
information available.  While producing this review prior to the workshop may have made 
discussions easier, it would also have involved a greater amount of work, as all issues 
would have to have been covered, rather than just the priority issues.  In this case, that 
means 69 compared to the 20 that were dealt with here.  Ideally, this review would also 
have been conducted by an expert in the field for each issue, but this was beyond the 
scope of the project, and so the authors often had difficulty with assessing areas 
ompletely outside their field.  Of the 69 c

relevant to SBT, and 49 were considered of negligible or low risk.  Following a literature 
review and reassessment, the remaining ten issues were classified as either low (feed 
composition, nutrients, common dolphins) or moderate (sharks, seals, sea lions, bottlenose 
dolphins and seabirds), or were not addressed as they were considered to be outside the 
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 review of the potential for the use of remote sensing in the management of tuna 

 sea state can be measured; however remote sensing is 
nlikely to be cost-effective for these. 

ing frozen blocks of baitfish resulted in near zero losses.  Pellets were scavenged 
onsiderably less than baitfish.  The main scavengers were seagulls, although Pacific gulls 

in chlorophyll a or nutrient levels through the tuna farming 
ason, suggesting that the area is sufficiently well flushed to remove added nutrients, 

erestingly the farming area had elevated chlorophyll levels compared to nearby 

odels of carrying capacity were developed for the tuna farming zone.  
The first was a zone-based model to predict the likely increases in dissolved nutrients in 

quality guidelines for ammonia would result, although the model does make a number of 

scope of this report (site constraints, navigation).  This ranking means that while 
improvements need to be made in either industry practises to reduce the actual risk, or the 
information available to reduce the risk due to uncertainty, these changes can occur on a 
time scale of 3-5 years. 
 
A
aquaculture was commissioned from Adelaide University.  This review has identified that 
satellite-based remote sensing could be useful for mapping algal blooms (but not as an 
early warning system, and not in waters close to the coast), water quality (primarily 
chlorophyll levels) and sea surface temperature.  Pontoon locations should also be able to 
be determined.  Oil slicks and
u
 
To improve the availability of data on basic water quality and meterological parameters in 
the farming zone, a series of experimental telemetred water quality monitoring systems 
were developed and trialled. In the latest version, data are delivered via a web-based system 
in order to make the data more widely available.  A website hosted by an external server 
was set up to deliver near real-time environmental data being collected by the systems to 
authorized users.  The data available include temperature, salinity, dissolved oxygen, wind 
speed and direction.  Chlorophyll has just been added to the system, and further 
developments are being made to provide current and wave data. 
 
Multivariate analysis of the Tuna Environmental Monitoring Program infauna data from 
2001-2003 showed that compliance and control sites did not differ in their infaunal 
assemblages.  Instead, there was substantial geographic and annual variation in the data.  
The later indicates that the multivariate analysis is sensitive enough to pick up patterns in 
the data, and the former gives a rigorous indication that SBT farming is having 
undetectable impact on the benthos at the compliance sites (150 m from lease boundaries).   
There is, however, some indication of regional effects in the data. 
 
The study of seabirds around tuna farms showed that they could scavenge in excess of 
10% of feed, depending on feed type and feeding method, although on most farms losses 
would be considerably less.  The pneumatic feeding of baitfish caused greatest feed losses, 
while feed
c
also consumed substantial amounts of tuna feed.  The numbers of silver gulls in the Port 
Lincoln area were assessed, with approximately 10,000 breeding pairs being present in 
2003 compared to ~5,000 in 2000. 
 
A comparison of oceanographic conditions between winter and summer shows that the 
waters of the farming zone are not only cooler and denser in winter, but also fresher, due 
to the wintertime density-driven exchange of water across the mouth of Spencer Gulf.  
There were no increases 
se
although int
areas without farms both before stocking commenced as well as during the farming 
season. 
 
Two preliminary m

the water column with a given level of aquaculture production.  This model suggests that if 
production increased by only ~6000 tonnes from current levels, then breaches of water 



 xix

  

.  It shows that the likely overlap in deposition between adjacent cages is relatively low 
unless they are very closely spaced (a few tens of metres).  Sensitivity analysis suggests that 

tudied compared to many other areas in South Australia, 

 
wever, 

t biogeochemical status of the farming zone. 

emote sensing, Environmental sustainability, Tuna farming, 
ling

simplifications.  The second model looks at carbon deposition on the seafloor at a lease 
scale

it is important to know respiration and feeding rates, but not so important to know FCR’s 
when making predictions about carbon deposition. 
 
A literature review of existing data for the tuna farming region that could be useful for 
future modelling has highlighted a general paucity of long-term well-collated and available 
data, especially in relation to hydrodynamic and biogeochemical variables.  This is despite 
the area being relatively heavily s
and highlights the need for routine studies to be as comprehensive as possible, and more 
importantly, to use standard techniques whee possible and to provide readily accessible
data and metadata.  Recent work undertaken by SARDI Aquatic Sciences has, ho
resulted in a good understanding of the curren
 
 
 
KEYWORDS: Aquaculture, R
Oceanography, Environmental risks, Seabirds, Waste deposition model
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ject was provided by the Aquafin CRC, Fisheries Research and 

The primary contributors 
e listed in Appendix 2, although many volunteers have also contributed to various aspects 

pecial thanks to Prof. Anthony Cheshire, who originated this project, and 

ions thereof, especially 

dbury 1987, Frid and 

20 m and a lesser impact for a further 100 to 150 m.  At a 
impact relative to control sites situated >1 

kton 
community structure) as well as the structure of epibenthic and infaunal communities 
(Clarke et al. 1999, 2000).   Not-withstanding this previous work, much of it was 
undertaken when the industry was based within Boston Bay.  The movement of farms to 
more exposed locations has made this earlier work less relevant to the current context.  
There is a need, therefore, to reconsider some aspects of this earlier work in order to 
evaluate the extent to which it can be applied to farming in a more general sense. 
 
Research and compliance monitoring to date has largely focussed on impacts near cages (or 
on farm), and primarily deals with particulate fallout from cages (uneaten food, faecal 
matter, carrion etc) and fails to consider the cumulative affect of farming operations in a 
wider spatial context.  More mobile waste, such as dissolved carbon, nutrients and fats and 
oils, from several farming operations has the potential to disperse over a large area and may 
pose threats to systems that are remote from tuna operations (off farm risks).  In addition, 
highly mobile organisms such as sea birds and marine predators (sharks, dolphins and 
seals) may be affected by farming operations. 
 
There is a need, therefore, to develop assessment strategies aimed at expanding our 
understanding of the environmental implications of tuna aquaculture at regional scales.  
This will ensure the ecological sustainability of the industry that will in turn ensure reduced 
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groundBack  
Southern bluefin tuna sea-cages are known to be sources of both particulate and dissolved 
waste, and as with other finfish farmining operations, these have the potential for risk to 
both the farmed stock and supporting environments (Gowen and Bra
Mercer 1989, Mayer and McLean 1995, Troell and Norberg 1998).  Cheshire et al. (1996a, 
b) demonstrated a severe benthic impact within the immediate vicinity of the tuna cages 
extending out to a distance of 
distance of 200 m, there was no evidence of an 
km distant.  The nature of the impact was found to be comparable to those described for 
many salmonid farm sites and was consistent with those described in the Port Lincoln 
Aquaculture Management Plan (Bond 1993) for which the current management strategies 
are tailored. 
 
Since the work by Cheshire et al. (1996a, b) a number of other studies have been 
undertaken in an attempt to characterise the nature of impacts associated with tuna farming 
(eg Bruce 1997, Cronin et al. 1999).  These studies considered a range of indices including 
those indicative of the health of pelagic systems (water quality and phytoplan
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crease confidence for industry, 

egional environmental monitoring for the tuna industry is anticipated to require an 
 monitoring program for the 

and secondly, the development and 
n of large-scale models to understand the environmental implications of 

xpansion into new lease areas. 

he Standing Committee on Fisheries and Aquaculture (SCFA) with funding from the 

health risks to stock and allow for longer term industry planning and security of tenure.  
There is also a need for the regulatory framework to be adequately codified to include 
regional level impacts of sea-cage aquaculture.  This will in
government and the public through the establishment of an appropriate set of operating 
guidelines. 
 
R
approach with two aspects.  Firstly, the development of a
current regional influence of the industry 
parameterisatio
e
 
T
FRDC produced the SCFA-FRDC ESD Project, as a guide to the development of a 
framework for ESD reporting within Australian fisheries and aquaculture.  It provides the 
means for all stakeholders (industry, government regulators and non-government 
organisations) to participate in the development of an ESD reporting framework that will 
underpin the adaptive management of the industry.  The process requires identification of 
appropriate environmental performance indicators though an assessment combining 
current knowledge with an analysis of risks through which a set of research and 
management priorities can be designated.  This information can be further developed into 
an information gathering process to increase understanding (knowledge) and facilitate the 
setting of target levels (reducing risk).  In the wider context, external threats to the industry 
and the environment (such as other sources of pollutants other than sea-cages) can be 
identified.  For example, the ESD reporting process may identify white shark abundances 
and/or areal extent of seagrass beds as indicators of environmental health which may be 
adversely affected by sea-cage operations.  The establishment of a sampling protocol may 
identify the number of shark entanglements or sightings, while seagrass beds could require 
measurements of cover or density that may be achieved through a number of 
methodologies (e.g. diver counts in situ, swathe mapping, etc).  The status of these 
parameters can then be employed in the development of target levels as part of ongoing 
monitoring.  Such a process requires close consultation between industry, regulatory 
authorities and NGO’s all of which must agree to contribute to and abide by the reporting 
process. 
 
The above process will be enhanced through the development and parameterisation of 
integrated regional scale ecosystem models.  This will assist in understanding what impacts 
might be expected under different farm management regimes within established areas, but 
will also help determine the likely result of expansion of the industry into new lease zones.  
Such models are currently being developed for the Tasmanian salmon farming industry and 
these will be further developed for application in the tuna aquaculture industry.  While this 
model development is not a part of this project, the project will provide a lead-in to 
developing these models. 
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Chapter 1  Identification and assessment of potential environmental 
uaculture in South Australia 

002/03 (Knight et al. 2004).  Over the past few 
ears, however, the rise in production and value of this industry sector has levelled off and 

ity, ecologically sustainable development (ESD) is becoming increasingly important for 
promote, expand, and ensure 

ass
risk lture industry in South Australia.  This report also 

of lly intended for the workshop to quantify 

ase  

ysis tool outlined in the ESD framework, which was based 
alian Standard for Risk Management (AS/NZS 4360 SAoA 1999).  To assign a 

level of risk to an issue, two factors must be determined – the potential consequences 
arising from a particular activity, and the likelihood that these consequences will occur.  

risks for tuna aq
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1.1 Executive Summary 
 
Southern bluefin tuna (SBT) aquaculture is the single most valuable sector of South 
Australia’s aquaculture industry.  The value of SBT production has risen from $166.7 
million in 1998/99 to $266.9 million in 2
y
has even declined as the full available quota was farmed (Knight et al. 2004).  By 2003/04 
the production value of SBT was $151 million (Knight et al. 2005).  With discussions of 
longer-term holding, propagation and the possibility of other species being farmed in the 
vicin
ensuring the long-term viability of the industry.  To further 
ESD of the SBT aquaculture industry sector there is a need to assess the risks of associated 
environmental impacts.  This report documents the discussions and comments from a risk 

essment workshop held in Adelaide on 6th December 2002 to assess the environmental 
s associated with the tuna aquacu

includes a literature review conducted in early 2005 of the issues that were considered to be 
moderate or high risk.  While it was origina

actual risks, it rapidly became evident that this was not possible, and rather it gave 
attendees an opportunity to identify what they individually perceived as the risks.  In many 

s, these perceptions were not backed up by data, so the risk should be consideredc
potential and not actual.  The purpose of the subsequent literature review was to further 
define the risks based on actual data available, either for tuna farming or for other 
aquculture industries where little or no information could be obtained on tuna farming. 
 
The risk assessment workshop was conducted using the National ESD Reporting 
Framework for Australian Wild Capture Fisheries. At the time of the workshop, a 
supplement designed to customise the framework for the aquaculture sector was still under 
preparation, so could not be used.  However, the broad principles and reporting strategies 
are similar for both sectors.  Of the three generic component trees outlined in the 
framework, two were addressed during the workshop:  Component Tree 1 is for the whole 
of industry issues while Component Tree 2 is for the cumulative impacts that may operate 
at the catchment or regional level.  Component Tree 3, which was not discussed during the 
workshop due to time constraints, is for effects of individual facilities.  Component Trees 1 
and 2 were modified so that they were specific for the SBT aquaculture industry.  Each 
issue was discussed in terms of current knowledge and management, and assigned a 
ranking in terms of the perceived level of risk associated with it.  The risk ranking was 
etermined using the Risk Anald

on the Austr
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The combination of the level of consequence and the likelihood of this consequence gives 

ot discussed in detail 

an estimate of the risk.  During the workshop, the risk ranking obtained reflected what the 
participants considered to be an issue at the time of the workshop given the current 
situation, rather than what may be expected in the near future if management practices 
change. 
 
Forty-nine of the 69 issues discussed at the workshop were given a “negligible” or “low” 
ranking, while a further seven were given either a “low to moderate”, or “moderate” 
ranking. Of the remaining 13 issues, three were given a “moderate to high”,  “high” or 
moderate to extreme” ranking, while the remaining ten issues were n“

as they were not considered relevant to the SBT industry.  After reviewing the available 
literature, most of the issues identified during the workshop were given a “low” to 
“moderate” risk ranking for the specific reasons summarised in the table below.   While 
those issues ranked as moderate do need attention, this does not need to be immediate or 
drastic. An appropriate response to these issues would involve their improvement over a 3-
5 year time span to try and reduce the risks to low. 
 
Summary Table of issues originally ranked as moderate or higher risks 
Issue Final Risk 

Ranking 
Specific reasons 

1. Impact of feed composition 
on other species/ community 
processes 

 
Low 

� Industry has now become less reliant 
on imported pilchards as the total 
allowable commercial catch for SA 
caught sardines has increased.  

� SA sardines are the most common 
species of baitfish used as tuna feed. 

� Enriched diets in pellet form are being 
developed and tested.  

2. Impact of SBT aquaculture 
on sharks (e.g. dusky & 
bronze whalers, great 
whites) 

 
Moderate 

� Industry is concentrated in an area 
frequently inhabited by sharks, 
including great whites, thus 
interactions will continue. 

� Industry is reliant upon wild captured 
tuna, which causes interactions with 
sharks during the towing process.  

� The risk may be lowered in the near 
future if devices to repel sharks from 
cages prove to be effective. 

� As long as current regulations are 
followed, it is unlikely that the risk will 
increase in the near future.  

� A better system needs to be put in 
place to significantly improve industry 
involvement in reporting shark 
interactions. 

3. Effect of nutrients on natural 
background levels of 
nutrients 

 
Low 

� Ranking is based on impacts at a 
regional level; risk would be higher at 
the farm level. 

� It is difficult to distinguish the broader 
effects of tuna farming from natural 
variability in nutrient levels and other 
anthropogenic influences. 

� The ranking should be re-evaluated if 
farming practices change in the future, 
in conjunction with current research 
findings. 
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Issue Final Risk 
Ranking 

Specific reasons 

4. Impact of SBT aquaculture 
on bottlenose dolphins 

 
Low 

� Need for more information on the 
behaviour, ecology and population 
dynamics of dolphins in order to 
determine the impacts of tuna 
aquaculture. 

� Mortalities have been eliminated due 
to the removal of predator nets. 

� Consequence of an interaction is 
higher for Bottlenose dolphins than 
Common dolphins due to the low 
reproductive potential of the 
population.  

� Ranking must be reviewed if 
deterrents or farming practices 
change. 

5. Impact of SBT aquaculture 
on common dolphins 

Low � Mortalities have been eliminated due to 
the removal of predator nets. 

� Ranking must be reviewed if 
deterrents or farming practices 
change. 

6. Impact of SBT aquaculture 
on seals 

 
Low/Moderate 

 

� Mortalities have been reduced due to 
the removal of predator nets and 
introduction of electric fences. 

� A better system needs to be put in 
place to significantly improve industry 
involvement in reporting seal 
interactions. 

� Ranking should be reassessed if 
farming practices change and more 
information is available in the future. 

7. Impact of SBT aquaculture 
on sea lions 

 
Moderate 

� Slightly higher risk for sea lions than 
seals as the population is relatively 
small, static and entanglements are 
reportedly higher. 

� Mortalities have been reduced due to 
the removal of predator nets and 
introduction of electric fences. 

� A better system needs to be put in 
place to significantly improve industry 
involvement in reporting sea lion 
interactions. 

� Ranking should be reassessed if 
farming practices change and more 
information is available in the future. 

8. Impact of SBT aquaculture 
on seabirds 

 
Moderate 

� Seagulls may be displacing less 
common seabirds and disrupting 
migratory shorebirds. 

� Seagulls will continue to be a problem 
as long as baitfish is used as feed. 

� Ranking should be reviewed if feeding 
methods change in the future and 
once current research is complete.  

9. Impact of site constraints 
(e.g. waves, currents) 

 
- 
 

This issue is not a direct risk to the 
environment so is not discussed further 
here. 

10. Effect of physical structures 
& construction on navigation 

 
- 
 

This issue is not a direct risk to the 
environment so is not discussed further 
here. 
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1.2 Introduction 
 

p

e

 

 

Based on successful technology transfer, research and development, and commercialisation 
(Clarke 1996), a well-established sea-cage southern bluefin tuna (SBT, Thunnus maccoyii) 
aquaculture industry exists in the coastal waters adjacent to Port Lincoln, South Australia.  
However, there remains some concern to the industry and the wider community of the 
effects of this sea-cage farming on the local marine environment, while recognising that 
there are social and economic benefits of aquaculture (Mazur et al. 2004).  Industry 
recognises the need to maintain a healthy environment for the fish in order to ensure 

roductivity and commercial viability of the industry, while the wider community wants any 
effects on the environment to be minimised for other users of the waterways and for 
nvironmental conservation (Clarke et al. 1999, Clarke et al. 2000).  As such, to address 

environmental concerns and to continue working towards environmentally sustainable 
development (ESD), there is an ongoing need to assess the environmental risks associated 
with SBT aquaculture in South Australia. 

The present report provides a summary of the outcomes from an environmental risk 
assessment workshop that was held in late 2002 to assess and prioritise the environmental 
issues associated with SBT aquaculture in South Australia.  The main aims of this report 
are: 

1. To document the outcomes from the workshop. 

2. To provide a literature review of the issues that were considered to represent a 
moderate or high risk to the environment.  This literature review was 
undertaken in early 2005. 

3. To provide modified risk rankings based on the outcomes of the literature 
review and stakeholder comments. 

4. To update research findings and present current information (as at early 2005) 
on the environmental status of the tuna industry. 

At the time of the SBT workshop in 2002, the Tuna Environmental Monitoring Program 
(TEMP) was already in place.  Therefore the broad intent of the workshop was to create a 
register of environmental impacts that arise from the farming of SBT and rank them using 
the ESD risk assessment process.  The risk assessments completed at the SBT workshop 
were based on the National ESD Reporting Framework for Australian Wild Capture 
Fisheries (Fletcher et al. 2002).  The aquaculture supplement to the ESD Reporting 
Framework, which was published in 2004 (Fletcher et al. 2004) was not available at the time 
of the workshop, but the draft was available for use by a series of ESD risk assessment 
workshops conducted in 2003 as part of the “Environmental audit of marine aquaculture 
developments in South Australia” project.  This series of workshops covered Marine 
Finfish Aquaculture, Intertidal Shellfish Aquaculture and Land-Based Abalone 
Aquaculture.  The main objective of this ‘audit’ project was to develop aquaculture sector-
based optimal environmental monitoring programs, including identifying the parameters to 
be measured (environmental as well as farm management), the spatial and temporal 
frequency of monitoring required, and select critical decision points against which ESD 
performance can be measured. 
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he global fishery for SBT began in the 1950’s with Japan exploiting stocks on the high 

02).  
d the tuna aquaculture industry began to 
/93) of farming, the industry turned over 

In 1999/2000, farms produced about 
7,780 tonnes (gilled and gutted) of tuna valued at over $202 million.  By  2002/03 the 

of $266 million ((Knight et al. 2004). By 2003/04, 
l available quota was being farmed, and production remained at about 9,290 tonnes but 

ts are facilitating more efficient production, and are also helping to minimise 

from high-density polyethylene plastic, usually 40 m in diameter.  A net, 
generally 150 mm in mesh size, is attached to the floating pontoon and has sides that drop 
to not less than 5 m above the sea floor (in water depths ~ 20 m).  Initially, predator nets 
were widely used to keep sharks and seals away from the tuna.  However, the use of 
predator nets was discontinued in the mid to late 1990’s.  A sea cage can hold up to 2,000 
tuna, depending on the diameter of the cage and the maximum stocking rate set by the 

1.2.1 History 

T
seas, and Australia within its coastal waters. The Australian industry continued to expand 
over the next 30-40 years, with the introduction of larger pole boats and purse seiners and 
the use of long range spotting aircraft to detect schools of fish (Hayes 1997).  Major 
increases in fishing effort saw a peak in the total catch of SBT by the mid 1980s.  Over the 
next few years, catch limits were rapidly reduced to allow the spawning stock to regain the 
abundance levels present in 1980 by the year 2020.  The most dramatic cuts in catch limits 
available to the Australian industry were seen in 1989 (Young 2001).  
 
Following this reduction in catch limits, the first experimental tuna farm was established in 
Boston Bay, Port Lincoln in 1991 by the Japanese Overseas Fishery Cooperation 
Foundation (OFCF) in collaboration with the South Australian Government and the Tuna 
Boat Owners Association of South Australia (TBOASA) and funding from FRDC Project 
Number 1991/056.  However, it was not known whether tuna could be successfully 
captured live, and held and grown in sea cages (or pontoons) (PIRSA Aquaculture 20
The experimental farm proved to be a success an
develop rapidly.  During the first few years (1992
$6 million and has grown significantly since then.  

production was 9,100 tonnes with a value 
al
value decreased to  $151 million because of changes in market competition (Knight et al. 
2005). 
 
1.2.2 The present situation 

Currently, the farming of SBT is the single most valuable sector of South Australia’s 
aquaculture industry.  The value of SBT equated to 81% ($151 million) of the total value of 
aquaculture production in South Australia during 2003/04 (Knight et al. 2005).  There were 
16 companies potentially using 29 lease sites in 2004 (Figure 1.1).  Farming sites range from 
20 to 200 ha in area with a total of 1794 ha allocated for SBT production, although only a 
portion of this area is used in any one season (PIRSA-Aquaculture 2005).  Consequently, 
the industry has become a significant employer in the Port Lincoln region (EconSearch 
2004).  Considerable research in areas such as tuna nutrition, health and environment are in 
progress and these are currently being conducted primarily through the Cooperative 
Research Centre for the Sustainable Aquaculture of Finfish (Aquafin CRC).  Findings from 
these projec
impacts of tuna aquaculture on the environment.  
 
Juvenile fish (15-25 kg) are caught from December to March in the Great Australian Bight 
using purse seine techniques under a strict quota system.  The fish are then transferred 
through underwater raceways to special purpose-built towing cages.  These cages are then 
towed at a slow steady speed of no more than 1 knot to Port Lincoln where the fish are 
transferred into sea cages.  A standard holding sea cage consists of single or double circular 
rings made 
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licence, which is currently 4 kg/m3 (PIRSA Aquaculture 2002), but generally farms have 
only about 1700 fish in a 40 m diameter cage.  Tuna are fed once or twice daily, six or 

days a week de  season, with sardines (Sardinops neopilchardus) caught in 
lian wat  
ught red

been developed and tested commercially, but at present they are not competitive in price 
 caught baitf

e of 30- s 
vest 

e the tuna t in 
Japan.  Approximately h product by air, and the balance as 

oduct by se
2004).  Generally, tun ding on the method of 

, pers.
 

seven pending on
South Austra
Australian ca

ers being the most common species of baitfish used, along with
bait (Emmelichthys nitidus nitidus).  Enriched diets in pellet form have 

with local
 

ish. 

SBT are fattened and conditioned in the sea cages and reach a suitable condition and a 
marketable siz 40 kg in approximately 3 to 5 months; however, this largely depend
on the size of the fish a
time.  Onc

t capture and the condition index the fish has attained at har
 are harvested, they are exported whole for the sashimi marke
 75% of the tuna are sent as fres

frozen pr a, although these figures do change annually (PIRSA Aquaculture 
a fetch approximately $20 to $30 per kg depen

sale (David Ellis  comm. 20th May 2005). 
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Figure 1.1. Map of Port Lincoln region, South Australia, showing the locations of SBT aquaculture leases in the 
2004/05 farming year (from PIRSA Aquaculture, 2004). 
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1.3 Risk Assessment 
 
Framework 
In order to identify and prioritise the potential environmental issues associated with SBT 
aquaculture in South Australia, a formal risk assessment process was used.  The risk 
assessment was conducted using the National ESD reporting framework for Australian 
Wild Capture Fisheries (Fletcher et al. 2002, see http://www.aquaesd.com for further 
references).  This “How To” report provided a framework that could be used consistently 
across all fishery sectors in Australia (Fletcher et al. 2002).  The framework is based on the 
Australian standards for risk management (AS/NZS 4360 SAoA 1999), which is used to 
conduct risk assessments for a wide variety of other industries.  To assist in identifying 
issues specific to the aquaculture industry, a set of generic “component trees” were 
developed in conjunction with the National Aquaculture Council (Fletcher et al. 2004) and 
the Marine and Coastal Committee of the Natural Resources Management Committee 
(NRMC).  These component trees are a mechanism to simplify the identification process 
by subdividing the variety of potential environmental impacts into different categories: 
 

1. General or industry level impacts 

2. Catchment or regional level impacts 

3. Farm or site level impacts 

 
Each issue within a tree is assigned a ranking using a risk analysis tool outlined in the ESD 
framework (Fletcher et al. 2002).  To assign a level of risk to an issue, two factors must be 
determined – the potential consequence arising from a particular activity, and the likelihood 
that this consequence will occur.  The combination of consequence and likelihood 
produces an estimate of the risk associated with a particular issue.  The main aim of the risk 
assessment is to determine if current management practises are sufficient, so these need to 
be considered when determining the consequence and likelihood levels.  Each issue is 
assigned a level of consequence (from negligible to catastrophic) and likelihood (from 
remote to likely).  In assigning a likelihood level it is important to remember that an 
assessment is being made of the likelihood of that consequence occurring and not the 
likelihood of that particular activity occurring.  The consequence and likelihood levels are 
determined using the tables outlined in the framework (Table 1.1 and Table 1.2).  The risk 
value and ranking for each issue are then determined using a risk matrix (Table 1.3).  Each 
risk ranking has an associated level of management response and reporting requirements 
(Table 1.4). 
 
Assignment of likelihood and consequence levels is best done in a workshop involving all 
relevant stakeholders, including industry, government and commercial representatives.  
These levels are somewhat subjective, and therefore a process to develop a consensus view 
is needed for the subsequent risk rankings to be generally accepted. If a specific group is 
allowed to dominate, the results of the workshop could be skewed towards the views of 
that group, thus care needs to be taken to ensure that all views are fully heard and 
considered. 
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Table 1.1. The Consequence Table for use in ecological risk assessments related to aquaculture (adapted 
from Fletcher et al. 2002). 

Level Descriptor 
Negligible (0) Very insignificant impacts. Unlikely to be even measurable at the scale 

of the stock/ecosystem/community against natural background 
variability. 

Minor (1) Possibly detectable but minimal impact on structure/function or 
dynamics. 

Moderate (2) Maximum appropriate/acceptable level of impact (e.g. full assimilation 
rate for nutrients). 

Severe (3) This level will result in wider and longer-term impacts now occurring 
(e.g. increased plankton blooms). 

Major (4) Very serious impacts now occurring with relatively long time frame likely 
to be needed to restore to an acceptable level. 

Catastrophic (5) Widespread and permanent/irreversible damage or loss will occur – 
unlikely to even be fixed (e.g. extinctions). 

 

 

Table 1.2. Likelihood definitions (adapted from Fletcher et al. 2002). 

Level Descriptor 
Remote (1) Never heard of, but not impossible 
Rare (2) May occur in exceptional circumstances 
Unlikely (3) Uncommon, but has been known to occur elsewhere 
Possible (4) Some evidence to suggest this is possible here 
Occasional (5) May occur  
Likely (6) It is expected to occur 
 

 

Table 1.3. Risk matrix – the numbers in the cells indicate the risk value and the shaded boxes indicate the 
various levels of risk ranking  (adapted from Fletcher et al. 2002). 

  Consequence 
  Negligible Minor Moderate Severe Major Catastrophic
Likelihood  0 1 2 3 4 5 
Remote 1 0 1 2 3 4 5 
Rare 2 0 2 4 6 8 10 
Unlikely 3 0 3 6 9 12 15 

0 4 8 12 16 20 Possible 4 
Occasional 5 0 5 10 15 20 25 
Likely 6 0 6 12 18 24 30 
Note: The risk level is calculated by multiplying the likelihood value by the consequence value 
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Table 1.4. Suggested risk rankings and outcomes (adapted from Fletcher et al. 2002). 

Risk 
Rankings 

Risk 
Values 

Explanation & 
Likely Management Response 

Likely Reporting 
Requirements 

Negligible 0 Nil Short justification only 
Low 1 – 6 Non-specific  Full justification needed
Moderate 7 – 12 Specific management needed Full performance report
High 13 – 18 Possible increases to management activities 

needed 
Full performance report

Extreme > 19 Likely additional management activities needed Full performance report
 
 
Workshop 
To undertake a successful environmental risk assessment, all of the relevant environmental 
issues need to be identified.  Identification of all issues can only be achieved when opinions 
and thoughts are obtained from a number of stakeholders/stakeholder groups. Workshops 
have been widely recognised as one of the most efficient ways to gather all of the 
information required for a formal risk assessment. Consequently, an environmental risk 
assessment workshop was held at the South Australian Aquatic Sciences Centre on the 6th 
December 2002 using the National ESD Reporting Framework for Australian Wild 
Capture Fisheries (Fletcher et al. 2002).  Various stakeholders, including government, 
industry and community groups, were invited to participate in the workshop.  Attendees 
came from 13 different organisations, comprising SARDI Aquatic Sciences, PIRSA 
Aquaculture, Environmental Protection Agency, Department of Environment and 
Heritage, Whale and Dolphin Society, CSIRO Marine Research, Planning SA and industry 
representatives (section 1.11).  The convener for the workshop was Dr Stephen Madigan 
(then at SARDI Aquatic Sciences, currently PIRSA Aquaculture) and the facilitator was Dr 
Rick Fletcher (ESD Subprogram Leader, Department of Fisheries, Western Australia). 
 
Three component trees modified from the generic trees for wild capture fisheries were 
presented at the workshop.  Component Tree 1 (Figure 1.2) is for the whole of industry 
issues while Component Tree 2 (Figure 1.3) is for the cumulative impacts that may operate 
at the catchment or regional level.  Component Tree 3 (section 1.12), which is for effects of 
individual farms or sites, was not discussed during the workshop due to time constraints.  
During the workshop, each generic component tree was further modified to produce trees 
specific to the South Australian SBT aquaculture industry.  This process either added issues 
or identified issues that did not pose an immediate risk (highlighted grey boxes in the 

based on the perceived risk associated with that
workshop were asked to score consequences and likelihood based on current control 
measures, and not what they perceived to be a risk in the near future (i.e. five years), thus 
potential changes in management practices were not taken into account.  Furthermore, 
comments and justifications from workshop participants leading to these rankings were 
also limited.  Comments given for the risk rankings during the workshop are included in 
the appropriate sections of this report and summarised in section 1.13. 
 
Although a modified version of the National ESD reporting framework for Australian 
Wild Capture Fisheries was used to perform the risk assessment for SBT Aquaculture, it is 

component trees), although their level of risk may change with time.  Each issue was then 
discussed in terms of the current knowledge and management and assigned a risk ranking 

 particular issue.  The participants of the 
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 the present document to produce a full ESD assessment and report.  The 
orkshop was aimed at creating a register of the main potential environmental impacts that 

not the aim of
w
arise from the farming of SBT.  Therefore in this report, a brief literature review is given 
for all issues rated as moderate, high or extreme risk, without conducting a full 
performance report.  This literature review re-evaluated the risk rankings and subsequently 
helped to prioritise the potential environmental impacts of SBT aquaculture in South 
Australia.  
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Figure 1 Component Tree 1 - General or whole industry level impacts of SBT aquaculture on the environment 
(adapted from Fletcher et al. 2002 and modified during workshop). Issues highlighted in grey were not 
discussed during the workshop  
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Figure 1     
from Fl and modified during workshop). Issues highlighted in grey were not discussed 

.3. Component Tree 2 – Catchment or regional level impacts of SBT aquaculture on the environment (adapted
etcher et al. 2002 

during the workshop. 
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Listed Migratory Species

Other Fauna
(fish, birds, etc)

Threatened/Endangered
/Protected Sp.

World Heritage
RAMSAR, MPAs

Behavioural changes
and Impacts on species

Sensitive and
critical habitats

Displacement

Addition

Reduction

Habitat effects

Ecological Community Structure & Biodiversity

Number and
Size of Farms

Habitat Removal

Alienation
(eg access to areas)

Water Flow

Acid Sulphate Soils

Water Table

Navigation

Site Constraints
(eg waves, currents)

Visual amenity

Onfarm On farm

Infrastructure

Physical Structures and
Construction

Regional
Assimilative Capacity

Environmental Capacity

Disease
(e.g.proximity)

Carrying Capacity

Production

Effect of the Industry on
Catchment/Region (Cumulative Impacts)
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1.4 Results 
 
Component Tree 1 (General or Industry) and Component Tree 2 (Catchment or Regional) 

ere discussed in detail.  Of the 69 issues discussed during the workshop, ten issues 

discus
construction g 

direct 
fell i lated to 

low/m  of a single issue related to feed 
composition with a low/moderate risk ranking.  Similarly the third group had a single issue 

ly, these 
nkings were reassessed after an extensive literature review, as described later in this 

us improvements over the next five to ten years to reduce 
e risk to a low ranking. 

w
received low/moderate to extreme risk rankings (Table 1.5).  Nine of these issues are 

sed in this report.  Issues relating to the effects of physical structures and 
 associated with the industry on navigation received a high risk ranking durin

the workshop, but are not covered in this report, as these issues were not considered a 
risk to the environment (Table 1.5).  Issues with a risk ranking of moderate or high 
nto three broad groups.  The first group were issues re

Threatened/Endangered/Protected species, where risk rankings ranged from 
oderate to extreme.  The second group consisted

on water quality, mainly related to nutrient levels, which had a moderate risk ranking (Table 
1.5).  These rankings could be viewed as a negative outcome for the SBT aquaculture 
industry because a high ranking indicates a need for immediate increased management, and 
an extreme ranking suggests that careful consideration needs to be given to the continued 
existence of the industry.  However, it must be noted that these risk rankings are based on 
the perception of individuals who may not have access to all available data and it was 
acknowledged that a fully informed assessment was not possible.  According
ra
report. 
 
The remaining seven issues discussed in this report had a low/moderate or moderate risk 
ranking, indicating that they may require further management or research.  However, 
management responses to moderate issues do not need to be immediate or drastic, and 
would generally involve continuo
th
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Table 1.5. List of environmental issues from Component Tree 1 (Gen
Tree 2 (Catchment or Regional) that were given a low/

eral or Industry) and Component 
moderate, moderate and high risk 

rankings during the workshop. The consequence, likelihood and risk values are given.  

Issue Component 
Tree Consequence Likelihood Risk Ranking Revised Risk 

Ranking* 
1. 

eds 

1-4 3-12 
Low-Moderate Low 

Impact of 
fe
composition Tree 1 

3 on other 
species/ 

General or 
Industry 

community 
processes 

2. Impact of SBT 

hites) 

aquaculture 
on sharks 
(e.g. dusky & 
bronze 
whalers, great 

Tree 1 
General or 

Industry 
3 1-3 3-9 

Low-Moderate Moderate 

w
3. Effect of 

nutrients on 
natural 
background 
levels of 

utrients 

Tree 2 
Catchment or 

Regional 

3 
 4 12 

Moderate Low 

n
4. pact of SBT 

on bottlen
dolphins 

Im
aquaculture 

ose 

Tree 2 
Catchment or 

Regional 
3-4 4-5 

12-20 
Moderate-
Extreme 

Low 

5. Impact of 

Cat
R

 
rate Low 

SBT Tree 2 aquaculture 
on common 
dolphins 

chment or 3 4 12
Modeegional 

6. B

on seals   Moderate 
Impact of S
aquaculture 

T Tree 2 
Catchment or 1-2 4 4-8 

Low-Moderate Low - 
Regional  

7. Impact of SBT 
aquaculture 
on sea lions 

4 12 
rate Moderate 

Tree 2 3 Catchment or   ModeRegional 
8. Impact of SBT 

aquaculture 
on seabirds 

Tree 2 
Catchment or 3-4 

 4 12-16 Moderate 
Regional Moderate-High 

9. Impact of site

Catch
Regional 

2 
 

6 
 

12 
rate 

 

ct 
e 
nt 

 Tree 2 constraints 
(e.g. waves, 
urrents) 

ment or Mode
Not a dire
risk to th

environmec
10. Effect 

ee 2 16 
 
t 

of 
physical Tr
structures & 
construction 
on navigation  

Catchment or 
Regional 

4 
 

4 
 High 

 

Not a direct 
risk to the

environmen

*The revised risk ranking resulted from re-evaluation after the literature review. 
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1.5 Discussion 
 
Extensive research overseas has demonstrated the various potential effects of sea cage 

ts were expected to be most pronounced in the vicinity of the pontoons and 

 

 
This form of monitoring was carried out until 1999, after which time the focus was 
changed from broad-scale sampling to one that focussed on changes along gradients away 
from pontoons (Clarke et al. 2000).  This monitoring program was further revised in 2001 
and now involves monitoring the influence of the industry on the environment using a 
license-based monitoring approach (Madigan et al. 2001).  As of 30th June 2003, the 
Environmental Monitoring Program (EMP) requirements for a Marine Tuna Aquaculture 

finfish farming on the environment (e.g. Pearson and Rosenberg 1978, Gowen and 
Bradbury 1987, Gowen 1991, Findlay and Watling 1995, Henderson and Ross 1995, 
Pearson and Black 2001, Gardner and Peterson 2003, Weber 2003, Boyra et al. 2004).  SBT 
aquaculture in Port Lincoln has been in operation since 1991.  In 1992, a workshop was 
organised by the former Department of Fisheries to assess available information on the 
environmental effects of fish farming and prioritise elements for a proposed environmental 
monitoring program (Clarke et al. 1999, Clarke et al. 2000).  Although the majority of the 
information was from countries other than Australia, many of the issues discussed in the 
literature were relevant to the South Australian tuna aquaculture industry.  The workshop 
reaffirmed findings in the literature, which suggested that significant localised impact would 
likely result from commercial scale SBT aquaculture.  The three potential impacts 
highlighted were: 
 

• Shading and reduced amount and intensity of light reaching the benthos as 
a consequence of the pontoons, their nets and associated biofouling 
communities. 

• Smothering of benthic communities due to increased particulate matter, 
surplus food, organic excretory wastes and the deposition of biofouling 
from the nets and pontoons. 

• Increased nutrient levels in water column and phytoplankton abundance 
resulting from nutrients from SBT excretory products and leaching from 
feeds. 

 
hese impacT

decline rapidly with increasing distance from the pontoons.  Cheshire et al. (1996) found 
that epibenthic communities were impacted up to a distance of 150 m and benthic infauna 
were impacted up to 20 m from tuna cages in Boston Bay. Resuspension of seafloor 
sediments that smother benthic communities was the most likely factor responsible for the 
mass mortalities of farmed SBT within and adjacent to Boston Bay in April 1996 (Clarke 
1996). In order to reduce the impacts of SBT aquaculture on the marine environment, tuna 
cages were moved to more exposed sites offshore from Boston Island. A monitoring 

rogram was therefore established in 1996 to assess the extent of impacts from the tunap
farms on the environment and to ensure the productivity and commercial viability of the 
farms (Clarke et al. 1999).  The monitoring program involved: 
 

• Monitoring of water quality including nutrients and physical parameters. 
• Monitoring of phytoplankton composition and abundance from water 

samples. 
• Monitoring of benthic conditions including sediment particle size, organic 

content, infauna, waste feed, undulations and organic detritus. 
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license comprised of two components, namely Farm Management and Benthic Assessment 
IRSA Aqua re 

2003a) consists of: 
 

• 

 dropped. 
• hic infaunal 

ea (150 m 

•  at potentially 

 
 

mples gives a 

environmental impact from organic enrichment (Pearson and Rosenberg 1978).   

The data , 
but also d ent as well as 

ose associated with SBT farms.  Additionally, research projects associated with SBT 

n 1.13.  

(P culture 2003a).  The Benthic Assessment component (PIRSA Aquacultu

A qualitative comparison of the biota and the sediment appearance 
videotaped from transects on the sea floor, from two on-site (lease) 
transects and one off-site (control) transect. This has since been
A quantitative comparison of the characteristics of the bent
communities at potentially impacted locations of the licence ar
from the lease boundary) being monitored and control locations. 
A quantitative comparison of particle size of the sediment
impacted locations and control locations. 

No effects of aquaculture had been discernible from the video recordings in the previous
four years of the Monitoring Program, so the video method was excluded from the 2004 
Program at the request of PIRSA.  The assessment of benthic sediment sa
measure of the abundance of infauna (number of individual organisms) and the number of 
taxonomic groups of infauna (e.g. families or species).  Any differences between naturally 
undisturbed communities and potentially impacted communities give an indication of 

 
collected from these monitoring programs not only fulfil licensing requirements
escribe the spatial and temporal patterns of the “natural” environm

th
aquaculture provide the opportunity to develop methods for assessing environmental 
changes and a better understanding of the underlying processes, which maintain the 
ecosystem (Madigan et al. 2001). 
 
The issues presented in the following sections were given a risk ranking of ‘moderate’ or 
higher during the workshop.  For each issue, the comments and risk assessment values 
determined during the workshop are summarised (Table 1.6 to Table 1.14).  All the issues 
iscussed and comments given during the workshop are tabled id

 
Each summary table of the issues presented below is followed by a brief review of the 
current knowledge and literature and these are discussed in terms of their implications for 
the South Australian SBT aquaculture industry. 
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1.6 Other species/communities and processes 
 
Four issues relating to SBT Aquaculture were identified under the ‘other 
species/communities and processes’ level of the whole industry component tree (Figure 
1.2). These issues were: 
 

1. Disease of escaped farmed species 

able 1.6. Summary of workshop comments and risk assessment values for the issue relating to the use of 

2. Competition by farmed species 
3. Sharks (e.g. dusky & bronze whalers, great whites) 
4. Impacts of imported feed on other elements 
 

Only issues relating to impacts of imported feed on other elements (#4, Table 1.6) are 
discussed in this section as the risk associated with issues 1 and 2 were identified as “low” 
and issues relating to sharks (#3) are included in the Threatened/Endangered/Protected 
species section (Section 1.7). 
 
1.6.1 Impact of imported feed on other elements 

The risk assessment values for impact of imported feed on other elements included a score 
of 3 for consequence and a likelihood of 1/4 giving a risk value of 3/12 and a risk ranking 
from low to moderate (Table 1.6). 
 
T

imported feed for tuna aquaculture.  Wherever possible the exact comments have been 
included, however, additional words and phrases may have been added to improve readability 
and understanding. 

Description What are the impacts of imported feed on other elements? 
Level of impact Whole of Industry 
Workshop 
comments  

� Disagreement on the level of consequence based on whether or not previous 
“pilchard kill” incidents were associated with the importation of pilchards for 
feeding tuna. 

� Incidents have occurred twice over the past 10 years; therefore it is possible 
that it may occur again. 

� Biosecurity Australia should address this issue. 
� Management plans put in place by Biosecurity Australia have reduced this 

risk to negligible, therefore the likelihood, based on current management 
practices, is low.   

� Are the management changes making any substantial differences in 
risk/likelihood? 

Consequence Likelihood Risk Value Risk Ranking Workshop risk 
assessment values 3 1/4 3/12 Low to Moderate 
 
Current knowledge 
There were differences in opinions during the workshop on the level of consequence based 

n whether previous “pilchard kill” incidents were associated with the importation of o
pilchards for feeding tuna.  Tens of thousands of tonnes of imported, untreated (frozen 
whole) pilchards, Sardinops sagax, and other baitfish species, were placed annually into the 
marine environment to feed caged SBT, as well as for lobster, long-lining and recreational 
fisheries.  From the beginnings of the SBT industry, the amount of imported tuna feed 
gradually increased from around 10,000-16,000 tonnes in 1995 to 40,000-50,000 tonnes in 
2001 (Gaughan 2002).  However, this has now decreased as the Total Allowable 
Commercial Catch (TACC) for the local pilchard (now Australian sardine) fishery has 
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increased since 2000 (Ward et al. 2004).  While imported feed is still used, it is now in the 
minority. 
 
Mass mortalities of pilchards spread rapidly throughout this species’ range in Australia 
during 1995 and 1998/1999.  These ‘pilchard kill’ events dramatically decreased the 
population size and represent the two most extensive mass mortalities recorded for marine 
organisms (Gaut 2000, Gaughan 2002).  Mortalities spread around the temperate and 
subtropical coastline of Australia from the central coast of South Australia.  A majority of 
the affected fish were adults (>10 cm in length) and mortalities in other species of finfish 
or even juvenile pilchards were not recorded (Whittington et al. 1997, Fletcher et al. 1995). 
No predators or scavengers died from consuming any infected pilchards, and fatalities 
lasted for only a few days at any one location, diminishing with time and distance from the 
origin (Fletcher et al. 1995).  Following the second event, the Joint Pilchard Scientific 
Working Group oversaw the production of a report that thoroughly reviewed all 
documented work on the mortality events (Gaut 2000), and this remains the most 
comprehensive source of information on these events.   
 
During the 1995 incident, pilchard mortalities were first reported in March in South 
Australia in the eastern region of the Great Australian Bight (western Eyre peninsula).  
Dead pilchards were subsequently found to the east and west of this point and the spread 
reached Albany in Western Australia and Bass Strait in Victoria by May (Fletcher et al. 
1995).  By the end of June, dead pilchards had been found up both coasts, reaching 
Carnarvon in Western Australia and Noosa Heads in Queensland, thereby spanning 6700 
km of Australian coast (Fletcher et al. 1995, Department of Agriculture Fisheries and 
Forestry 2003)(Figure 1.4).  Similar mortalities also occurred on the north east coast of 
New Zealand, which continued to spread towards the north and south islands (Whittington 
et al. 1997).  
 
A similar outbreak occurred during 1998/1999, however, the spread of mortalities was 
considerably slower than that seen in 1995.  Pilchard mortalities spread from South 
Australia to the south coast of Western Australia, the coast of Victoria and then to the 
New South Wales coast, north of Sydney (Gaughan 2002) (Figure 1.4).  Even though the 
geographical distribution of this incident was more ‘patchy’ than in 1995, mortality rates in 
Australia’s largest pilchard fisheries, located in Western Australia and South Australia, were 
independently estimated to be around 60-70% of the spawning biomass (Ward et al. 2001). 
 
Both incidents not only impacted the Australian pilchard population size, but may have 
also impacted on a number of vertebrates that are known predators of pilchards, including 
penguins (Jarman et al. 2004), gannets (Brothers et al. 1993), Australian fur seals (Jarman et 
al. 2004), short-beaked common dolphins and Indo-Pacific dolphins (Kemper and Gibbs 
2001, Kemper et al. 2003).  It has recently been concluded that the death and the decreased 
breeding success of little penguins (Eudyptula minor) (Macleod et al. 2004a) and the 
decreased breeding success and survival of the Australasian gannet (Morus serrator) (Bunce 
and Norma 2000) was a result of the “pilchard kills’ in 1995 and 1998/1999, respectively. 
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The pathogen responsible for the mass mortalities during 1995 and 1998/1999 was 
eventually identified as a previously unknown herpes virus(es) and was named ‘Pilchard 

erpes Virus’ or PHV (Hyatt et al. 1997).  Both incidents occurred in a way (i.e. dramatic 
read through the species’ entire range, focal origin, no previous similar events) that was 
dicative of a novel Herpes virus to which the Australian pilchards had not been exposed 

 

 
Several hypotheses have been investigated to explain the apparent introduction of the 

sponsibl ted 
e rem  a latent herpesvirus (Whittington et al. 1997).  Given 

o
 this  and the non-random origin 

of both incidents close to where the largest quantities of imported pilchards entered
water, it has

rming 
operations off t 

e able  this e area ortali t 
e latent p d of the virus ard et al. 199 wever

vent occurred in the middle of the farming season, the 1998 event occurred after the 
farming season finished (Gaut 2000).  Thus, there is no definitive evidence that the virus 
was introduced in frozen pilchards fed to tuna, although this possibility cannot be ruled out 
(Ward et al. 1999, Gaut 2000).   It is highly likely that this pathogen was translocated across 
geographic boundaries because the Australian pilchards (Sardinops) had a different 
immunity profile to the imported pilchards (Gaut 2000, Gaughan 2002).  
 

th Australia and spreading to as far as northern New South Wales  in 
the east and south-western Western Australia in the west (from Gaughan 2002). 

H
sp
in
to previously (Gaughan 2002, Fletcher et al. 1995).  PHV causes thickening of the gill
epithelium (hyperplasia) and leads to death by asphyxiation. 

pathogen re e for the ‘pilchard kills’, including ballast water, seabirds, impor
baitfish, and th ote possibility of
that the tw
period that

 mass mortalities of pilchards occurred in Australian waters within the 6-year 
same species was imported in large quantities

 the 
 been suggested that imported pilchards might be the source of PHV (Gaughan 

2002).  While neither event appeared to start in the immediate vicinity of the tuna fa
Port Lincoln, they did occur close enough that it is reasonable to expec

pilchards to b
reported within th

to swim from  area to th s where m ties were firs
erio  (W 9).  Ho , while the 1995 

e

Figure 1.4. Geographical distribution of the mass mortalities of pilchards during 1995 and 1998/1999; 
starting from central Sou
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The current quarantine conditions for importation of marine fish are based on an import
sis (IRA) conducted in 1999.  These import conditions distinguish between ‘non-
 and ‘specified’ species, where ‘specified’ species are those that pose a significantly 

 
risk analy
specified’
higher quarantine risk with regard to identified diseases (Biosecurity Australia 2001).  As 

yet be have a 
u

 
More recently, Biosecurity Australia reviewed quarantine conditions for Californian 

a viral 
haemorrhagic m 

ures w lace the ris catin  
.  These m sures were additional to those determined by the 1999 IRA 

Code/Manual 
sts pilchard as a VHSV susceptible species (Biosecurity Australia 2001).  The quarantine 

port permits 

C 

PHV has not 
‘non-specified’ 

en traced back to imported pilchards and pilchards currently 
stat

magnitude of the pa
s, there has been no IRA on pilchards in Australia, despite the 

st two incidents (Gaughan 2002).  

pilchards (Sardinops sagax), and closely related species, following the discovery of 
septicaemia virus (VHSV) in 2001 (Biosecurity Australia 2002).  Interi

quarantine meas
Australian waters

ere put in p to reduce k of translo g VHSV into
ea

for the importation of marine fish in general.  VHSV is a significant disease in a range of 
fish species exotic to Australia; it is often lethal to susceptible fish (Biosecurity Australia 
2001).  VHSV, the causative agent, is a rhabdovirus that does not necessarily cause visible 
lesions during early stages of development, but is easily spread among cultured and feral or 
wild fish.  It is therefore listed as a notable disease by the Office International des 
Epizooties (OIE) and the latest version of the OIE Aquatic Animal Health 
li
risk associated with VHSV is related to ambient water temperature and is restricted to 
periods of low water temperature (agent transmission is not reported to occur above 15oC) 
(Biosecurity Australia 2001).  
 
Even though several hundred thousand tonnes of pilchards were imported for use as bait 
and tuna feed prior to the introduction of restrictions in 2002, VHSV has never been 
reported in Australia (Biosecurity Australia 2003) and was not linked to the ‘pilchard kill’ in 
1995 and 1998/1999.  A draft policy review by Biosecurity Australia is now complete and 
indicates that the VHSV risk associated with importation of frozen pilchards for bait or 
aquaculture is very low and therefore does not require additional risk management 
measures beyond those established by the 1999 IRA (Biosecurity Australia 2003).  These 
conditions allow the Australian Quarantine and Inspection Service to grant im
for low risk  (or ‘non-specified’) species on the basis that health certification is provided.  
Therefore, the interim control measures for managing VHSV risk have been lifted.  
 
As a result of the mass mortality events in South Australia, SARDI Aquatic Sciences started 
annual assessments of the spawning biomass of Australian sardine.  These assessments 
have shown that the South Australian sardine population has recovered rapidly from these 
events (Ward et al. 2001, Ward et al. 2004).  The most recent stock assessment (2004) 
showed that the pilchard stock is continuing to recover, with an estimated 9% increase 
(292,076 tonnes) in the spawning biomass when compared to the 2003 spawning biomass 
(269,063) (Ward et al. 2004).  The TACC for the fishery has consequently also increased 
rapidly since 2000. 
 
A risk ranking of “low” is more appropriate than “moderate” as the industry has now 
become less reliant on imported pilchards.  This change is related to the increase in TAC
for the pilchard fishery, which has made South Australian caught pilchards (officially now 
known as Australian sardines) the most common species of baitfish used as tuna feed. 
Enriched diets in pellet form have been developed and tested commercially, but at present 
they are not competitive in price with local caught baitfish.  However, it is important that 
the tuna aquaculture industry continues to have such strategies to minimize reliance on the 
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importation of pilchards for use as feed.  Continued use of imported fish feed may allow 
the entry, establishment and spread of disease agents.   
 
Revised Risk Ranking: Impact of Imported Feeds – Low 
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1.7 Protected/Threatened/Endangered species 

d from “moderate” to “extreme” (Table 1.7 and Table 1.8). 

“low” to “moderate” at the whole industry level under 

escription What impact does entanglements in tuna cages have on bottlenose dolphins? 

 
Five issues relating to Threatened/Endangered/Protected species were identified in the 
Region/Catchment level component tree for SBT aquaculture (Figure 1.3).  These issues 
were:  

1. Bottlenose dolphins 
2. Common dolphins 
3. Seals 
4. Sea lions 
5. Seabirds 

The first two issues on dolphins have been combined in the ensuing discussion even 
though they received different risk rankings during the workshop.  The risk ranking for 
dolphins range
 
Seals and sea lions have also been combined in the discussion with risk rankings ranging 
from “low” to “moderate” (Table 1.9 and 1.10).  The risk ranking for issues relating to 
seabirds was “moderate” to “high” (Table 1.12).  While issues relating to sharks were 
identified with a risk ranking of 
“Other species/communities and processes” (Section 1.6), they also are being discussed in 
this section as the great white shark is a protected species and other shark species are 
considered ‘near-threatened’. 
 
1.7.1 Dolphins (Bottlenose & Common) 

The risk ranking for entanglement of bottlenose dolphins was “moderate to extreme” while 
that for common dolphins was “moderate” (Table 1.7 and Table 1.8). 
 
 
 
Table 1.7. Summary of workshop comments and risk assessment values for the issue of bottlenose 

dolphin entanglements in tuna cages.  Wherever possible the exact comments were included, 
however additional words and phrases may have been included to improve readability and 
understanding. 

D
Level of impact Whole of Industry 
Workshop � Higher consequence score based on smaller family/gene/pod population 

 
viour. 

comments  size, not the entire stock/population level.  
� What level of mortality is occurring?  
� Predator nets have been removed and entanglement has been reduced, but

this may not stop changes in feeding beha
Cur lations � e all nd prac ures t ise a

ns a als (PI acu 003b). 
rent regu  Must tak

interactio
reasonable a

with seabirds and m
tical meas

rine anim
o minim
RSA Aqu

dverse 
lture 2

Consequence Likelihood Risk Value Risk Ranking Workshop risk
assessment values 

 
4/5 12/ ode  3/4 20 M rate/Extreme
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Table 1.8. Summary of workshop comments and risk assessment values for the issue of common dolphin 
anglem s.  Where r possible the e ct comments were included, however 

additional words and phrases may have been included to improve readability and 
understanding. 

ent ents in tuna cage ve xa

Description What impact do entanglements in tuna cages have on common dolphins? 
Level of impact Whole of Industry 
Workshop comments  � More work required because individuals around tuna pontoons have 

different stomach contents, reflecting altered diet.  
� Detrimental changes in feeding behaviour in young may occur.  
� Tuna pontoons only present for 5 months of the year. 

Current regulations � Must take all reasonable and practical measures to minimise adverse 
interactions with seabirds and marine animals (PIRSA Aquaculture 2003b) 

Consequence Likelihood Risk Value Risk Ranking Workshop risk 
assessment values 3 4 12 Moderate 
 
A literature review on the interaction between dolphins and finfish aquaculture has been 

 section. 

 found in the Spencer Gulf region (Parsons Brinkerhoff 
3c, 2003b).  There are some anecdotal 

round aquaculture leases, but these have 
ts of aquaculture on dolphins can be either direct, 

ound 

conducted (De Jong and Tanner 2004).  While the review covered issues discussed during 
the “Environmental Risk Assessment Workshop for Marine Finfish Aquaculture in South 
Australia”, many references were made to the tuna aquaculture industry in South Australia.  
As such, parts of the review, with modifications, are included in this
 
Current knowledge 

eA number of dolphin species ar
and SARDI Aquatic Sciences 2003a, 200
observations of behavioural changes in dolphins a
not been quantified.  The potential impac
by incidental capture, or indirect, through competition for food and changes in habitat.  
Dolphins can be attracted to farms due to the increased number of wildfish that feed on 
the excess feed around the farms or use the cages as fish attracting devices (Wickens 1995, 
Kemper and Gibbs 1997, 2001, Kemper et al. 2003).  Dolphins can become entangled in 
the sea cage nets if they are not properly installed, or anti-predator nets (although these are 
no longer used by the SBT industry), even though they are aware of the nets (Kemper 
1998).  It is thought that they may be distracted while feeding (Kemper 1998). 
 
A study was conducted during 1994-1999 on dolphins entangled in tuna farm nets near 
Port Lincoln (Kemper and Gibbs 1997, 2002).  During this period 15 bottlenose dolphins 
(Tursiops aduncus) and 9 common dolphins (Delphinus delphis) died from entanglements with 
the nets, and their carcases were examined and compared to dolphin carcases washed up or 
floating in Port Lincoln and other parts of South Australia.  An additional 13 dolphin 
entanglements were reported but not collected and there was evidence that at least another 
eight dolphins died due to entanglements but were not officially reported.  Of the 37 
entangled animals, 24 were juveniles or young sexually mature females.  Most of the 
sexually mature dolphins were also pregnant or lactating.  Three of the entangled animals 
were calves.  The remains of fish species that were common around tuna cages were f
in the stomachs of entangled dolphins.  However, there is not enough information on the 
behaviour, ecology and population dynamics of dolphins in South Australia to properly 
assess if marine finfish aquaculture is having a measurable effect on dolphin populations. 
 
From the results of their studies, Kemper and Gibbs (1997, 2002) made several 
recommendations, including the removal of anti-predator nets.  Anti-predator nets are no 
longer in use in South Australia, and indeed some industry members had dispensed with 
them prior to the 1997 report, thereby eliminating entanglements.  Kemper et al. (2003) 
summarised a range of recommended mitigation methods for reducing interactions 
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between finfish aquaculture and marine mammals.  These recommendations included the 
use of appropriate net design (semi-rigid or well-tensioned net material; mesh size of 6 cm), 
minimisation of food wastage, use of pellet feed, appropriate location of farms, prompt 

moval of dead fish, gear maintenance and constant vigilance.  Kemper et al. (2003) also 

inshore dolphins has been done, a lower risk ranking is 
robably more appropriate for both species of dolphins.  Given the likelihood of 

etween seals and tuna cages? 

re
listed several methods that were not recommended, including the use of acoustic devices, 
trapping and relocation, and chasing.  Dolphins are a protected species and therefore it is 
illegal to kill them.  Farmers must attempt to safely release any trapped or entangled animal. 
 
Given that predator nets are no longer used by the tuna industry, and other improvements 
such as reductions in feed wastage, decreased mortalities, and regular removal of dead fish, 
which have eliminated mortalities through entanglements, and until more research and 
collection of information on 
p
entanglement has been practically eliminated, a low risk ranking is probably appropriate at 
the regional level for both species.  If farm operators do not properly manage their cages, 
and allow the nets to hang loosely, then this should be raised to moderate, at least for 
bottlenose dolphins.  However, this ranking should be reviewed if other deterrents are 
introduced or if farming practices are further changed. 
 
Revised Risk Ranking: Impacts on Bottlenose/Common Dolphins –Low 
 
1.7.2 Seals and Sea lions 

Issues relating to seals received a risk ranking of “low to moderate” (Table 1.9) while the 
sea lions received a risk ranking of “moderate” during the workshop (Table 1.10). 
Table 1.9. Summary of workshop comments and risk assessment values for issues related to seal 

interactions with tuna cages.  Wherever possible the exact comments were included, however 
additional words and phrases may have been included to improve readability and 
understanding. 

escription What are the issues associated with the interaction bD
Level of impact Regional impacts 
Workshop 
comments 

� Once electric fences were put in place around tuna pontoons, seal mortality 
was reduced. 

� An appropriately managed farm will have few, if any, issues regarding seals 
and proximity to colonies becomes less of an issue. 

� A distinction needs to be made between breeding and haul out colonies with 
respect to proximity. 

Current 
regulations 

� Must take all reasonable and practical measures to minimise adverse 
interactions with seabirds and marine animals (PIRSA Aquaculture 2003b). 

Consequence Likelihood Risk Value Risk Ranking Workshop risk 
assessment values 1/2 4 4/8 Low to Moderate 
 
Table 1.10. Summary of workshop comments and risk assessment values for issues related to sea lion 

interactions with tuna cages.  Wherever possible the exact comments were included, however 
additional words and phrases may have been included to improve readability and 

escription What are the issues associated with the interaction between sea lions and tuna 
cages? 

understanding. 

D

Level of impact Regional impacts 
Workshop 
comments 

� More vulnerable species given they feed closer to shore. 
� Tuna pontoons only present 5 months of the year. 
� Unsure of cause of sea lion mortality. 

Current 
regulations 

� Must take all reasonable and practical measures to minimise adverse 
interactions with seabirds and marine animals (PIRSA Aquaculture 2003b). 
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Consequence Likelihood Risk Value Risk Ranking Workshop risk 
assessment values 3 4 12 Moderate 
 
Current knowledge 
A number of pinniped species have been documented to interact with aquaculture

s worldwide (damage to gear, stock predation, etc.) (e.g. Pemberton et al. 1991,
n and Shaughnessy 1993, Wickens 1995, Harun and Savas 2003, Kemper et al. 

 et al. 2003).  In Australia, interactions
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At Port Lincoln, anecdotal evidence suggests that pinniped interactions began about four 
years after tuna aquaculture began (Pemberton 1996, in Kemper et al. 2003).  At that time, 
farming techniques were still being developed and as a result, the sides of the cage nets 

ere quite loose.  Consequently, seals/sea lions were able to push the netting inwardsw
attempt to access fis
Australia, the seal/sea lions’ strong teeth would enable them to chew through the netting 
or they would find holes and chew their way through to get to the fish.  Improved net 
weighting techniques, which keep the sides of nets taut, were introduced to stop the seals 
from pushing on the nets (Kemper et al. 2003).  However, the seals quickly adapted and 
were seen sitting on pontoons and attempting to leap over the top net which extended 
about 60-80 cm above the top of the net ring.  Even though this interaction is more of an 
impact on the industry itself (e.g. fish losses), it is possible that the process may lead to fatal 
and non-fatal entanglement, illegal killing, and injuries of seals, although this is not a 
problem at present.  
 

 

Table 1.11. Demonstrated negative interactions of pinnipeds with aquaculture in the southern hemisphere 
(taken from Kemper et al. 2003). “?” refers to interactions that have not been demonstrated 
equivocally or that species identification was in question. 

Species Fatal 
entanglements 

Non-fatal 
entanglements 

Illegal 
killing 

Gear 
damage 

Fish stock 
loss 

Australian sea 
on Tuna fali rms - Tuna farms Tuna farms Tuna farm 

South American 
sea lion Salmonid farms Salmonid farms Salmonid 

farms 
Salmonid 

farms Salmonid farms

South American 
fur seal Salmonid farms - - Salmonid 

farms Salmonid farms

New Zealand fur 
seal 

Tuna farms? 
Salmonid farms - Salmonid 

farms 
Salmonid 

farms 
Tuna farms 

Salmonid farms
Australian fur 
seal Salmonid farms - Salmonid 

farms 
Salmonid 

farms Salmonid farms

Southern Salmonid farms - - - - 

   



 27

elephant seal 
Leopard seal Salmonid farms - - - - 
 
 
A majority of the interactions with tuna cages involved the Australian sea lion (Neophoca 

ant female and the other was a sub-adult male.  
direct evidence of entanglements and intentional killings have been obtained by studying 

 reduce 

ts at the bottom and using smaller 
mesh size (e.g. 6 x 6 cm) for anti-predator nets.  For a variety of reasons, anti-predator nets 
are no longer used by the tuna industry in South Australia.  The use of higher (up to 1.5 m) 
fences and electric fences around tuna cages has proven to be effective in deterring 
pinnipeds since the late 1990’s.  Unlike in the northern hemisphere, acoustic harassment 
devises (AHD’s) are not used as they were found to be unsuccessful in the long term. 
  
It was suggested that the number of attacks by pinnipeds on tuna at Port Lincoln may be 
related to the proximity of the sea cages to the second largest breeding colony of Australian 
sea lion at Dangerous Reef, approximately 25 km to the east (Kemper et al. 2003).  The size 
of the colony is estimated to be between 1,500 and 2,000 animals.  Breeding colonies have 
also been observed at Albatross, English and Gambier Isles (Edyvane 1999).  Breeding also 
possibly occurs on Lew Isle, Smith Rock and Buffalo Reef and the Neptune Isles, with 
haul-out sites at many more locations within the area.  Recently, Dr. S. Goldsworthy of 
SARDI Aquatic Sciences discovered a new Australian sea lion colony at East Island (North 

cinerea) with only occasional interactions involving New Zealand fur seals (Arctocephalus 
forsteri), which are attracted to the baitfish.  Almost all (89%) of the carcasses retrieved in 
the Port Lincoln area since tuna aquaculture began, as well as two documented 
entanglements (Kemper and Gibbs 1997), were sea lions.  Of the two entangled sea lions 
collected for analyses, one was a pregn
In
the carcasses of seals washed up on shore (Kemper and Gibbs 1997).  For example, four 
seal carcasses were discovered on the western side of Boston Island during 1997, of which 
one had been shot, although these cannot be attributed to the tuna industry.  
 
An unpublished report (Pemberton 1996 in Kemper et al. 2003) for the Tuna Boat Owners 
Association of South Australia and PIRSA pointed out that anti-predator nets were 
problematic for entanglements of seals (as well as dolphins).  A number of major 
drawbacks were identified with anti-predator nets, which included: 
 

• Too large mesh size 
• Holes not repaired 
• Nets not enclosed at the bottom 
• Nets often loose and baggy 
 

It is likely that some of these drawbacks were also responsible for seals gaining access to 
cages and killing or damaging tuna.  The report also suggested that feeding practices, such 
as shovelling of baitfish, encouraged marine mammals to visit cages in the first place.  
Furthermore, the problem with seals getting over the top of pontoons was because fences 
were not high enough above the water level or poorly maintained and the pontoon design 
acted as a platform from which the seals could launch themselves into the cage. 
 
A range of recommended mitigation methods for reducing interactions between finfish 
aquaculture and pinnipeds were summarised in the report (Pemberton 1996 in Kemper et 
l. 2003).  These recommendations included regular maintenance of all nets toa

billowing and holes, extension of fencing to 1.5 m above water level, cleaning of oil slicks 
and dead fish around cages, enclosing anti-predator ne
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t 60 km away at 
eptune Island, which was estimated to have between 21,000 and 27,000 animals in the 

al to kill them.  Farmers 
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lions at Da
aquaculture
the Marine
com Wildlife 
Ad re 

p.  Th ecom t fish ot all  
an sea lion olonies and 15 f the eight ma reeding 

od of an adverse interaction between tuna farms and seals and sea 

ly static (Goldsworthy et al. 2003) and entanglements in tuna nets are reportedly 
ore frequent.  Also, if the aquaculture zoning regulations allow farms to be situated closer 

Neptune Islands).  There is also a New Zealand fur seal colony abou
N
summer of 1999/2000.  
 
It is possible that pinniped interactions with tuna cages go unreported because operators 
fear reprisal and public/market reactions to events that are negative to marine mammals.  
Seals and sea lions are protected species and therefore it is illeg
must attempt to safely release any trapped or entangled animals.  A more rigorous

 system may be required in order to properly assess the effect of tuna aquaculture 
 sea lion populations in the Port Lincoln area.  In addition, there is the need f

more informat
lions in the Por

on the behaviour, ecology and population dynamics of seals and
coln area. 

 
Currently scientists at SARDI Aquatic Sciences are undertaking several projects on 

ngerous Reef to assess their movement patterns and spatial overlap with finfish 
.  The results of this tracking work has led to recommendations being made by 
 Mammal-Marine Protected Area Aquaculture Working Group, which is 

prised of
visory Com

 experts from the Minister for Environment and Conservation’s 
mittee and the Minister for Agriculture, Food and Fisheries’ Aquacultu

Advisory Grou
km of all Australi

e group has r mended tha farms are n owed within 5
 c km o jor b colonies.  

 
Another project involves the mark-recapture assessment of New Zealand fur seal pup 
production at three colonies (North and South Neptune Island, and Liguanea Island) 
where over 3,500 pups were marked in three days.  Follow up recaptures indicate that the 
populations are still increasing rapidly, with approximately 10,000 pups born across the 
three sites during the 2005 breeding season.  A final report discussing the impediments to 
the growth of Australian sea lion populations is in preparation. 
 
Given that the likeliho
lions has been lowered due to the use of electric fences and the removal of predator nets, 
coupled with the limited research on seal interactions with tuna aquaculture, the risk 
rankings given during the workshop are appropriate.  Compared to a “low to moderate” 
ranking for New Zealand fur seals, a slightly higher ranking of “moderate” is appropriate 
for Australian sea lions given that the population is relatively small (about 11,000 animals) 
and fair
m
to Australian sea lion colonies, they may be at a greater risk of entanglements or illegal 
killing.  The risk ratings should be re-assessed in the near future if farm management 
practices change and when more research has been conducted on the impacts of tuna 
aquaculture on pinniped population dynamics. 
 
Revised Risk Ranking: Impacts on Seals/Sea Lions – Low to Moderate/Moderate 
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1.7.3 

was “modera
Table 

es may have been included to improve readability and 
understanding. 

Seabirds 

The risk ranking for issues associated with the interaction of seabirds and tuna aquaculture 
te” to “high” (Table 1.12). 

1.12. Summary of workshop comments and risk assessment values for issues related to seabird 
interactions with tuna cages.  Wherever possible the exact comments were included, however 
additional words and phras

Description What are the issues associated with the interaction between seabirds and tuna 
aquaculture? 

Level of impact Regional impacts 
Workshop 
comments 

� Elevated gull population levels following introduction of farming and some 
impacts on other species noted. 

� Impacts may have declined when subsurface feeding was introduced. 
� Data lacking. 

Current 
regulations 

� Must take all reasonable and practical measures to minimise adverse 
interactions with seabirds and marine animals (PIRSA Aquaculture 2003b. 

Consequence Likelihood Risk Value Risk Ranking Workshop risk 
assessment values 3/4 4 12/16 Moderate/High 
 
A literature review on the interaction between seabirds and finfish aquaculture has been 
onducted (De Jong and Tanner 2004).  While the review discussed issues from the 

e 
tes due to baitfish (e.g. pilchards) used as feed for the tuna, although regional population 

ural changes were observed in the seagulls that foraged at the tuna farms (Harrison 
 al. 2003).   Although the gulls are not migratory, this suggests that behavioural changes 

c
“Environmental Risk Assessment Workshop for Marine Finfish Aquaculture in South 
Australia”, the discussion was directly related to the tuna aquaculture industry in South 
Australia.  As such, parts of the review with modifications are included in this report. 
 
Current knowledge 
Some species of birds interact with aquaculture farms on a daily basis.  A Flinders 
University Honours project investigated the interactions between seabirds and SBT 
aquaculture farms in the Port Lincoln region in 2003 (Harrison et al. 2003 – see chapter 5 
of this report).  The study showed that silver gulls were the most abundant seabirds at tuna 
farms and they were also the main scavenger of tuna feed.  They were attracted to thes
si
increases would also be related to other anthropogenic sources of food from Port Lincoln.  
Potentially as a result of this readily available food source, it is estimated that the number of 
breeding pairs of silver gulls has doubled from 10,200 in 2000 to 20,776 in 2003.  This 
increased population may cause social and environmental problems when the tuna season 
ends in October. 
 
The same study estimated that silver gulls were consuming up to 70 tonnes of tuna feed per 
year with a general preference for baitfish over pellets when both types of feed were 
available at the same time.  However, feeding frozen blocks and not shovelling baitfish 
could easily decrease this consumption of baitfish by birds, as could placing bird nets over 
the top of the pens (Harrison et al. 2003).  Improved feeding practices are now used by 
many in the industry. 
 
The seagulls may be displacing less common seabirds such as terns and may also cause 
disturbance to migratory shorebirds (The Conservation Council of Australia 2002).  
Behavio
et
might occur in migratory birds also.  Two listed migratory species were observed visiting 
the tuna farms.  Short-tailed shearwaters (Puffinus tenuirostris) ate a very small proportion of 
the total feed taken by seabirds at farms that use either baitfish or pellets.  They were 
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observed in very low numbers within the sea cages (average 2 at any one time) compared to 
the larger number observed nearby but outside the sea cages (average 60-70 at any one 
time).  Southern giant petrels (Macronectes giganteus) were seen to visit the sea cages, however 
they did not eat the feed.  
 
There may also be flow-on effects on migratory species due to the inflated populations of 
gulls and this warrants further investigation (Harrison et al. 2003).  In addition, the 
population size and reproductive output of short-tailed shearwaters requires further 
investigation to determine whether the feed taken from the aquaculture farms is having any 
effect on the population of that species. 

teractions with aquaculture were not 
particularly relevant for assessing the interactions in South Australia, because these studies 
focused on land-based aquaculture where small fish were cultured, and sick or dying fish 
were taken by predatory or scavenging birds (Harrison et al. 2003).  In South Australia the 
main marine finfish species cultured are SBT, yellowtail kingfish, mulloway, Atlantic 
salmon and ocean trout, and these species are large predatory fish that are unlikely to be 
preyed or scavenged upon by the seabirds, in which case the most common source of 
interaction is the consumption of feed (Harrison et al. 2003).  However, Harrison’s (2003) 
argument did not take into consideration the possibility that the fingerlings of all species, 
other than tuna which is not propagated, recently transferred from the hatchery to the sea 
cages can be preyed upon by seabirds.  One SBT farming company is also looking at 
propagation of tuna (Young 2001).  If this is successful, it is highly likely that tuna 
fingerlings will be vulnerable to seabird predation and the use of surface netting of sea 
cages may grow, thereby increasing the potential of bird entrapment. 
 
Given that pellets are no longer economically competitive with baitfish due to increased 
quota and reduced prices of local pilchards, seabird interactions with tuna farms will 
continue to be a problem.  In addition, if fingerlings are introduced to sea cages, the risk 
ranking will increase.  Therefore, the “moderate” ranking given during the workshop is 
appropriate at this point in time.  However, the ranking should be reviewed if new farming 
or feeding methods are introduced.  Further research is currently in progress as part of a 
PhD project by Shelley Harrison, focussing on the recommendations given for future 
research in her Honours thesis.  This implies the need to review the risk ranking when 
more information is available on the interaction of seabirds with SBT aquaculture. 
 
Revised Risk Ranking: Impacts on Seabirds – Moderate

 
Previous studies in other parts of the world on bird in
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1.7.4 Sharks (e.g. dusky & bronze whalers, and great white sharks) 

 
 discussed in this section as the great white shark is a protected 

species and other shark species are considered ‘near-threatened’. 
ments and risk assessment values for the issue of sharks caught in 

however additional words 
standing. 

 
Issues relating to sharks were identified with a risk ranking of “low to moderate” (Table 
1.13) at the whole industry level under “Other species/communities and processes”
(Section 1.6). They are being

Table 1.13.  Summary of workshop com
tuna cages.  Wherever possible the exact comments were included, 
and phrases may have been included to improve readability and under

Description What are the issues associated with sharks becoming caught in tuna cages? 
Level of impact Whole of Industry 
Workshop 
comments 

� How frequently are sharks caught in cages? There have been only two reported 
incidents of shark interactions with towing process in 10 years. 

� Little is known about status of shark stocks in the state and there is the 
ecies could be in danger. possibility that some shark sp

� Need to codify practices to minimise captures. 
� Address mortalities during tow if sharks are caught.  
� Consequence level of 3 (severe) relates to status of stocks if they are 

endangered.  
Current 

regulations 
� Must take all rea

interactions with
sonable and practical measures to minimise adverse 
 seabirds and marine animals (PIRSA Aquaculture 2003b). 

Consequence Likelihood Risk Value Risk Ranking Workshop risk 
assessment values 3 1/3 3/9 Low/Moderate 
 

 review een 
 Jon 04).  While the review covered issues discussed during 

uaculture in South 
 

As such, par n, 
r m  

urrent knowledge 

A literature  on the interaction between sharks and finfish aquaculture has b
conducted (De g and Tanner 20
the “Envir
Australia”,

onmental Risk Assessment Workshop for Marine Finfish Aq
many references were made to the tuna aquaculture industry in South Australia.  

ts of the review with modifications are included in this section. In additio
s f o ction re also urrasome outcome

 
 a shark intera workshop a  discussed (M y-Jones 2004).

C
Currently, there is an active program of research being conducted by CSIRO Marine 
Research in Hobart that will help address many of the basic unanswered questions about 
great white shark biology.  At PIRSA, Keith Jones is collating existing data for bronze 
whaler sharks in South Australia, including shark mortalities associated with sea cage 
aquaculture and will make recommendations regarding the need for biological studies in the 

ture. fu
 
A shark interaction workshop funded by FRDC was held by the Department of 
Environment and Heritage in 2003 in Adelaide.  Various stakeholders attended the 
workshop and the outcomes of the workshop were published in 2004 (Murray-Jones 2004). 
The workshop indicated that more information on shark movements in South Australia 
was required. The workshop reached general agreement on several other issues: 

• Aquaculture in sea-cages does not appear to be attracting sharks to the region. 
• The main factor triggering attacks is the presence of freshly dead fish in cages, 

which is a farm husbandry issue. 
• There is an urgent need for best practice guidelines for managing interactions. 
• Interactions with bronze whalers are more frequent than white sharks and 

interactions with both species vary with site, season and operator. 
• There is a need for better (and faster) reporting of interactions, and better 

communication between industry, researchers and regulators. Concerns of 
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operators about reporting interactions with white sharks (with regard to 
punitive measures when a shark dies) need to be addressed. 

• More research is required on shark behaviour, stock structure and population 
status. 

• There is an increased awareness of the need to conserve great white sharks 
after the successful release, with no danger to staff or loss of tuna, of white 
sharks in tuna cages. 

ps) across Australia to meet, discuss and have input 

ted attempts to release sharks that were captured in the tuna 
a cages.  In 1999, a diver tied a rope to the tail of a shark that was found in poor 

nd human) while 
reventing the tuna from escaping.  After trying several different methods over a period of 

 a “low to 
oderate” ranking.  As the industry is concentrated in an area frequently inhabited by 

sharks, especially great white sharks, it is unlikely that the risk will be lowered in the near 

 
In South Australia, most of the interactions between sharks and sea cages are with bronze 
whaler sharks.  Bronze whaler sharks are not a protected species and are usually killed if 
they enter the sea cages.  The great white shark, Carcharodon carcharias, is the only protected 
species of shark in South Australia and it is found in all the aquaculture regions.  Farmers 
are not permitted to kill great white sharks and must attempt their safe release if they enter 
the sea cages.  Farmers can seek approval from the Director of Fisheries to destroy a great 
white only if it is endangering lives.  A Marine Animal Interaction Working Group 
(MAIWG) was established in 1996 as a result of a growing number of at-sea fish farms.  
Workshops are held annually and provide the opportunity for all stakeholders (industry, 
government, and environmental grou
into the responsible management of a range of issues associated with interactions between 
marine animals (sharks, mammals, birds) and at-sea fish farms. 
 
Malcolm et al. (2001) conducted a review on the status of great white sharks in Australian 
waters and noted there were several reported incidents where these sharks were 
inadvertently caught either in tuna tow cages or inshore farm sea cages.  In 1999 there were 
three confirmed captures and one unconfirmed capture in tuna sea cages.  Over a period of 
about five years, there was a total of nine captures by the tuna industry.  Six of these 
captured sharks were killed, usually by power-head, and the other three were already dead 
when found.  Both sexes of the great white shark have been captured in tuna sea cages and 
they ranged between 3.0 to 5.0 m in length.  In addition, the capture and towing of tuna 
stocks to farm sites expose a different mix of shark species to these activities and thus there 
will be a different type and magnitude of interaction than those at the actual farming site. 
 
There have been three repor
se
condition but still alive at the bottom of a tuna tow cage (Malcolm et al. 2001).  The shark 
was lifted out of the tow cage and released over the side where it then sank.  The next 
attempt was in 2000, but there is no information available on the release attempt. 
 
In 2003 a great white shark entered a SARDI Aquatic Sciences’ experimental tuna sea cage 
(Buchanan 2005).  This event provided SARDI staff with an opportunity to trial a number 
of different methods for removing the shark safely (for both shark a
p
seven days, the shark was successfully released by using a part of the net as a “corridor” for 
the shark to swim out.  Only two tuna were observed to escape in the process, although 
more were found to be missing at harvest.  This method of release showed some potential 
for the safe release of sharks with minimal fish loss.  More recently, the tuna industry has 
developed the technique further and have released alive white pointer sharks found within 
cages. 
 
Given the regular interactions between sharks and aquaculture, and the low reproductive 
rate of sharks, a “moderate” risk ranking is probably more appropriate than
m
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future.  However, if the devices that are currently being tested to repel sharks from tuna 
cages prove to be effective, the risk may be lowered.  Also, unless the industry becomes 
less reliant upon wild captured tuna, interactions with sharks will continue during the 
towing process.  Essentially, as long as current regulations are followed, it is unlikely that 
the risk will increase in the near future.  Even though whaler sharks are not a protected 
species, they have been classified as ‘near-threatened’ because of commercial shark 
fisheries, by-catch, and recreational fishers (Pogonoski et al. 2002).  Therefore, the 
consequence level of 3 (severe) (mainly given due to great white sharks) may also be 
appropriate for whaler sharks as their numbers continue to decrease.  Again, more 
information on their distribution, movement patterns and behaviour in South Australia is 
required. 
 
Revised Risk Ranking: Impacts on Sharks – Moderate 
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1.8 Nutrients 
 
Four issues relating to nutrients were identified in the Catchment or Regional level 
component tree for SBT aquaculture (Component Tree 2, Figure 1.3).  These issues were:  

1. Background levels 
a. Natural 
b. Human Inputs 

2. Tuna farm inputs 
3. Nutrient removal scavengers (e.g. filter feeders, biofouling) 
4. Distribution load 

The risk associated with issue 1a received a ranking of “moderate” (Table 1.14) while the 
remaining issues received either “negligible” or “low” risk rankings and are not discussed 
further in this report. 
 
1.8.1 Natural background levels of nutrients 

Issues relating to natural background levels of nutrients received a “moderate” risk ranking 
during the workshop.  However, this was based on varying consequence levels, which was 
due to uncertainty amongst some participants on natural background levels of nutrients in 
the Port Lincoln region (Table 1.14). 
 
Table 1.14. Summary of workshop comments and risk assessment values regarding issues related to water 

quality and tuna cages.   

Description What are the issues associated with the water quality and tuna aquaculture? 
Level of impact Regional impacts 
Workshop 
comments 

� Are nutrient levels themselves an environmental issue?  
� Given the amount of data collected since 1994, there is little evidence to show 

that levels are any different from natural variability. 
� Consequence level varies as natural variability in nutrient levels not known. 

Consequence Likelihood Risk Value Risk Ranking Workshop risk 
assessment values 3? 4 12? Moderate 
 
A literature review on issues pertaining to impacts of finfish aquaculture on water quality 
has been conducted (De Jong and Tanner 2004).  While the review discussed issues 
brought up during the “Environmental Risk Assessment Workshop for Marine Finfish 
Aquaculture in South Australia”, it is directly related to the tuna aquaculture industry in 
South Australia.  As such, parts of the review with modifications are included in this report. 
 

urrent knowledge C
In Australia, marine finfis
North America, and therefore 

h aquaculture is relatively new compared to places in Europe and 

n and outside 
oston Bay.  Boston Bay has various sources of pollutants including the SA Water effluent 

outfall on the southern side of Billy’s Lights Point that was untreated prior to 1994, and the 

there is less information regarding the impacts of this 
industry on the environment.  Tuna aquaculture is also a relatively new activity itself, and 
appears to differ in its environmental issues to established species such as salmonids.  
Reasons for this include that tuna tend to be farmed in warmer waters than salmonids, they 
are frequently fed baitfish as compared to pellets, stocking densities are much lower (2-4 kg 
m-3 in South Australia compared to 10 m-3 for many salmonid fasrming operations), and 
farming tends to occur in more open waters.  In South Australia, publications on impacts 
of marine finfish industry inputs in the marine environment are limited to a few 
environmental monitoring reports, site surveys and impact assessments by consultants and 
government agencies.  As a result, workshop attendees struggled to assign a consequence 

vel, mainly due to uncertainty regarding natural variability of nutrient levels ile
B
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fish processing industry on the northern coast of Proper Bay.  It was estimated that these 
sources contributed between 0.3-0.8 mg/L of total nitrogen daily to the bay waters. 
(Walters, 1989 in Paxinos et al. 1996).  In addition, Boston Bay, where tuna farming 
occurred prio to 1997, is well mixed during winter and is flushed during both winter and 
summer (Bond 1993, in Paxinos et al. 1996).   Now that the farms have moved out of 
Boston Bay, and are 4-10 km offshore, they are even more exposed to strong currents and 
mixing.  
 
Impacts of waste 
Inputs from marine finfish aquaculture can increase nutrient loads, which in turn can 

changes in phytoplankton due to aquaculture and changes due to natural 
ariability or other sources of nutrient input such as pollution from urban development, 

ounts and chlorophyll-a around sea cages compared to controls, which did suggest 
that marine finfish aquaculture may have increased phytoplankton levels. 
 
A phytoplankton monitoring program conducted by the Tuna Boat Owners Association of 
South Australia (TBOASA), took a few samples a week for a period of 18 months at 
Boston Island and surrounds, and thus provided more details on the occurrence and 
temporal patterns of several algal species of concern to marine finfish farmers (Clarke et al. 
1999).  A few algal blooms occurred during this period, but were not toxic to marine 
finfish.  However, the cysts of species toxic to marine finfish were found in some sediment 
samples (Clarke 1996, Paxinos et al. 1996). A feasibility study investigating the 
phytoplankton dynamics of Boston Bay found that chlorophyll-a levels varied greatly on a 
daily basis particularly around tuna sea cages (Clarke 1996, Paxinos et al. 1996). 
 

impact on the marine environment in a number of ways.  The ecological impacts of wastes 
and organic enrichment from marine finfish aquaculture have been variously reviewed 
(Gowen and Bradbury 1987, Pillay 1992, Wu 1995, Pearson and Black 2001).  The main 
impacts of nutrient enrichment in the marine environment are eutrophication, which can 
lead to increased biological oxygen demand, hypoxia and altered benthic community 
structure (Gowen 1994, Findlay and Watling 1995), excessive epiphytic growth on 
seagrasses that smothers the plants (Cancemi et al. 2003), increased growth of macroalgae, 
and harmful algal blooms (HABs).     
 
Changes to the phytoplankton community can potentially promote HABs.  HABs can 
cause fish kills and contaminate filter-feeding shellfish, and are a major concern for both 
marine finfish and marine shellfish aquaculture sectors.  Marine finfish aquaculture can 
alter some of the environmental factors that may promote HABs.  These factors include 
circulation, turbulence (intensity of vertical mixing), nutrients, light, temperature, and 
salinity, although nutrient enrichment is generally the only factor influenced by aquaculture.  
Anderson et al. (2002) reviewed the impacts and possible causes of HABs and 
eutrophication, and acknowledged that marine finfish aquaculture can increase nutrients in 
some cases, leading to increased phytoplankton production, although this is primarily a 
problem in enclosed or semi-enclosed areas, and not in open areas such as the tuna farming 
zone at Port Lincoln.  The study suggested that the occurrence and impacts of HABs were 
dependent on the presence of harmful species, the relative abundance of the nutrients, the 
mixing and hydrographic characteristics of the area, and other factors such as grazing 
intensity or light availability. 
 
Phytoplankton composition was initially monitored as part of the Tuna Environmental 
Monitoring Program (TEMP) (Clarke et al. 1999).  However, it was difficult to distinguish 
between 
v
industry and shipping (Clarke et al. 1999).  Results from the TEMP showed higher total 
algal c
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Around the world, the severity of impacts of wastes from marine finfish aquaculture has 
le to serious.  For example, in England, Frid and Mercer (1989) did not 

nd any difference in community structure along a transect that ran from under a salmonid 

een developed in other parts of the world, the principles 
ehind them are likely to be relevant to Australian marine finfish aquaculture and the 

ls to 
redict the impacts of marine finfish aquaculture.  The first problem is the lack of baseline 

parameterise the models.  Without accurate data on factors such as 
water currents, generation of waste, flushing dynamics, and carbon accumulation for each 

          

varied from negligib
fi
sea cage to a distance of 50 m.  In contrast, Brown et al. (1987) found distinct changes in 
the benthic community in the area around a fish farm in a sea loch in Scotland, with the 
greatest impact occurring underneath the sea cage where no benthic fauna were found.  
Sánchez-Gonzáles et al. (2001) found that since the onset of fish farming in an embayment 
in southeastern Spain, 53% of Posidonia oceanica seagrass meadows had been either lost 
completely or significantly degraded.  In Japan, Sakamoto (1986) calculated that nutrients 
released from aquaculture sites could affect an area three to nine times the size of the 
aquaculture zone. 
 
The greatest impact of nutrient enrichment on benthic communities occurs underneath and 
in the near vicinity of the sea cages.  The degree of impact decreases with increasing 
distance away from the sea cages (Weston 1990, Findlay and Watling 1995, Pearson and 
Black 2001).  The level of impact is thought to be dependant on a combination of factors 
including the species being cultured, husbandry practices, feed type, level of inputs, 
hydrology and the nature of the receiving environment in terms of physics, chemistry and 
biology (Pearson and Black 2001). 
 
In South Australia, studies have shown that the degree of impact of tuna marine finfish 
aquaculture waste was also varied.  Cheshire et al. (1996) found that epibenthic 
communities were impacted up to a distance of 150 m and benthic infauna were impacted 
up to 20 m from tuna sea cages in Boston Bay.  The tuna cages have now been moved to 
more open-ocean sites offshore from Boston Island.  Subsequent monitoring of the 
industry using licence-based monitoring of sites under the TEMP indicated that there were 
no impacts at a distance of 150 m from any lease boundary (Madigan et al. 2003, Loo et al. 
2004, Loo and Drabsch 2005).  This monitoring program was not designed to investigate 
impacts in the immediate vicinity of the cages.  More specific studies aimed at looking at 
the waste stream from sea cages are ongoing in an Aquafin/FRDC project1 and these 
studies will give more conclusive information regarding the impact of SBT aquaculture on 
the environment in South Australia (Fernandes et al. 2003).  
 
Modelling 
Numerous models have been developed to predict various aspects of wastes in the 
environment such as production of fish waste, nutrient enrichment in the water column 
and sediments, deposition of particulate and organic matter and impacts on the benthos 
(e.g. Silvert 1992, Hargrave 1994, Findlay and Watling 1997, Cromey et al. 1998, Wu et al. 
1999, Morrisey et al. 2000).  Silvert and Sowles (1996) provided a summary of many of the 
developed models, including explanations of assumptions and limitations of the models.  
Even though these models have b
b
models provide a useful starting point for developing models specific to South Australian 
aquaculture. 
 
There are two major problems associated with the development and use of mode
p
information available to 

aquaculture site, it is difficult to make any accurate predictions.  The second problem is that 

                                       
in CRC/FRDC Project 2001/103: Aquafin CRC - Southern Bluefin Tuna Aquaculture 
gram: tuna environment subproject - evaluation of waste composition and waste mitigation 

1 Aquaf
Subpro
strategies. 
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these mod
behavi
Where
assum
enrich of nutrients and organic matter 

precautionar
undere
industry, and significant investment opportunities could be lost.  These factors therefore 

 
Estima r Fitzgerald Bay 
(Oceanique Perspectives 1998, Parsons Brinke ), 

d 
SARD c 
Scienc y 
was determi  
produ y Beveridge 

produ
environment’s capacity to assimilate increased nutrient inputs (Beveridge 2004).  With the 
increasing emphasis on ecologically sustainabl

does n
of eco ying capacities is water quality, and in South 

p
region.  
 
Estimates of ulture ranged from 

moved seaward out of Boston Bay, making previous estimates of carrying capacity for SBT 
on-applicable.  In addition, current knowledge of the South Australian marine 
nvironment and the interactions between aquaculture and the environment are insufficient 

 to calculate carrying capacities.  A range of models could be 

carryin
 

A list 
enviro
been s
approp
waters.  They separated the possible indicators of environmental change into three main 
categories: (1) impacts on sediment quality, (2) impacts on water quality and (3) biological 
impacts.  Work on finfish aquaculture in Tasmania by Macleod et al. (2004b) resulted in the 
development of a suite of techniques for the assessment of sediment condition. A guide 
was subsequently developed to enable industry to readily incorporate the findings from the 
above project into farm management protocols (Macleod and Forbes 2004).  
 

els are often over-simplified due to knowledge gaps in our understanding of the 
our of wastes in the environment and their impacts on biological communities.  
 knowledge gaps exist, a precautionary approach has been taken and a number of 
ptions have been made that produce the highest amount of nutrient deposition and 
ment.  For example, in some cases the amount 

assimilated by phytoplankton, benthic communities and pelagic fish has not been 
considered, resulting in an over-estimation of deposition on the seafloor.  Although a 

y approach is ideal for reducing the risk of environmental impacts, an 
stimate of carrying capacities could unnecessarily hinder the growth of this valuable 

need to be investigated and quantified in order to develop more accurate models. 

tes of the carrying capacity of the aquaculture management zones fo
rhoff and SARDI Aquatic Sciences 2003c

Franklin Harbour (Oceanique Perspectives 1999), Arno Bay (Parsons Brinkerhoff an
I Aquatic Sciences 2003a) and Rivoli Bay (Parsons Brinkerhoff and SARDI Aquati
es 2003b) have been calculated.  Estimates of the carrying capacity for Boston Ba

ned by Petrusevics (1996) in relation to SBT.  The carrying capacity for the
ction of finfish was estimated using a mass balance model described b

(2004).  In its simplest definition, the carrying capacity is the maximum level of fish 
ction that is sustainable for a given region or site, which depends on the 

e development, the carrying capacity of a 
region is more commonly defined in terms of the maximum level of fish production that 

ot cause significant changes in the ecosystem.  The most widely accepted indicator 
system change used to calculate carr

Australia carrying capacities are calculated by determining the maximum level of fish 
roduction possible without exceeding the recommended water quality guidelines for a 

 the carrying capacity in Boston Bay based on SBT aquac
1200 to 2400 tonnes per year (Petrusevics 1996).  However, the SBT industry has since 

n
e
to develop precise models
developed and used as a part of adaptive management programs.  As new information 
becomes available on the interactions between the environment and aquaculture, the 

g capacity models can be adapted to integrate this new information (see chapter 7). 

Monitoring and Management 
of the various biological and chemical variables that can be used as indicators of 
nmental change in order to monitor the ecological effects of aquaculture wastes have 
ummarised (Gowen 1994, GESAMP 1996).  Gavine and McKinnon (2002) reviewed 
riate methods for environmental monitoring of marine aquaculture in Victorian 
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iological variables are usually measured since these are often the attributes of the 
ecosystem of most concern. Changes in chemical variables can also be measured and are 

of themselves may not be of direct 
gical 

measuremen
authorities a
approp
include a mixture of chemical and biological measurements. 
 

eld 

tool in
benthic infau
of sed
required to s
Tuna Aquaculture License” (granted under the 
the monitoring protocol outlined by PIRSA Aquaculture (PIRSA Aquaculture 2003a).  This 

sites fo
aren’t 
the br
anthro
2000),  ow te at the regional level.  In addition, a lack of 
background data prior to the commencement of SBT Aquaculture in Port Lincoln area 

plies that ttempts need to be made towards designing and implementing a monitoring 
ional level to establish industry impacts, especially if production 
e.  The moderate ranking given during the workshop is appropriate at 

e individual farm level, based on a high likelihood and moderate consequence, but not at 

expansi
seasons) or stocking of propagated fish (unlikely in the near future) may lead to increased 

findings

Revised Risk Ranking: Effect of Nutrients on Natural Background Levels of Nutrients – 

B

often indicative of potential problems, but 
environmental concern (lowered dissolved oxygen being an obvious exception). Biolo
measurements are often a better reflection of integrated effects whereas chemical 

ts may show short-term variability that is harder to interpret. Management 
re often faced with the challenge of deciding which factors are most 

riate for monitoring programs, and it is common for the monitoring regime to 

Many studies have shown that benthic infauna are a reliable indicator of near-fi
nenvironme tal change caused by increases in nutrients and sedimentation (e.g. Brown et al. 

1987, Ritz et al. 1989, Weston 1990) and as such, infauna sampling has become a common 
 environmental monitoring programs worldwide.  Work in Tasmania used the 

nal community as the basis for evaluating other techniques for the assessment 
iment condition (Macleod et al. 2004b).  In South Australia all license holders are 

ubmit an environmental monitoring report annually as a part of their “Marine 
Aquaculture Act 2001) in accordance with 

monitoring program is license-based and will only detect impacts caused by individual 
facilities (150 m from the lease boundaries).  There is a need to assume that the control 

r this monitoring, which are only required to be > 1 km away from any lease site, 
being affected by larger regional scale impacts.  Given that it is difficult to distinguish 
oader effects of tuna farming from natural variability in nutrient levels and other 
pogenic influences such as agriculture, industrial and urban activities (Clarke et al. 
a l risk ranking is more appropria 

im
p

 a
rogram at the reg

increases in the futur
th
the regional level being discussed here.  While the production of tuna has levelled off, any 

on of the industry in the future due to longer term holding of tuna (for multiple 

risk at both the individual farm and regional levels. The risk ranking should therefore be re-
evaluated if farming practices change in the future, in conjunction with any new research 

. 
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nclusion 1.9 Co

 

Participants struggled to determine a risk ranking for some issues due to a lack of 

to the i
issues resulting from the particular interests of the participants, not all issues were 

 
Of the 
ranking
relevan ere given a “low to 

and “m
these te  ranking was considered to be 

baitfish
and a “ result of an event occurring.  The risk associated with 

ranking
during t
on the ring the planning phase (i.e. location of 

the mar  if there are 

to reme
but rath hly a 3-5 year 

Worksh
the Port Lincoln region.  The remaining two issues were found to be a concern at the 

has sig
worksh his was not its 

 
As a re
impacts of SBT aquaculture in South Australia were identified.  Some of these are currently 

issues t
 
1.9.1 Cu

g improved experimental design and developing 

ent 

While there were some differences of opinion about appropriate risk rankings for some 
issues, there was general agreement among the workshop participants for most issues.  

knowledge in that scientific area and as a result, a higher risk ranking tended to be assigned 
ssue, based on a worst-case scenario.  In addition, due to the selective coverage of 

sufficiently discussed.  However, the workshop did identify various knowledge gaps and 
needs regarding SBT aquaculture in South Australia.  

69 issues discussed during the workshop, 49 were given a “negligible” or “low” 
 while ten other issues were not discussed in detail as they were not considered 
t to SBT aquaculture.  Most of the remaining ten issues w

moderate” or “moderate” ranking, and only two issues were given a “moderate to high” 
oderate to extreme” ranking.  After reviewing the available literature associated with 
n higher-ranking issues, a “low” or “moderate” risk

more suitable for a majority of the issues identified.  The issues with a final “moderate” 
ranking included impacts on bottlenose dolphins, sharks, sea lions, seabirds and effects of 

 imports.  This ranking is based on the “possible” likelihood of an event occurring 
moderate” consequence as a 

the impact on seals was identified as appropriate and thus remained a “low” to “moderate” 
.  Two issues related to site selection were also ranked as “moderate” or higher 
the workshop, bu  were not discussed further here as they were not a direct impact 
environment and should be addressed du

farm sites).  A majority of the above issues need improved monitoring and reporting in 
order to gain further understanding of the possible long-term impacts of SBT farming on 

ine environment.  Each issue should be reviewed and possibly re-ranked
changes to farming practices or the available knowledge base in the future. It is important 

mber that issues ranked as “moderate” do not need immediate or drastic attention, 
er they need to be the subject of continuous improvements over roug

timeframe. 
 

op participants identified four of the six “moderate” ranked issues as a concern to 

whole of industry level.  Even though it has been widely documented that sea-cage farming 
nificant effects on the environment in the immediate vicinity of pontoons, the 
op did not address potential issues at the individual farm level, as t

purpose, the focus being on the development of methodology for “regional environmental 
sustainability assessment”. 

sult of the workshop and literature review a number of knowledge gaps about the 

being investigated or are proposed to be investigated (listed below).  In addition, those 
hat required monitoring and management programs have also been identified. 

rrent research 

• Investigation of the impacts of wastes from tuna aquaculture on the 
environment usin
appropriate monitoring techniques being undertaken by Dr M. Loo & Dr 
M. Fernandes, SARDI Aquatic Sciences (FRDC 2001/102 & 2001/103: 
Aquafin CRC – SBT Aquaculture Subprogram: tuna environm
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subproject 1 – development of novel methodologies for cost effective 
assessment of the environmental impact of aquaculture, tuna environment 
subproject 2 – evaluation of waste composition and waste mitigation 
strategies and tuna environment subproject 3 – development of regional 

 S. 

Assessment of Australian sea lion movement patterns at Dangerous Reef 

ealand fur seal pup production at three colonies 

tralian sea lion populations”. 

uding shark mortalities associated with sea cage aquaculture and 

 

05/059), 

environmental sustainability assessments). 

• Assessing the sustainability of interactions between fishing, aquaculture and 
dolphins in Spencer Gulf being undertaken by C. Kemper, R. Harcourt,
Gibbs and K. Bilgmann (South Australian Museum and Macquarie 
University). 

• 
and spatial overlap with finfish aquaculture being undertaken by Dr S. 
Goldsworthy, SARDI Aquatic Sciences (FRDC 2004/201). 

• Assessment of the New Z
(North and South Neptune Island, and Liguanea Island) being undertaken 
by Dr S. Goldsworthy, SARDI Aquatic Sciences.  A report outlining the 
results from this survey will be available soon, entitled “Understanding the 
impediments to the growth of Aus

• Investigation of the behaviour, ecology and population dynamics of great 
white sharks being undertaken by CSIRO Marine Research. 
(http://www.marine.csiro.au/research/whitesharks/index.html)  

• Proceedings of the Shark Interactions with Aquaculture Workshop and 
Discussion Paper on Great White Sharks by S. Murray-Jones were recently 
released (FRDC 2002/040). 

• Collation of existing data for bronze whaler sharks in South Australia, 
incl
recommendations for the need of biological studies in the future being 
undertaken by Dr K. Jones, PIRSA (FRDC 2004/067).  

• PhD study investigating the impacts of SBT aquaculture on seabirds by S. 
Harrison, Flinders University 

1.9.2 Research required 

• Possibly some need for more information on the behaviour, ecology and 
population dynamics of dolphins in order to determine the impacts of tuna 
aquaculture. 

• Investigation of the impact of tuna aquaculture on the composition and 
abundance of phytoplankton communities and the direct contribution of 
the industry to the cause of harmful algal blooms.  This is now being 
investigated under a new Aquafin CRC/FRDC project (20
“Aquafin CRC-SBT Aquaculture Subprogram: Risk and Response – 
Understanding the tuna farming environment”. 
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onitoring and Management required 1.9.3 M

ange over time to reflect the commitment 

environment”. 

s licensees to report the 

ill not be 

 
Anders

s  

Biosecu
lifornian Pilchards and Mackerel - Implications for 

Biosecu

tent/output.cfm?ObjectID=A4A0994E-1A25-4A03-

• Marine Tuna Aquaculture Environmental Monitoring Program (EMP) 
 Each licensee must submit a report that addresses conditions laid out for 

farm management and benthic assessment.  The continuation of this 
program is essential and may ch
of PIRSA and other agencies for continuous improvement and adaptive 
management. 

 
• Monitoring of the frequency, intensity and composition of algal blooms. 
 It is understood that some farms monitor phytoplankton levels on a regular 

basis as part of their operating procedures. However, the current SBT 
Aquaculture Environmental Monitoring Program (EMP) does not require 
licensees to monitor phytoplankton levels.  This is now being included in a 
new Aquafin CRC project (2005/059), “Aquafin CRC-SBT Aquaculture 
Subprogram: Risk and Response – Understanding the tuna farming 

 
• Monitoring and reporting of interactions with sharks, sea lions, seals and 

dolphins.  The SBT Aquaculture EMP require
details (date, time, location) of interactions with sharks, sea lions, seals and 
dolphins.  An incentive based system may need to be introduced to ensure 
full industry involvement with the assurance that these reports w
misused or misrepresented.  

 
 

 
1.10 References 

on, D. M., Gilbert, P. M. and Burkholder, J. M. (2002). Harmful algal blooms 
and eutrophication: nutrient sources, composition, and consequences. E tuaries
25: 704-726. 

AS/NZS 4360 SAoA (1999). AS/NZS 4360: 1999 Risk Management. Standards 
Australia, Homebush, NSW.  

Beveridge, M. C. M. (2004). Cage Aquaculture. 3rd. Oxford, UK: Blackwell 
Publishing. 368 pp. 

rity Australia (2001). Animal Biosecurity Policy Memorandum 2001/36: VHS 
Virus found in Southern Ca
Quarantine Policy, 11/12/2001. pp. 

rity Australia (2002). Draft policy paper on fish imports due soon. 1(4), pp. 
Retrieved 3 November 2004, from: 
 http://www.daff.gov.au/con
82E2BEDBFF72EFA3. 

rity Australia (2003). Importation of pilchards (Sardinops sagax) for direct 
introduction into natural waters - Biosecurity policy 

Biosecu
review of viral 

haemorrhagic septicaemia virus (VHSV). 112 pp. Retrieved 3 November 2004, 
from: 
http://www.affa.gov.au/corporate_docs/publications/pdf/market_access/biosecu
rity/animal/2003/2003-15a.pdf. 

  



 42

Boyra, A., Nascimento, F. J. A., Tuya, F., Sanchez-Jerez, P. and Haroun., R. J. (2004). 
Impact of sea-cage fish farms on intertidal macrobenthic assemblages. Journal 
of the Marine Biological Association of the United Kingdom 84: 665-668. 

s, N., Gales, R. and Pemberton, D. (1993). Prey harvest of the Australasian 
gannet (Sula serrator) in Tasman

Brother
ia. Wildlife Research 20: 777-783. 

 

Bunce,
to the 1998 mortality of pilchard (Sardinops sagax). 

Cancem

Clarke, S. (1996). Tuna mortalities April - May 1996. Report by the South Australian 

Clarke,

Clarke, ece, P. and Haskard, K. (2000). 

Cromey 98). Modelling the 

De Jon
for Marine Finfish Aquaculture in South 

Departm

ber 2004, from: 

Brown, J. R., Gowen, R. J. and McLusky, D. S. (1987). The effect of salmon farming on 
the benthos of a Scottish sea loch. Journal of Experimental Marine Biology and 
Ecology 109: 39-51. 

Buchanan, J., (2005).  Aquafin CRC - Southern Bluefin Tuna Aquaculture Subprogram: 
Service delivery and infrastructure management for projects requiring Port 
Lincoln based R&D support.   South Australian Research and Development
Institute SARDI Aquatic Sciences Publication No.RD02/0160-2 SARDI 
Research Report Series No.85 FRDC Project No.2002/249  

 A. and Norma, F. I. (2000). Changes in the diet of the Australasian gannet 
(Morus serrator) in response 
Marine and Freshwater Research 51(4): 349-353. 

i, G., De Falco, G. and Pergent, G. (2003). Effects of organic matter input from 
a fish farming facility on a Posidonia oceanica meadow. Estuarine Coastal and 
Shelf Science 56: 961-968. 

Cheshire, A. C., Westphalen, G., Kildea, T. N., Smart, A. and Clarke, S. (1996). 
Investigating the environmental effect of sea-cage tuna farming.  II.  The Effects 
of sea-cages. Aquaculture Program, South Australian Research and 
Development Institute, Adelaide. 43 pp. 

Government. South Australian Research and Development Institute. 

 S., Cartwright, C., Smith, B., Madigan, S. and Haskard, K. (1999). Southern 
Bluefin Tuna Aquaculture Environmental Monitoring Report 1996 - 1998. South 
Australian Research and Development Institute, Adelaide. 120 pp. 

 S., S.M., M., Edwards, J., Mathews, C., Pre
Southern Bluefin Tuna Aquaculture Environmental Monitoring Report 1999 - 
2000. South Australian Research and Development Institute, 80 pp. 

, C. J., Black, K. D., Edwards, A. and Jack, I. A. (19
deposition and biological effects of organic carbon from marine sewage 
discharges. Estuarine, Coastal and Shelf Science 47(3): 295-308. 

g, S. and Tanner, J. E. (2004). Report on the Environmental Risk Assessment 
Workshop September 23-24 2003 
Australia. SARDI Aquatic Sciences, Adelaide, SARDI Aquatic Sciences 
Publication No. RD03/0044. 102 pp. 

ent of Agriculture Fisheries and Forestry (2003). Importation of pilchards 
(Sardinops sagax) for direct introduction into natural waters. Biosecurity policy 
review of viral haemorrhagic septicaemia (VHS). (Draft Report). 112 pp. 
Retrieved 3 Novem
www.affa.gov.au/corporate_docs/publications/pdf/market_access/biosecurity/ani
mal/2003/2003-15a.pdf  

EconSearch, P. L. (2004). The economic impact of aquaculture on the South Australian 
State and Regional Economies, 2002/2003. A report prepared for Aquaculture 
Group, Primary Industries and Resources South Australia, Adelaide. 43 pp. 

   



 43

Edyvane, K. S. (1999). Conserving Marine Biodiversity in South Australia. Part 2. 
Identification of areas of high conservation value in South Australia South 
Australian Research and Development Institute, Aquatic Sciences, Adelaide. 

Fernan

orkshop Handbook. Port Lincoln, Australia:  

 18(1A): 145-

Findlay on net-pens 

Fletche
e 'How To' Guide for Aquaculture ver 

Fletche

for Wild Capture Fisheries. Canberra, Australia. 

Fletche

Report  No. 106. (URL: 

279 pp. 

des, M., Loo, M., Putro, S. and Cheshire, A. (2003). Chemical and biological 
composition of sediments during fallowing.  SBT Aquaculture Subprogram-
Aquafin CRC-FRDC Industry W

Findlay, R. H. and Watling, L. (1995). Environmental impact of salmon net-pen culture 
on marine benthic communities in Maine: a case study. Estuaries
179. 

, R. H. and Watling, L. (1997). Prediction of benthic impact for salm
based on the balance of benthic oxygen supply and demand. Marine Ecology 
Progress Series 155: 147-157. 

r, W. J., Chesson, J., Fisher, M., Sainsbury, K. J. and Hundloe, T. (2004). 
National ESD Reporting Framework: Th
1.1. FRDC, Canberra, Australia. 88 pp. 

r, W. J., Chesson, J., Fisher, M., Sainsbury, K. J., Hundloe, T., Smith, A. D. M. 
and Whitworth, B. (2002). National ESD Reporting Framework for Australian 
Fisheries: The 'How To' Guide 
FRDC Project 2000/145. 120 pp. 

r, W. J., Jones, B., Pearce, A. F. and Hosja, W. (1995). Environmental and 
biological aspects of the mass mortality of Pilchards (Autumn 1995) in Western 
Australia. Fisheries Research 
http://www.fish.wa.gov.au/docs/frr/frr106/index.php?0401#content). Fisheries Research 
Division. 

Frid, C. L. J. and Mercer, T. S. (1989). Environmental monitoring of caged fish farming 

Gardne
n farming and wild salmon in British 

Gaugha
e identification: the case with 

Gaut, A
d events.  FRDC 99/2007,  PIRSA Fisheries, Adelaide.167 pp. 

rt No. 46 pp. 

GESAMP), 38 pp. 

een marine mammals and Australian fisheries: an ecosystem 

in macrotidal environments. Marine Pollution Bulletin 20: 379-383. 

r, J. and Peterson, D. L. (2003). Making sense of the salmon aquaculture debate. 
Analysis of issues related to netcage salmo
Columbia. Prepared for the Pacific Fisheries Resource Conservation Counci. 

n, D. J. (2002). Disease-translocation across geographic boundaries must be 
recognised as a risk in the absence of diseas
Australian Sardinops. Reviews in Fish Biology and Fisheries 11: 113-123. 

. C. (2000). Pilchard (Sardinops sagax) mortality events in Australia and related 
worl

Gavine, F. and McKinnon, L. (2002). Environmental monitoring of marine aquaculture 
in Victorian coastal waters: a review of appropriate methods. Marine and 
Freshwater Resources Institute, Victoria., Technical Repo

GESAMP (1996). Monitoring the ecological effects of coastal aquaculture wastes. 
IMO/FAO/Unesco/WMO/WHO/IAEA/UN/UNEP Joint Group of Experts on the 
Scientific Aspects of Marine Environmental Protection (

Goldsworthy, S. D., Bulman, C., He, X., Larcombe, J. and Littnan, C. (2003). Trophic 
interactions betw
approach. In N. Gales, M. Hindell, and R. Kirkwood, (Eds.).  Marine mammals 
and humans: towards a sustainable balance. Melbourne: CSIRO Publishing. 

   



 44

Gowen, R. J. (1991). Aquaculture and the environment. In N. De Pauw and J. Joyce, 
(Eds.).  Aquaculture and the Environment. European Aquaculture Society 
Special Publication No. 16, (pp. 23-48). Gent, Belgium.  

Gowen ith aquaculture 

Gowen  
al waters: a review. Oceanography and Marine Biology: An Annual Review 

Hargra  marine 
quatic Sciences 

ement 

Hayes,
inable management. Sydney: Traffic Oceania. 34 pp. 

Hyatt, A. D., Hine, P. M., Jones, J. B., Whittington, R. J., Kearns, C., Wise, T. G., Cane, 

s of species diversity and identity in dietary 

Kempe
ne Animal Interaction Working Group Workshop. (pp. 

Kempe  life history parameters of dolphins 

Kempe  with tuna feedlots at Port 
Lincoln, South Australia and recommendations for minimising entanglements. 
Journal of Cetacean Research and Management 3: 283-292. 

, R. J. (1994). Managing eutrophication associated w
development. Journal of Applied Ichthyology-Zeitschrift Fur Angewandte 
Ichthyologie 10: 242-257. 

, R. J. and Bradbury, N. B. (1987). The ecological impact of salmonid farming in
coast
25: 563-575. 

ve, B. T. (1994). Modelling benthic impacts of organic enrichment from
aquaculture. Canadian Technical Report of Fisheries and A
1949. 125 pp. 

Harrison, S., Robertson, J., Carragher, J., Svane, I. and Cheshire, A. (2003). The 
interactions between seabirds and tuna farms near Port Lincoln.  Aquafin CRC 
Conference 2003 Proceedings (p. 23). Adelaide, South Australia.: Aquafin 
CRC. 

Harun, G. and Savas, Y. (2003). Interation between monk seals Monachus monachus 
(Herman, 1779) and marine fish farms in the Turkish Aegean and manag
of the problem. Aquaculture Research 34(9): 777-783. 

 E. A. (1997). A reveiw of the Southern Bluefin Tuna Fishery: Implications for 
ecologically susta

Henderson, A. R. and Ross, D. J. (1995). Use of macrobenthic infaunal communities in 
the monitoring and control of the impact of marine cage fish farming. 
Aquaculture Research 26: 659-678. 

M. S. and Williams, L. M. (1997). Epizootic mortality in the pilchard Sardinops 
sagax neopilchardus in Australia and New Zealand in 1995. 2. Identification of a 
herpesvirus within the gill epithelium. Diseases of Aquatic Organisms 28: 17-
29. 

Jarman, S. N., Deagle, B. E. and Gales, N. J. (2004). Group-specific polymerase chain 
reaction for DNA-based analysi
samples. Molecular Ecology 13(5): 1313-1322. 

r, C. M. (1998). Overview of dolphin behaviour and interaction with at-sea 
aquaculture cages. Mari
9-11). Port Lincoln: Primary Industries and Resources South Australia (PIRSA) 
Fisheries and Aquaculture. 

r, C. M. and Gibbs, S. E. (1997). A study of
and seals entangled in tuna farms near Port Lincoln, and comparisons with 
information from other South Australian dolphin carcasses. South Australian 
Museum, Adelaide. 49 pp. 

Kemper, C. M. and Gibbs, S. E. (2001). Dolphin interactions with tuna feedlots at Port 
Lincoln, South Australia and recommendations for minimising entanglements. 
Journal of Cetacean Research and Management 3: 283-292. 

r, C. M. and Gibbs, S. E. (2002). Dolphin interactions

   



 45

Kemper, C. M., Pemberton, D., Cawthorn, M., Heinrick, S., Mann, J., Wursig, B., 
Shaughnessy, P. and Gales, R. (2003). Aquaculture and marine mammals: co-
existence or conflict? In N. Gales, M. Hindell, and R. Kirkwood, (Eds.).  Marine 

Knight, M., Tsolos, A. and Doonan, A. (2004). South Australian Fisheries and 

Knight, M., Tsolos, A. and Doonan, A. (2005). South Australian Fisheries and 

Loo, M  

ogram 2003 - 

Macleo , P., Revill, A. 

pp. 

acleod, C., Bissett, A., Burke, C., Forbes, S., Holdsworth, D., Nichols, P., Revill, A. 
and Volkman, J. (2004b). Development of novel methods for the assessment of 
sediment condition and determmination of management protocols for 
sustainable finfish cage aquaculture operations. Tasmanian Aquaculture and 
Fisheries Institute, Hobart, Tasmania. 227 pp. 

Macleod, C. and Forbes, S. (2004). Guide to the assessment of sediment condition at 
marine finfish farms in Tasmania. 65 pp. Hobart, Tasmania: Tasmanian 
Aquaculture and Fisheris Institute, University of Tasmania. 

Madigan, S., Clarke, S. and Haskard, K. (2001). Southern Bluefin Tuna (Thunnus 
maccoyii) Environmental Monitoring Report: Licence-Based Monitoring Review 
and Recommendations. South Australian Research and Development Institute, 
Aquatic Sciences, Adelaide. 62 pp. 

Madigan, S., Loo, M., Cheshire, A. and Clarke, S. (2003). Southern Bluefin Tuna 
(Thunnus maccoyii) Licence-Based Environmental Monitoring Report for 
Australian Fishing Enterprises Pty Ltd, Licence Areas FB00008, FB00038 and 
FB00039. South Australian Research and Development Institute (Aquatic 
Sciences), Adelaide. (Note: there are 16 similar reports for each different 
company). 48 pp. 

Malcolm, H., Bruce, B. D. and Stevens, J. D. (2001). A review of the biology and status 
of white sharks in Australian Waters. CSIRO Marine Research, Hobart. 

Mazur, N., Aslin, H., Curtis, A., Byron, I. and Magpantay, C. (2004). Community 
Perceptions of Aquaculture: Report on the Eyre Peninsula. Social Science 
Program, Bureau of Rural Sciences, Canberra. 103 pp. 

Mammals:  Fisheries, tourism and management issues. (pp. 208-225). 
Melbourne: CSIRO Publishing. 

Aquaculture Information and Statistics Report. SARDI Research Report Series 
No. 60. South Australian Research and Development Institute, Adelaide. 82 pp. 

Aquaculture Information and Statistics Report. SARDI Research Report Series 
No. 67. South Australian Research and Development Institute, Adelaide. 82 pp. 

. G. K. and Drabsch, S. L. (2005). Southern Bluefin Tuna (Thunnus maccoyii)
Aquaculture Environmental Monitoring Program 2004 - Summary of Results. 
South Australian Research and Development Institute (Aquatic Sciences), 
Adelaide. RD05/0023 3 pp. 

Loo, M. G. K., Drabsch, S. L. and Eglinton, Y. M. (2004). Southern Bluefin Tuna 
(Thunnus maccoyii) Aquaculture Environmental Monitoring Pr
Summary of Results. South Australian Research and Development Institute 
(Aquatic Sciences), Adelaide. RD04/0060 6 pp. 

d, C., Bissett, A., Burke, C., Forbes, S., Holdsworth, D., Nichols
and Volkman, J. (2004a). Development of novel methods for the assessment of 
sediment condition and determination of management protocols for sustainable 
finfish cage aquaculture operations. Tasmanian Aquaculture and Fisheries 
Institute, Tasmania. Aquafin CRC Project 4.1 (FRDC Project No. 2000/164), 
228 

M

   



 

  

46

 

orrisey, D. J., Gibbs, M. M., Pickmere, S. E. and Cole, R. G. (2000). Predicting 
art Island, New Zealand, from 

: 257-271. 

J
Workshop and Discussion Paper on Great White Sharks. Department for 

o d Heritage and search and D t 
Corpo delai

que Pe 19
Fitzge  Adelaide. 15 pp. 

ue Pe es (19 carrying capaci  the 
 Adelaide. 18 pp. 

rin d  (2003a). Technical review for 
quac anag  Central Spencer Gul uth 

Austra earch evelopment Institute (SARDI) Aquatic Scie and 
rson rhof p. 

 Brin  and echnical re  for 
Aquaculture Management Plans - Phase 2 Rivoli Bay. South Australian 

esea e  Aquatic Sciences and ons 
rinck a

ns Brin nd 003c). Technical review for 
Aquac na  - Phase 2 Upper Spencer Gul uth 
Austra search evelopment Institute (SARDI) Aquatic Scie and 

s, R., C and amics o ston 
Bay, S trali elaide: South Australian Research and Development 
Institu tic Sc

n, T. H k, K pacts of marine fish cage 
ltur . D. Bl  Impacts of Aquaculture . 1-
). O hef

n, T. en 8). Macrobenthic succession in re  to 
organic enrichment and pollution of the marine environment. Oceanography and 
marine biology: an annual review 16: 229-311. 

berton, D on marine fish farms in 
Tasma a  Tasmania 

 D augh action between seals and rine 
sh-fa a . Aquatic Cons on: 
arin eshwa . 

vics, ). Assessment of the carrying capacity of Boston Bay, South 
Australia with a view towards maximising the southern bluefin tuna resource. 
SARDI, Adelaide. Report No. FRDC report 93/169 pp. 

 V. q  the environment. Oxford, UK: Fishing News 
Books. 189 pp. 

): Farming of Southern 
Bluefin Tuna. pp. Retrieved 3 November 2004, from: 
 http://www.pir.sa.gov.au/pages/aquaculture/aquafishfactsheets/tunafarm.pdf

M
impacts and recovery of marine-farm sites in Stew
the Findlay-Watling model. Aquaculture 185(3-4)

Murray- ones, S. (2004). Proceedings of the Shark Interactions with Aquaculture 

Envir nment an Fisheries Re evelopmen
ration, A de. 81 pp. 

Oceani rspective
y Aquaculture Management Zone.

s ( 98). Estimate of the environmental carrying capacity of the 
rald Ba

Oceaniq rspectiv 99). Estimate of the environmental ty of
Franklin Harbour Aquaculture Management Zone.

Parsons B kerhoff an SARDI Aquatic Sciences
A ulture M ement Plans - Phase 2 f. So

lian Res  and D nces 
Pa s Brincke f, Adelaide. 157 p

Parsons kerhoff SARDI Aquatic Sciences (2003b). T view

R
B

rch and Dev
del

lopment Institute (SARDI)  Pars
erhoff, A ide. 43 pp. 

Parso kerhoff a SARDI Aquatic Sciences (2
ulture Ma gement Plans f. So
lian Re  and D nces 

Parson Brinckerhoff, Adelaide. 135 pp. 

Paxino larke, S.  Matsumoto, G. (1996). Phytoplankton dyn f Bo
outh Aus a. Ad
te (Aqua iences). 

Pearso . and B
K

lac . D. (2001). The environmental im
cu e. In ack, (Ed.)  Environmental . (pp
31 ban, UK: S field Academic Press. 

Pearso H. and Ros berg, R. (197 lation

Pem ., Brothers, N. and Copson, G. (1991). Predators 
nia. Papers nd Proceedings of the Royal Society of 125: 33-

35. 

Pemberton, . and Sh nessy, P. D. (1993). Inter
ement of the problem

 ma
fi
M

rms in Tasm nia, and manag ervati
e and Fr ter Ecosystems 3: 149-158

Petruse P. (1996

Pillay, T. R. (1992). A uaculture and

PIRSA Aquaculture (2002). Fact Sheet Number 24/01(2002

. 



 47

PIRSA Aquaculture (2003a). Marine Tuna Aquaculture Environmental Monitoring 
Program (EMP) and Reporting Requirements for Licensees (2003-2004). 6 pp. 
Retrieved 3 November 2004, from: 
 http://www.pir.sa.gov.au/pages/aquaculture/emp/fb_emp.pdf. 

PIRSA Aquaculture (2003b). Standard marine tuna licence: Marine finfish aquaculture 
licence. 2 pp. Retrieved 3 November 2004, from: 
http://www.pir.sa.gov.au/pages/aquaculture/licence_lease/public_reg/fb_licence.
pdf. 

PIRSA Aquaculture (2004). Southern Bluefin Tuna (URL: 
 http://www.pir.sa.gov.au/pages/aquaculture/species_profiles/tuna.htm) 

PIRSA-Aquaculture. (2005). Marine Tuna Licences and Leases (URL: 
 http://www.pir.sa.gov.au/byteserve/aquaculture/licence_lease/public_reg/fb_list.pdf). 

Pogonoski, J. J., Pollard, D. A. and Paxton, J. R. (2002). Conservation overview and 
action plan for Australian threatened and potentially threatened marine and 
estuarine fishes. Environment Australia, Canberra, Commonwealth of Austra
375 pp. 

Quick, N. J., Middlemans, S. J. and Armstrong, J. D. (2003). A survey of antipredator 
controls at marine salmon farms in Scotland. . Aquaculture 230: 169-180. 

Ritz, D. A., Lewis, M. E. and Shen, M. (1989). Response to organic enrichme
infaunal macrobenthic communities under salmonid sea cages. Marine Biology
103(2): 211-214. 

Sakamoto, I. (1986). N and P load control from the viewpoint of pisciculture. In A. 
Murakami, (Ed.)  Regulation of nitrogen and phosphorus load into partially 
enclosed fishing ground for the development of fisheries. Tokyo, Japan: 
Kouseisha Kouseikaku. 

Sánchez-Gonzáles, S., Ruiz-Campos, G. and Contreras-Balderas, S. (2001). Feeding 
ecology and habitat of the threespine stickleback, Gasterosteus aculeatus 
microcephalus, in a remnant population of northwestern Baja California, 
M&eacute;xico. Ecology of Freshwater Fish 10(4): 191-197. 

Silvert, W. (1992). Assessing environmental impacts of finfish aquaculture in ma
waters. Aquaculture 107: 67-79. 

Silvert, W. and Sowles, J. W. (1996). Modelling environmental impacts of ma

lia. 

nt of 
 

rine 

rine 
finfish aquaculture. Journal of Applied Ichthyology-Zeitschrift Fur Angewandte 

o he 
November 2004, from: 
c.html

Ichthyologie 12: 75-81. 

The C nservation Council of Australia (2002). Louth Bay Tuna case - victory for t
environment upheld. pp. Retrieved 3 
 http://www.ccsa.asn.au/news/tunavi   

Ward, T. M., Westlake, M., McLeay, L. J., and Jones, G. K. (1999).  Pilchard mortality 
events in South Australia.  Final report to the Joint Pilchard Scientific Working 
Group, SARDI Aquatic Sciences, Adelaide. 41 pp. 

Ward, T. M., Hoedt, F., McLeay, L., Kinloch, M., Jackson, G., McGarvey, R., Rogers, 
P. J. and Jones, K. (2001). Effects of the 1995 and 1998 mass mortality events 
on the spawning biomass of sardine, Sardinops sagax, in South Australian 
waters. ICES Journal of Marine Science 58: 865-875. 

   



 48

Ward, T. M., McLeay, L. and McClatchie, S. (2004). Spawning biomass of sardine 
(Sardinops sagax) in South Australia. South Australia Research and 
Developm nstitute (Aquatic Sciences), Adelaide. 38 pp. 

Weber, M. L. (2003). What price farmed fish: a review of the environm  
costs of fa ng car S aculture Clearinghouse, Rhode 
Island, USA. 58 pp. 

W , D. P. (1 . Quan crobenthic com  
along an organic enrichm cology Progr  
233-244. 

Whittington, R. J. . D. (1997). Ep  
in the pilch n Australia an  

5. 1. Pa f Aquatic Organisms

. A. ( ctions between Pinnipeds and 
eries. Rom o. 34

 S. (19 arine fish culture: Towards a 
ainable 4-12): 

S., Shin
nageme  
elling 

C. (200
 for 
erie  

Research and Development Corporation Project No. 1999/396, Canberra. 111 
pp. 

ent I

rmi

990)

, Jo
ard
tho

1995

95)
 future. 

, P
nt 
approa

1). So
the pr
Resour

ental and s

munity cha
ess Series 6

izootic mortality
d New Zeala

 28: 1

men

strate
accoy
ish

ocial

nges
1(3):

nd in
-16. 

t: a

gic 
ii). 

eries

nivo

tita

, Hi
nop
d e

 Fishe

enviro
rine P

 MacK
rine f
quac

rn Blu
gation
Resea

rous fish. 

tive exam
ent grad

ne, P. M.
s sagax ne
pizootiolo

f ope
ries tec

nta
tio

D.
fa
e 1

 Tu
So
Fu

eaWeb

ation o
t. Ma

d Hya
ilchar
. Dise

tional 
ical pa

mpact
ulleti

., Mo
ing in
(3-4):

: Its p
hern 
 Proj

 Aqu

f ma
rine E

tt, A
dus) i
ases o

intera
per. N

 of m
n 31(

llowney, M. and Johnson, D. (1999). 
 the

 279-

ropa
Bluef
ct N

eston

icken

u, R

u, R

oung

in
ien

 an
op
gy

ra
hn

l i
n B

 W
rm
74

na
ut
nd

nes, B.
 (Sardi
logy an

). A review o
e. FAO

. The 
Ma

. K. S.,
of ma

ch. A

uthe
opa
es 

199

s, P
fish

. S.
sust

. S. 
Ma
mod

, P. 
plan
Fish

W

W

W

Y

6. 86 pp. 

159-166. 

en

ali
nn
7 

nme
ollu

ay, 
ish 

ultur

efin
 of 

ch 

 su
298.

gatio
in T

. 

b-t
 

n 
un
200

rop

in 
a 
0/

ic

Au
(T
10

al 

str
hu
70

vir

a: 
us 
and

on

A 
m
 Fs c r e o

 

 

   



  49 

  

 

1.11 Appendix I: List of invitees and attendees 
Table I. 1 List of invitees and attendees of the SBT Environmental Risk Assessment eld at 

SARDI Aquatic Sciences on the 6th December 2002. 

First Name Surname Organisatio  

Workshop h

Attended n
Julie Arnold Planning SA No 
Andy Bodsworth Australian Fisheries Management Authority No 
Gloria Booker Planning SA Yes 
Val Boxall DEH Yes 
Simon Bryars Primary Industries and Resources No 
Carina Cartwright PIRSA Yes 
Anthony Cheshire SARDI Aquatic Sciences Yes 
Steven Clarke SARDI Aquatic Sciences Yes 
John Cugley EPA No 
Michael Deering Aquaculture SA No 
Peter Dolan Environment Protection Authority No 
David Ellis Tuna Boat Owners Association of SA No 
Daryl Evans Marnikol Fisheries Pty Ltd Yes 
Milena Fernandes SARDI Aquatic Sciences Yes 
Tony Flaherty SA Marine & Coastal Community Network No 
Rick Fletcher WA Department of Fisheries Yes 
Roger Freeman Planning SA No 
Sue Gibbs DEH Yes 
Louisa Halliday PIRSA Yes 
Chris Halstead Department of Environme nd Heritage No nt a
Tony Huppatz DEH Yes 
Brian Jeffries Tuna Boat Owners Assoc of SA iation Yes 
Cath Kemper South Australian Museum No 
Tania Kiley EPA Yes 
Maylene Loo SARDI Aquatic Sciences Yes 
Stephen Madigan SARDI Aquatic Sciences Yes 
Peter Montague Aquafin CRC Yes 
Sue Mu -

Jones 
DEH Yes rray

Vic Neverauskas Primary Industries and e es No R sourc
Ian Nightingale Aquaculture SA No 
Margie Prideaux Whale & Dolphin Conservation Society Yes 
Kirsten Rough MG Kailis Seafood Pty Ltd Yes 
Stephanie Seddon SARDI Aqua No tic Sciences 
Alastair Smith Planning SA Yes 
Ib Svane SARDI Aqua No tic Sciences 
Jason No Tanner SARDI Aquatic Sciences 
Jeff Todd es EPA Y
John Volkman CSIRO Marine Research Yes 
Michael No Walmesley Planning SA 
Tim Ward SARDI A ic iences No quat  Sc  
Kane Williams PIRSA Yes 



  50 

  

1.12 Appendix II: Component Tree 3 
 
 

 
 
Note: site or farm level impacts of SBT aculture on the environment (modified 

 et al. 2002).  This component tree was not discussed during the 
 On-

from Fletcher
workshop or presented in this report. 
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1.13 Appendix III: Summary of issues determined and discussed during the workshop 
 Co
Nu

Table III. 1 mponent Tree 1- Biological or environmental effects of the whole industry - Risk rankings and comments for issues discussed during the workshop. 
mbers in bold were determined during the workshop.  (C = Consequence level, L = Likelihood level, RV = Risk Value, RR = Risk Ranking). 

Issue C L RV RR Justification for ranking/comments 
1  Whole Industry Effects 
1.1 Wild SBT Stocks 
1.1.1 Escape of SBT      

1.1.1.1  Genetics Ne

hat ics of 
wild 
 
� N

0 - 0 gligible 

W  impact will the escape of farmed individuals have on the genet
stock? 

ot an issue as wild populations already present 

1.1.1.2  Disease 3 2/1 6/3 Low 

Will t

 
� D
� N
� I

he release of farmed individuals increas
n to the wild stock? 

e the risk of disease 

ebate over likelihood 

introductio

o diseases recorded for farmed or wild stocks in Australia 
 diseases are detected then this risk is to be re-ranked f

1.1.1.3  Competition 0 - 0 N

Will t
hrou

� S

egligible  

he 
gh mpe

escape of farmed animals cause problems to the wild stock 
increased cot tition for resources (e.g. food and space)? 

ing relative to size of wild population mall numbers escap
1.1.2  Collection of SBT      

1.1.2.1 Brood stock   � N
� A- - -  ot an issue 

egre d by all 

1.1.2. Seed stock 2  � N
� A- - -  ot an issue 

greed by all 

1.1.2.3  Grow-out stock - - -  
� N
� C
� A

ot an issue 
AFMA ompliance issue for 

greed by all 

1.1.2.4 Release after capture 
 (excess to quota) 

 0 0 0 Negligible 

�  in 8 years 
� A 5 tonnes out of approximately 5000 tonnes in any 

on
�  is low (approx 2%) compared with wild stocks 

(~30%) 

Only occurred twice
1pproximately 10-

e year 
Mortality in farm
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Issue C L RV RR Justification for ranking/comments 
1.1. Restocking   3     

1.1.3. Genetics 1  � 
� 

- - -  Not an activity 
Agreed by all 

1.1.3. Disease 2  - - -  � Not discussed 
1.1.3.3 Competitio  � n - - -  Not discussed 

1.2  Cultured Stocks/Businesses (husbandry) 

1.2.1  Genetics - - -  � Not discussed 
1.2.2  Disease      
1.2.2.1  Identification - - -  � Not discussed 
1.2.2.2  Response - -   � Not discussed -

1.3  Other Species/Communities & Processes 

1.3.1 Disease - - -  � Not discussed 
1.3.2  Escape of cultured spe
 (feral populations) 

cies - - -  � 
� 

Not an issue 
Agreed by all 

1.3.3 Food chain impacts      
1.3.3.1  Competition with other 

species (escapes) - - -  � Not discussed 

1.3.3.1.1 Towed 0 0 0 Negligible � Not when they are released from where they are caught 
1.3.3.1.2 Farmed 1 2 2 Low � No comments 
1.3.4 Behavioural changes and 

impacts (towed component 
 e.g. migratory species) 

     

1.3.4.1 Sharks (e.g. Dusky & Bronze 
 Whalers) 3 1/3 3/9 Low/ 

Moderate 

ow freq
 
� Need to codify practices to minimise captures 
� Address mortality during tow if sharks are caught 
� Consequence level 3 (severe) relates to status of stocks if they are   

endangered 
� More information required on stock status  

H uently are sharks caught in cages? 

1.3.4.2  Mammals 0 - 0 Negligible � None known 
1.3.5 Threatened & endangered      
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 species 
1.3.5.1  Towed component � N0 - 0 Negligible one known? 
Issue C L RV RR Justification for ranking/comments 
1.3.6  Feeds composition (source & 
 sustainability impacts)      

1.3.6.1  Pilchards 
� 

P
th

- - -  � 
Not an issue 

ilchard quotas are set by relevant fisheries management agencies in 
eir processes 

1.3.6.2  Baitfish - - -  

� 
� 
� A

th

Not an issue 
bAs a ove 

pplies to this category to – require feed supplier to “do the right 
ing” 

1.3.6.3  Impacts of imported feed on 
 other elements 3 1/4 3/12 Low/ 

Moderate 

W
 
� D  not the 

pr th the importation 
of

� I
p
B
M duced 
th
m

� A difference in 
ri

hat are the impacts of imported feed on other elements? 

isagreement on the level of consequence based on whe
iated wi

ther or
evious “pilchard kill” incidents were assoc
 pilchards for feeding tuna 

ncidents have occurred twice over the past 10 years; therefore it is 
ossible that is may occur again 
iosecurity Australia should address this issue � 

� anagement plans put in place by Biosecurity Australia have re
is risk to negligible, therefore the likelihood, based on current 
anagement practic
re th

es, is low 
e management changes making any substant

sk/li
ial 

kelihood? 
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Table III. 2 Component Tree 2 – Catchment o egio evel ts – Effect e Industr ents for issues discussed during 
kshop. Numbers in bold we deter n w Cons uence level, L – Likelihood level, RV – Risk Value, RR – Risk Ranking. 

r R nal l  effec  of th y on Port Lincoln - Risk rankings and comm
the wor re mi ed during the orkshop.  C – eq

Issue C L RV RR Justification for ranking/comments 
1  Effect of the Industry on Port Lincoln  Cumul ive Impacts) ( at
1.1  Water Use (Quantity & Quality) 
1.1.1 Nutrients      
1.1.1.1 Background levels        

1.1.1.   Natural 1.1 3? 4 12? Moderate � Consequence level varies as natural
levels not known 

 variability in nutrient 

1.1.1.   Human inp1.2 uts 
 

0  0 Negligible 
� Does not include inputs from tuna farms 
� 12 miles offshore, unlikely to occur 

1.1.1.2 Tuna farm inputs (eg feeds, 

e to minimise this and 

s  may increase if the 
e maximum allowable for 

 

 biofouling) 1 6 6 Low 

� Already a management sch
monitoring in place 

em  in p

� Given current levels of farming, in

e lac

put
number of farms increased - what is th
the region?

1.1.1.3 Nutrient removal scavengers 
(filter feeders, biofouling) 0  0 0 Negligible � No comments 

1.1.1.4 Low Distribution of Load 1 4 4 � No comments 

1.1.2  Sedimentation 1 5/6 5/6 
nt issue at the regional level given the current 
ls 

e-evaluation if production levels change 
Low 

� Not a significa
production leve

� Requires r
1.1.3  
 chemicals) 0  0 Negligible � No chemicals are to be used unless there is permission Other wastes/pollutants (eg 

1.1.4  Flow (hydrology/ 
 oceanography) 0  0 Negligible � This relates to the offshore areas – buffer zones? 

� Not as this scale 

1.1.5  Water extraction     � Not an issue 
� Agreed by all 

1.1.6  Seepage (salinisation)     � Not an issue 
� Agreed by all 
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Issue C L RV RR Justification for ranking/comments 
1.2 unity Structure &Ecological Comm  Biodiversity 
1.2.1 4 nt Phytoplankton 1 4  Low � No comme s 
1.2.2 i 3 ur farmBenthic communit es 1 3  Low � Based on c rent ing levels 
1.2.3  0 0 n owe e n  Aquatic vegetation /1   Negligible � Lease sites ot all d on aquatic v getatio
1.2.4 
 n 3  o ands cag nst o Terrestrial 

vegetation/commu ities 1 3  Low � Bird faeces n isl  and on-shore e co ructi n 

1.2.5 pListed migratory s ecies      
1.2.5 0  .1 Birds 0 -  Negligible � Not known
1.2.5 0 c ce recor was as.2 Whales 0 -  Negligible � Only one in iden ded and it rele ed alive 
1.2.6 e      Threatened/endang

protected species 
red/      

1.2.6 s 3 2/

es entanglem una ca a b
d
� sequence scor on sma fa d

ize, not the en ck/population level 
� of mortality i ing? 
� ts hav een r  and en ment fre

 this may no  anges i ding beh

.1 Bottlenose dolphin /4 4/5 1 20 Moderate/High 

What impact do
olphins? 
 Higher con

population s
 What level 
 Predator ne

reduced, but

ents in t

e based 
tire sto

 s occurr
emoved

t stop ch

ges h

ller 

trap
n fee

ve on 

mily/

ottlenose 

ene/pod 

quency 
aviour 

e b

1.2.6  3 12 

W  entanglements in tuna co
d
� required beca ividual und t

nt stomach co eflecti tered die
� l changes in f behavio  young 
� ons only pres  m year 

.2 Common dolphins 4 Moderate 

hat impact do
olphins? 
 More work 

have differe
 Detrimenta
 Tuna ponto

 cages have on 

s aro
ng al
ur in

onths of the 

mmon 

una pontoons 
t 

may occur 

use ind
ntents, r
eeding 

 ent for 5
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Issue C L RV RR Justification for ranking/comments 

1.2.6.3 Seals 2/1 4 8/4 Low/Moderate 

What a
and tu
� Iss

pra
� An

reg
issu

� A 
col

r  se
na
u ec m
ct ty
  f ss

ar it of 
e
di ad ou
on xi

e the issues associated
 cages? 

e addressed using el
ice has reduced mortali
appropriately managed
ding seals and proxim
 
stinction needs to be m
ies with respect to pro

with the interaction between 

tric fences – this manage
 
arm will have few, if any, i
y to colonies becomes less 

e between breeding and haul 
mity 

als 

ent 

ues 
an 

t 

1.2.6.4 Sea lions 3 4 12 Moderate 

What 
lions a
� M
� Tu
� Un

ar d n 
n
or ve
n t 5
s n 

e the issues associate
d tuna cages? 
e vulnerable species gi
a pontoons only presen
ure of causes of sea lio

with the interaction betwee

n they feed closer to shore 
 months of the year 

mortality 

sea 

1.2.6.5 Sea birds 3/4 4 12/16 Moderate/High 

What a
seabir
� El

far
� Im

intr
� Da

r wi
ds  
ev ve
m n 
p  w
o
t

e the issues associated 
 and tuna aquaculture?
ated gull population le

ing and some impacts o
acts may have declined
duced 
a lacking 

th the interaction between 

ls following introduction of 
other species noted 
hen subsurface feeding was 

1.2.7 Other fauna (fish, birds etc) w  part 1 3 3 Low � Fe  cages and present only of the year 
1.2.8 Scavengers 1 3 3 Low � Few  part  cages and present only of the year 
1.2.9 World Heritage/ 

RAMSAR/MPA’s 3 1 3 Low � Man ld noagement practices wou t allow this to occur 

1.2.10 Behavioural change
on species 

s & impacts 0 - 0 Negligible  

1.2.11 Sensitive & critical habitats t rent 
u3 1 3 Low � No

occ
allowable given the cur
r on sensitive habitat 

planning procedure do not 

1.2.12 Habitat effects      

1.2.12.1 Displacement 1 2 2 Low � No
bet

t ? Spa ce  
w

sure what the impact is
een leases unknown 

ce between cages and spa



 

  

57 

 

Issue C L RV RR Justification for ranking/comments 
1.2.12.2 Addition 0 - 0 Negligible  
1.2.12.3  Reduction 0 - 0 Negligible  
1.3 Physical & Structures 
Construction      

1.3.1  Num f farm bber & size o s - - - Negligi le � Plan
incre

ning issue curren
ases occurred – m

tly capped but would b
ay need to determine u

e bigger if 
pper limit 

1.3.2  Habitat removal b- - - Negligi le � Not an issue 
1.3.3  Ali o benation (access t  areas) - - - Negligi le � Because they have moved offshore 
1.3.4  Visual amenity - - - Negligible � No comments 

1.3.5  Na e 
ishers vigation 4 4 16 High � Nav

plann
igation channels 
ing process but t

have been taken into ac
he areas have been used

count in th
 by other f

1.3.6  Infrastructure      
1.3.6.1  On-fa b crm - - - Negligi le � None apart from the ages 
1.3.6.2  Off-f barm - - - Negligi le � Not a lot of off farm infrastructure 
1.3.7  Si

cu
te c ves
rre

onstraints (wa
nts) 

, 2 6 12 Moderate � Picked up in the planning procedures 

1.4 Production      
1.4.1 R

as
ca

egi
sim me
pac

onal 
ilative/environ
ity 

ntal    
 � Planning 

1.4.2  Carry - - bing capacity - Negligi le � No comments 
1.4.3  D

fa
isea ity
cili ion   se (e.g. proxim

ties, translocat
 of 
 policy)   � Planning 
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C Potential for use of remote sensing in the management 
o h
 
Clair Treilibs1,2 and 
 
1 n
2

 
This chapter may be ci
Treilibs C & M Lewis gement of 
m cu es.  
U ide
 

2.1 Executive Sum
 
R to . In 
p me s 
r a  
t en od 
for these environmental processes. 
 
T is ote 
s  de ral 
a agem  of 
s fin tuna Seriola 
lalandi) at Boston Bay, Arno Bay and Fitzgerald Bay in Spencer Gulf, off the Eyre 
Peninsula. The review was conducted with the aim of assisting in the management and 
operation of South Australian finfish aquaculture. 

1. Environmental phenomena impacting on existing marine aquaculture (primarily 

/SARDI interest). 
 

South Australian conditions and 
applications, as well as to develop local capacity for analysis and delivery of products. 
 
 
 

hapter 2  
f marine finfis  aquaculture in South Australia 

Megan Lewis1,2 

School of Earth and E
Aquafin CRC. 

vironmental Science, University of Adelaide, SA 5005 

ted as: 
 (2005). Potential for use of remote sensing in the mana
lture in South Australia.  Prepared for SARDI Aquatic Scienc
. 

 
mary 

arine finfish aqua
niversity of Adela

esearch is critical 
articular, environ
equire a much gre
echniques, remote s

the management and improvement of the aquaculture industry
ntal processes and their interaction with aquaculture operation
ter understanding. In comparison with traditional ground-based
sing potentially provides an efficient multi-scale monitoring meth

he objective of th
ensing systems to
quaculture man
outhern blue

project was to review and evaluate the feasibility of current rem
tect and monitor selected environmental phenomena and gene
ent needs. In particular, the study focussed on the industries
 (Thunnus maccoyii) at Boston Bay, and yellowtail kingfish (

 
Discussions held at SARDI, West Beach, on October 14, 2004, identified interactions 
between marine finfish aquaculture and the environment that would be beneficial to 
monitor with remote sensing. The interactions identified could be categorised into 
aquaculture industry and government interests: 
 

industry interest); and  

2. Existing marine aquaculture impacting on environmental systems (primarily 
government

The project comprised a literature review and compilation of a catalogue of sensor 
specifications. Using this information, a feasibility analysis was conducted to assess the 
suitability of remote sensing systems for detecting and mapping selected marine 
environmental phenomena.  Based on the outcomes of the feasibility analysis, pilot 
programs were recommended to develop further understanding of the roles, capability and 
suitability of selected remote sensing products for 
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map c ment (TSS), coloured 

launched research sensor MERIS, has demonstrated great potential in the realm of algal 

blooms within Spencer Gulf have been located. Nor was there information available on the 

ies by Hart and 
ameron (1998) and Hart (1999) have shown the potential of aerial photography and 

he broad-scale mapping of seagrass in South Australian Gulf waters. 
mapping methods were only able to generate a two-class ‘substrate’ 

 based discharges (Kinhill 1995). 

In t ade 
with  
200 ative 
tran umn 

ea

2.2 Literature Review 

A number of studies have demonstrated the ability of ocean colour sensors to detect and 
oncentrations of water constituents. Total suspended sedi

dissolved organic matter (CDOM), and chlorophyll concentrations have been retrieved 
from SeaWiFS (Hendiarti et al. 2004; Richardson et al. 2004),  MODIS (Hu et al. 2004), 
hyperspectral imagery (Hoogenboom et al. 1998) and Landsat imagery (Phinn et al. 2005; 
Populus et al. 1995). Similar techniques have also been used for the mapping of algal 
blooms (Gower et al. 2004; Stumpf and Richard 2001; Tang et al. 2003). A recently 

bloom mapping (Furevik et al. 2004; Gower et al. 2004). 
 
No published local studies on remote monitoring of water quality, or the detection of algal 

extent, time and duration of historical algal blooms to provide a clear understanding of the 
nature and magnitude of these phenomena. Sediments and faecal deposits from the 
aquaculture cages are expected to contribute to the TSS, which potentially could be 
detected by remote sensing and in situ measurements (pers. comm. Peter Petrusevics, 
Oceanique Perspectives, 2004). Further study is required to address this knowledge gap. 
 
Benthic mapping has had more prominence in the local context. Stud
C
Landsat imagery for t

owever both these H
and ‘seagrass’ map. HyMap hyperspectral airborne imagery was used by Dunk and Lewis 
(2000) to discriminate and map Posidonia, Zostera and two sediment types near Port Pirie. 
Within the areas of interest, Kinhill (1995) has conducted a study in Boston Bay to assess 
the potential of aerial photography for monitoring the impacts of the sea cage tuna farming 
on macrophyte communities. However, the photography was found to be of limited value, 
and could only reliably map areas of shallow water distant from sea-cage tuna farms. Thus 
the method was not able to quantify the environmental influences of tuna farming 
ompared with those resulting from significant landc

 
he assessment of both water quality and benthic composition, progress has been m
 modelling approaches (Dekker et al. 2001; Hoogenboom et al. 1998; Klonowski et al.

4). Proponents of this approach have demonstrated the use of bio-optical radi
sfer models to increase the accuracy and validity of benthic and water col
surements.  m

 
2.3 Feasibility Analysis 
 
Four phenomena (or grouped phenomena) were evaluated for suitability of detection, 
mapping and monitoring with various forms of remote sensing: algal blooms, water 
constituents, sea surface temperature and benthic communities. Each phenomenon was 
characterised in terms of spectral response, spatial extent and temporal dynamics, and 
selected sensors were evaluated in relation to these criteria.  The sensor parameters 
considered were spatial and spectral resolution, temporal frequency and archival history as 
well as cost and access suitability. While spatially limited, MODIS scored highest for the 
suitability of detecting water constituents and sea surface temperature. The higher spatial 
resolution of SPOT and Landsat were found to be more suitable for mapping algal blooms. 
Airborne hyperspectral sensors appear to be spectrally and spatially suitable for benthic 

apping. m
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• Increasing understanding of the regional characteristics and dynamics of the surface 

agery, such as SPOT or Landsat, or airborne 

benthic cover and their imagery could be used to map benthic cover and variations 
in composition in selected areas of interest. Airborne hyperspectral systems have 

 in spectral and spatial resolution for this task; 

fied management needs, as listed in 
e Terms of Reference, were reviewed for their current operational potential. The 

 
2.4 Recommendations 
 
Using current remote sensing systems and technical expertise available within Australia, 
several roles for remote sensing can be identified that are relevant to the South Australian 
finfish aquaculture enterprises: 

water in Spencer Gulf and adjoining southern waters. Better information about the 
spatial and temporal dynamics of this region would improve understanding of the 
environmental context of the aquaculture enterprises and enable stronger 
predictions of influences and events relating to specific locations. The high 
temporal frequency and spectral capability, as well as low cost of MODIS makes 
this sensor the obvious choice for further study of the Spencer Gulf waters; 

• Detection and mapping of specific events at particular locations (e.g. algal blooms), 
with acquisition of imagery triggered by other early warning systems. Such mapping 
might use relatively high resolution im
hyperspectral imagery, to provide detailed documentation and evidence on the 
distribution and dynamics of a particular event of concern in a limited area; 

• Mapping and monitoring benthic composition in shallow waters. Several airborne 
and satellite-borne remote sensing systems have the capability to map variations in 

demonstrated capability

• Analysis of the bio-optical properties of southern Australian coastal waters as a 
foundation for future analysis and monitoring of water composition using a variety 
of remote sensing data sources. Such research would enhance capability to exploit 
current and future remote sensing data for marine monitoring applications. 

Based on the literature and the feasibility analysis, identi
th
following table lists these management needs and briefly states the potential (if any) for 
current operational assessment using remote sensing. 
 

Management need Current operational potential 

Harmful algal While there is little scope fo
blo
ma
possibl
sy

r using remote sensing as a warning tool, 

ote sensing skills are required to map and calculate bloom 

oms - detection, 
pping and 

e warning 

mapping the dynamics of an existing algal bloom is currently feasible. 
SPOT, Landsat or airborne systems would be suitable for this task. 
Basic rem

stem areas. 

Water quality – 
quality parameters from MODIS data is currently 

feasible. However, accurate retrieval from MODIS imagery is a 
identification and 
concentration of 
water constituents 

complex task and requires quantitative image analysis and calibration 
with field samples. A South Australian company, Oceanique 
Perspectives, currently extracts these parameters for the Gulf of St. 
Vincent. 

Retrieving water 

Sea state (SS) for 
effect on access 
and work operations 

A current SAR system such as Radarsat-1 is able to provide 
information on sea wave height with the assistance of costly 
extractio

– identification of 
high SS periods 

n software. However, the process is time consuming and the 
accuracy is uncertain. It is unlikely this would be a cost-effective 
method of assessing the number of work days on aquaculture 
operations. 
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Sea surface 
temperature (SST) 
– mapping 
temperature 
gradients 

At the present time, ACRES does not provide SST products for 
MODIS and NOAA. However, DEH can provide the NOAA and 
MODIS (slightly more complex) algorithms to users with reasonable 
remote sensing ability and access to image processing software. As 
they are adapted from North American algorithms, further calibration 
would be required before they could be used operationally in SA 
waters. 

Sea surface salinity 
g 

There are currently no remote sensing systems available for 
measuring sea surface salinity. Sensors such as the Soil Moisture and 
Ocean - mappin

concen tions Salinity instrument (SMOS) (see Appendix Table 4) may be 
useful in the future. tra

Oil slicks f
cages – d
and ma
slicks 

ping oil ly feasibl d 
hnique. Wh  favourable, Radarsat-1 could detect 
ks from the y were at least approx. 120 m2. Basic 

ensing skills a  required to m k areas. 
 R and oth stly, and 
 it ou

rom sea-
etection 

Map
tec
slic

pping of oil remote s
However,
therefore

 slicks is a current
en conditions are
 sea-cages if the

re

e and well-develope

ap and measure slic
er radar data) is co
ld be cost-effective. 

adarsat-1 imagery (
is unlikely this method w

Potenti
impacts
commu
vicinity 
region -
bentho

Accurately mp  communities 
ould appe cu s of 

t penetr icu he 
 th at dep r, there 

may be sco reas o regions 
closer to sh os mapping methods are in a research phase. 

al farm 
 to benthic 
nities in 
& broader 
 mapping of 

w
ligh
region of

s 

mapping potential farm i
ar to be infeasible at the 
ation of water make it diff
e sea-cages situated 
pe for mapping any a
ore. Benth

acts on benthic
rrent time. The limitation
lt to assess the area in t
ths of 15-25 m. Howeve
f impact in shallower 

Pontoo
(coordi
monitor
genera

g po toons should be a straigh able 
ontoons of 40m–50m dia n 

ctral sensor such as SPOT 5 (1 d a 5 m 
c band) should be suitable, and has cost and temporal 

ntages over airborne systems. Pontoons and their coordinates 
ld be fa y quickly and easily identified from the acquired geo-

agery using appropriate (and low/no cost) viewing 

n locations 

Locatin
sensor. For p

nates) – 
ing for 
l mgt 

multispe
panchromati
adva
cou
referenced im
software. 

n tforward task with a cap
meter, a high-resolutio

0 m multispectral an

irl

While the study has evaluated current remote sensing systems for monitoring selected 
arine water quality phenomena in specific South Australian contexts, pilot programs 

ted to build understanding of the capability of remote sensing systems 
 requirements for local applications. Even for systems that could 

ropriate to have an evaluation phase. The following 
ilot programs were suggested for implementation: 

.  M

 

he ral and spectral frequency of the MODIS sensor potentially provides an effective means of 

nte mmediate vicinity of the aquaculture pontoons. 

                           

m
should be conduc
and associated analytical
be implemented now, it would be app
p
 

onitoring water quality of the Spencer Gulf with MODIS 1

Aims:  To evaluate the suitability of MODIS for monitoring water quality parameters at 
Gulf-scale. 

 tempoT
monitoring water quality parameters in Spencer Gulf. Simultaneous data collection with existing SARDI 
in situ sensors would provide calibration over a range of values. The study would place in a broader regional 

xt the water quality measurements acquired in the ico
Overpasses are routinely acquired by the Australian Centre for Remote Sensing (ACRES2), and the data 
are free to download for recent acquisitions within the last 7 days. 

 

                      
 
2 [http://www.ga.gov.au/acres/]. 
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.  Triggered high-resolution multispectral imagery for post-event algal bloom 

Aim

 

Wh oms, it has been 
e temporal changes of an existing bloom. This study would use existing 

SPO

3.  Modeling of water quality parameters from field data and hyperspectral imagery 

apability of using in situ sampling of water quality parameters and 

 

In comparison with empirical methods, the modelling approach establishes physical relations between water 
quality parameters, the underwater light field and remotely sensed measurements. Proponents of this 

ted the use of bio-optical radiative transfer models to increase the accuracy and 
valid
qua
and 
mod

 The southern bluefin tuna R&D strategic plan (Fisheries 
orporation 2001) highlights the importance of the interaction 
d the environment: 

ytoplankton blooms, 
and discharge of pollutants). 

incident, making it unlikely to have been involved. The effects of the suspended sediments 

2
mapping 

s:  To assess the value of high-resolution SPOT imagery for mapping algal blooms that 
have formerly been detected with ground-based monitoring. 

ile remote sensing has shown to have little use in the warning or prediction of algal blo
succ ssful in mapping the extent and 
SARDI in situ sensors and user response to trigger the acquisition of SPOT imagery. The constellation of 

T satellites provides a high temporal resolution allowing a reasonable response time. 
 

Aims:  To evaluate the c
develop algorithms to calibrate measurements from hyperspectral imagery. 

approach have demonstra
ity of benthic and water column measurements. The study would require the collection of detailed water 

lity measurements with in situ sensors. An inversion model can then be built from these measurements 
used to calibrate the hyperspectral imagery. However, this recommendation may be limited by available 
elling software and expertise, and is unlikely to be cost-effective at the current time. 

 
2.5 Introduction 
 
The southern bluefin tuna and yellowtail kingfish aquaculture industries are, respectively, 
the largest and second-largest marine finfish industries in South Australia.  As the 
structures and fish involved in aquaculture enterprises are in direct contact with the marine 
environment, it is paramount that these operations are, and remain, economically and 
environmentally sustainable.
Research and Development C
between marine aquaculture an
 

The long-term future of finfish aquaculture at sea requires the use of practices that ensure the 
continued health of the marine environment. It also requires recognition of the conservation value 
placed by society on the marine ecosystem and recognition that sea-based aquaculture activities 
can be rapidly and substantially affected by the environment (e.g. storms, ph

 
Aquaculture directly impacts on the water quality. Studies by Burford et al. (2003) show that 
phytoplankton response to nutrients is a key ecological process and indicator for measuring 
the impacts of aquaculture discharge. Harmful and toxic phytoplankton blooms 
(sometimes visible as ‘red tides’) have become an issue of concern. In April 1996, a mass 
mortality event caused the death of 75% of southern bluefin tuna stocks in Boston Bay. 
The microscopic toxic alga, Chattonella marina, was thought by some to have reduced 
oxygen levels and caused extensive gill damage (Cannon 1997). However, a formal South 
Australian Government report (Clarke 1996) discounted microalgae as the cause of the 
tuna mortalities, although some species of concern did appear after the event. Furthermore, 
the toxic Chattonella alga was not recorded during surveys immediately after the mortality 

are considered to have caused the mucus build-up observed on the gills of the tuna, which 
led to respiratory difficulties and asphyxiation. 
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esearch and Development Plan 2003-2008 (Hernen and 
utchinson 2003). The plan also identified the value of sea floor impact analysis, and the 

ons has been recognised since the 1960s, although 
evelopments have been made only recently due to factors such as easier data access, new 

.6 Terms of Reference 

The project content and design is modelled from discussions held at SARDI, West Beach, 
on October 14, 2004. The discussion identified interactions between marine aquaculture 
and the environment that would be of value to monitor with remote sensing. These 
interactions are a two-way exchange, and hence are of interest to both the South Australian 
finfish aquaculture industry and government: 
 

1. Environmental phenomena impacting on existing marine aquaculture (primarily 
industry interest); and  

2. Existing marine aquaculture impacting on environmental systems (primarily 
government/SARDI interest). 

 
Southern bluefin tuna (SBT) (Thunnus maccoyii) and yellowtail kingfish (YTK) (Seriola lalandi) 
were the main focus of the project, with the selected interest areas at and offshore of 
Boston Bay (SBT & YTK), Arno Bay (YTK) and Fitzgerald Bay (YTK) in the Spencer 
Gulf, off Eyre Peninsula. The map in Appendix 1 (Figure 2.8) details these locations. A 
number of specific phenomena associated with these finfish industries were discussed and 
are summarised in Table 2.1.  
 
 
 

Aquaculture research is critical to the improvement and management of the industry. In 
particular, environmental processes and their interaction with aquaculture operations 
require a much greater understanding. Modelling tidal flows and seasonal algal patterns and 
indicator species are research issues that have been identified in the Yellowtail Kingfish 
Aquaculture Strategic R
H
ecology of different benthic systems.  
 
Remote sensing provides an efficient broad-scale monitoring method for marine processes 
in comparison with traditional ground-based techniques. The potential of satellite remote 
sensing for marine applicati
d
sensors with improved spatial and radiometric resolution, and increasing awareness by 
potential users (Santos and Miguel 2000). Despite providing a comprehensive historical 
review of airborne and satellite sensors in international fisheries research and operational 
support, Santos (2000) suggests that the practical application of remote sensing techniques 
in aquaculture remains largely experimental.  
 
This report seeks to promote the aforementioned ‘experimental’ phase of aquaculture 
remote sensing research by identifying current systems that have the ability to address 
current management needs. The report also suggests feasible pilot programs aimed at 
progressing South Australia’s finfish aquaculture industry toward an ‘operational support’ 
phase. 
 
2
 
This project is a direct outcome of the remote sensing workshop held at SARDI Aquatic 
Sciences, West Beach, in August 2003. It is associated with the Cooperative Research 
Centre for Sustainable Aquaculture of Finfish (Aquafin CRC), which aims to meet the 
needs of the Australian finfish aquaculture industry through innovative, collaborative and 
commercially - focussed research (Aquafin CRC 2004). 
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Table 2.1. Environmental phenomena and management needs identified for investigation at discussions 

held October 14, 2004 

 
1. Environmental 

phenomena 
impacting on 
aquaculture 

 
2. Aquaculture 

impacting on 
environmental 
systems  

 
3. Other research 

Harmful algal blooms - 
detection, mapping and 
possible warning 
systems 

Oil slicks from sea-
cages – detection and 
mapping of oil slicks 

Pontoon locations 
(coordinates) – 
monitoring for general 
management 

Water quality –  farm impacts 
to benthic communities Satellite sensor specs, identification and 

concentration of water 
constituents 

in vicinity & broader 
region - mapping of 
benthos 

frequency, costs etc. – 
information required 

Potential

Sea surface 
temperature (SST) – 
mapping temperature 
gradients  

 
Imagery interpretation 
and expertise levels – 
information required 

Sea state (SS) for 
potential effect on 
access and work 
operations – 
identification of high SS 
periods 

  

Sea surface salinity - 
mapping concentrations   

 
2.6.1 Objectives 

The objectives of this project were to: 
 
1.  Review and evaluate the feasibility of current remote sensing systems to detect and 

monitor selected environmental phenomena and general management needs.  
 
2. To make recommendations about the immediate use of remote sensing for use in 

finfish aquaculture management and operation at Boston Bay, Arno Bay, and Fitzgerald 
Bay. 

 
3.  To suggest pilot programs that show potential for aiding the management of finfish 

aquaculture management and operation. 
 
In particular, the review and recommendations are focussed on the southern bluefin tuna 
(Thunnus maccoyii) and yellowtail kingfish (Seriola lalandi) industries in the Spencer Gulf, off 
Eyre Peninsula. 

 

2.6.2 Scope 

The project comprised the following tasks: 
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1. Review of literature and past studies 

A literature review of local, national and international studies that have used remote sensing to detect, 
quantify, map, or warn of environmental phenomena. The review aims to present examples that 
demonstrate relevant research findings, remote sensing capabilities and methodologies, as well as 
operational applications, rather than a comprehensive account of all existing research. 

 
2.  Feasibility analysis 

An evaluation of using selected remote sensing systems to detect, quantify, or map a selection of marine 
environmental phenomena. The analysis uses the information available and a scoring system to 
determine sensor feasibility. 
 

3.  Recommendations  
Based on the outcomes of the feasibility analysis, recommendations are made on the roles that various 
forms of remote sensing might play in the management of aquaculture in the Spencer Gulf of South 
Australia.  
 

4. Pilot programs 
Since it is unlikely that local knowledge or experience with analysis of remote sensing for marine 

t 
progra dations include brief aims and suggested 
method relevant to South Australian finfish aquaculture enterprises and contexts. 

 
2.7 Review of Relevant Studies 
 
This literature review does not aspire to be an all-inclusive review of previous local, 
national and international studies relevant to aquaculture. Rather, it considers examples of 
remote sensing-based methodologies and research findings, as well as operational programs 
that may be applicable in the Spencer Gulf context, in relation to the phenomena identified 
in the Terms of Reference.  
 
2.7.1 Ocean Colour Sensors 

There have been significant advances in the development of satellite sensors for assessing 
coasts and oceans over the past two decades. A selection of tools that are useful for ocean 
modelling of sea wave height (SWH), sea surface temperature (SST), sea surface salinity 
(SSS) and ocean colour have been compiled by UNESCO’s Intergovernmental 
Oceanographic Commission, and are listed in Appendix Table 2.5. 
 

Satellite ocean colour sensors3 that have been used for coastal ocean research include the 
Coastal Zone Color Scanner (CZCS, 1978-1986), the Sea-viewing Wide Field-of-View 
Sensor (SeaWiFS, 1997-present) and the two Moderate Resolution Imaging 
Spectroradiometer sensors (MODIS 1999-present on the satellite ‘Terra’ and 2002-present 
on the satellite ‘Aqua’). Similar sensors will be available in the forthcoming NPOESS 
(National Polar-Orbiting Operational Environmental Satellite System) project mission 
(starting 2005 and becoming operational by 2009) (Hu et al. 2004). The recently launched 
satellite ENVISAT carries the sensor MERIS, which has demonstrated great potential.  A 
number of non-ocean specific satellites such as SPOT and Landsat Thematic Mapper (TM) 
and Enhanced Thematic Mapper + (ETM+) have also been evaluated for their use in 

                                                

applications would enable immediate adoption of operational programs, the study also recommends pilo
ms for implementation in the near future. The recommen

 
3  Ocean colour is used to indicate the visible light spectrum as observed at the sea surface, which is related, by the 

processes of absorption and scattering, to the concentration of water constituents (Barale and Folving 1996). 
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ironmental parameters. The reliability of remote sensing techniques 
for coastal monitoring will continue to improve with developments in sensors. These 

 et al. 2004). 

The adva hy are obvious. 
Satellites offer rapid, repeated and concurrent synoptic assessment of environmental 
parameters, sa ver much greater s than are possible with ships and at 
frequencies which are impossible to match by any other sampling procedure (Hu et al. 
2004; Joint and Groom 2000). 
 
NASA’s ocean colour sensors SeaWiFS and MOD
been tailored e visible, 
including a 412 nm channel to detect coloured dissolved organic matter (CDOM) and an 
dditional blue channel at 490 nm at medium phytoplankton absorption (Joint and Groom 

nd 
Groom 2000). 
 

cean bio-optical 
 
 
 

the water. H ication of such 

Australian waters.

assessing oceanic env

include increases in spectral channels within the ultra-violet/visible region of the spectrum, 
decreases in the spectral width of recording channels, and increases in spatial resolution 
(Clementson
 

ntages of these space-based tools over conventional oceanograp

mpling o spatial scale

IS have further advantages as they have 
to marine applications. SeaWiFS views the earth in six bands in th

a
2000). The newer MODIS sensor has increased capability compared to SeaWiFS with more 
wavebands, higher signal to noise ratio, more complex on-board calibration, and the 
capability of simultaneous observation of ocean colour and sea surface temperature (Joint 
and Groom 2000). The two MODIS sensors also ensure continuity of ocean colour data by 
providing two observations per day (passing at 10:30 and 14:30 hrs local time). 
Furthermore, MODIS is broadcast continuously (and so can be acquired by anyone with an 
appropriate receiver) and can be used without any commercial restrictions (Joint a

The aim of the SeaWiFS project is to provide quantitative data on global o
rough ocean colour. Visible light (wavelengths of 400-700 nm) reflected from

the world’s oceans varies with the concentration of chlorophyll and other plant pigments
present in the water. Typically, the greater the concentration of plant pigments, the greener

ence phytoplankton concentration can be derived from quantif
ocean colour (NASA 2004b). Figure 2.1 depicts a SeaWiFS chlorophyll image of South 

 

properties th
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ent, which will be flown operationally on the 
ext series of the U.S. polar-orbiting meteorological satellites (NPOESS) (See Appendix 

owever, limitations such as the 1 km spatial resolution of the SeaWiFS and MODIS 

ocation and season 
oint and Groom 2000). 

within 1 to 2 km of the coast without 

Figure 2.1:  SeaWiFS chlorophyll a image acquired on January 9, 2002. Source: Oceanique Perspectives. 

 
 

The MODIS system is a more all-encompassing sensor designed to improve understanding 
of global dynamics and processes occurring on the land and in the oceans and lower 
atmosphere (NASA 2004a). MODIS is also the prototype for the Visible Infrared 
Imager/Radiometer Suite (VIIRS) instrum
n
Table 2.4). While MODIS low resolution bands 8 through 16 (1 km) are usually reserved 
for ocean colour and phytoplankton detection, Hu et al. (2004) explored the potential for 
using the medium-resolution bands (at 250 and 500 m) for monitoring water quality in 
estuaries. The MODIS medium-resolution bands (250m and 500m) were found to be 4–5 
times more sensitive than the Landsat7/ETM+ bands, but 3–4 times (250 m, red and near-
IR) and 1–2 times (500 m, blue and green) less sensitive than the corresponding SeaWiFS 
bands. However, they found the MODIS 1 km resolution ocean bands to be 3–6 times 
more sensitive than SeaWiFS bands, enabling detection of subtle ocean features. Figure 2.2 
is a true colour 500 m MODIS image showing complex patterns of variations of surface 
water colour in the Spencer Gulf in 2001. 
 
H
sensors are evident when imaging coastal environments (Hu et al. 2004). Clemenston et al. 
(2004) could not validate remotely sensed chlorophyll a in the Huon River Estuary due to 
the spatial resolution of the SeaWiFS sensor and small scale of the estuary. Atmospheric 
correction and sensor calibration have been very apparent limitations, as accurate 
measurements are required to extract useful information from the color of coastal ocean 
waters. Few bio-optical algorithms have been devised to convert coastal ocean 
observations to meaningful, consistent, and accurately retrieved water-quality parameters 
(Hu et al. 2004). Though perhaps the most fundamental limitation to ocean colour 
observation is cloud cover as it masks the sea-surface, and varies with l
(J
 
Another important consideration in the use of coarse resolution imagery for mapping and 
quantification of parameters in near-coastal environments is the fact that a significant 
proportion of the signal apparently coming from a specific area represented by an image 
pixel actually comes from the surrounding pixels. This arises because of several factors 
including the optics, detector and electronics of the sensing instrument as well as scattering 
of radiation by the atmosphere (Townshend et al. 2000). This effect can reduce the ability 
of a user to reliably retrieve values for pixels in contrasting areas such as a coast, although 
appropriate processing of the imagery can minimise the error. As this effect is most 
pronounced with coarse resolution imagery (e.g. SeaWiFS or MODIS), information 
etrieval could therefore not be used reliably r

additional image correction. 
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Figure 2.2. Surface water colour variations in Spencer Gulf (blue-green swirls) acquired 20th October 2001 

from the MODIS sensor. Source: NASA’s visible earth 
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2.7.2 Water Quality 

There are a number of bio-optical indicators in the water column that allow remote sensing 
techniques to make observations of environmental processes. Table 2.2 describes these 
indicators. 

   

Table 2.2. Bio-optical indicators of ecological health. Source: Hu et al. (2004). 

Indicator Description 

Chlorophyll concentration Indicator of biomass, phytoplankton 

Coloured dissolved organic 
matter concentration (CDOM) 

Indicator for freshwater content and plant 
derived organic matter 

Total suspended sediment Indicator of turbidity 
and wind or concentration (TSS) cu
resuspension 

and coastal erosion, 
rrent generated 

 

A stu  Queensland, measured the spectral absorption of these indicators dy in Moreton Bay,
(Figure 2.3). Water that is rich in phytoplankton will absorb more strongly in the blue and 
red wavelengths than green, hence its green appearance. Water bodies with large suspended 
sediment loads will reflect more strongly in all wavelengths due to particulate scattering 
(Phinn et al. 2005). 
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Figure 2.3. Absorption coefficients of water (aw - blue) and water constituents: chlorophyll (a*phy - green), 

TSS (a*tr - maroon), CDOM (a*cdom - yellow) over wavelengths 420 – 750 nm. Source: Phinn 
et al. (2005). 

 

One of the limitations to mapping water quality parameters is that substrate features may 
influence the measurements in shallow clear waters. As a result, variations in the signal 
recorded by the sensor may not be due to the water column or surface features (Phinn et al. 
2005). The euphotic depth (by definition the depth at which one percent of the surface 
light intensity can be detected) appears to be the depth at which the observer is confident 
the signal is a measurement of the water column and not the bottom surface (pers. comm. 
David Ellis, Adelaide Coastal Waters Study, 2004). Islam et al. (2004) arrived at a solution 
for mapping the shallow coastal zone of Moreton Bay to 3 m. They used a multiple zone 
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depth of penetration (DOP) approach to exclude bottom reflectance and more accurately 
map TSS concentration with Landsat TM. The image was segmented into four DOP zones 
from calculated depths and bathymetric data. In situ water samples were collected 
concurrently with the recording of the Landsat satellite image, and used to establish 
regression models for TSS concentration and secchi depth associated with a particular 
DOP zone. The mapping was accomplished more accurately using a multiple DOP zone 
than using a single zone in shallower areas. 
 
The mapping of water quality parameters is also affected by water type. Case 1 waters are 
those in which the optical properties are dominated by phytoplankton and its degradation 
products, and generally considered ‘clear’. In comparison, the optical properties of case 2 
waters, which are typically coastal, such as in Spencer Gulf, derive mainly from scattering 
and absorption by suspended matters of coloured dissolved organic material (CDOM) of 
terrestrial origin. Due to the physical properties of case 2 waters, phytoplankton biomass is 
difficult to accurately assess. The influence of CDOM and suspended particulate matter 
makes the estimation of chlorophyll concentrations by remote sensing problematic (Gohin 
et al. 2003; Joint and Groom 2000), whereas studies of case 1 waters (Gohin et al. 2003; 
Richardson et al. 2004) have shown chlorophyll concentrations derived from the SeaWiFS 
data to be more reliable.  
 
In situ instruments, such as buoys or moorings, are an important part of water quality 

 
 

 dissolved oxygen. However, they have been too limited on temporal and 

n 
ethods notoriously unreliable.  

m for estimating water quality parameters from satellite imagery 
an be developed (Van der Woerd and Pasterkamp 2001). Such regional algorithms have 

been applied to accurately estimate chlorophyll concentrations in case 2 waters in Florida 
(Tomlinson et al. 2004), and the Java Sea (Populus et al. 1995). The strength of this 
approach lies in the fact that once the inherent optical properties of water, phytoplankton 

monitoring when they can be used concurrently with satellite-based remote sensing devices.
In situ instruments can provide continuous monitoring of parameters such as temperature,
salinity, and
spatial scales; typically there are only a few such stations in any one region, and very few, if 
any, of these systems provide routine, long-term observations (Glasgow et al. 2004; Hu et al. 
2004). In situ systems are also limited by ‘bio-fouling’ of the instruments, cost and real-time 
access to data, though advancements in real-time remote monitoring (RTRM) systems have 

ade progress in addressing some of these issues (Glasgow et al. 2004). m
 
2.7.2.1 Modeling and Empirical Approaches 

The majority of studies measuring water quality parameters opt for an empirical approach: 
relating sensor values from the imagery to field values collected in situ, and then using these 
quantitative relationships to map or predict field values more widely. However, Dekker et 
al. (1994 in Populus et al. (1995)) indicate that this method is valid only for a given situation 
where remote sensing data are acquired simultaneously with in situ data in sufficient 
quantities to be statistically representative; the resulting relationships between water 
properties and remote sensing data values cannot necessarily be applied to other situations 
or times. Permanent variations in irradiation, atmosphere, water surface and compositio
make empirical m
 
Few studies (e.g. Dekker et al. 2001; Hoogenboom et al. 1998; Oubelkheir et al. 2004; Phinn 
et al. 2005) have taken the ‘modelling’ or ‘analytical’ approach, establishing physical 
relations between water quality parameters, the underwater light field and the remotely 
sensed measurements (Barale and Folving 1996; Van der Woerd and Pasterkamp 2001). 
Modeling the interaction of light with the water is complex due to the intricate optical 
response of its various constituents, and requires numerous in situ measurements modeled 
through a bio-optical model such as HYDROLIGHT (Sequoia Scientific Inc. 2000). 
Subsequently, an algorith
c
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and other constituents have been determined for a region, and an appropriate model 
developed, imagery which measures changes in the environment over space and time can 
be inverted to provide estimates of the concentrations of these variables. However, this 
requires a combination of costly remote sensing techniques and highly specialised teams 
(Populus et al. 1995).  
 

2.7.3 Algal Blooms 

A number of international studies have recently explored the realm of detecting and 
observing algal blooms with SeaWiFS data. Subramaniam et al. (2001) discriminated and 
mapped the cyanobacteria Trichodesmium (which blooms on occasion off Port Lincoln in 
late summer) from other phytoplankton blooms in the South Atlantic Bight. Tomlinson et 
al. (2004), Stumpf et al. (2003) and Stumpf and Richard (2001) concentrated their efforts on 
detecting harmful Karenia brevis blooms in the Gulf of Mexico. Gohin et al. (2003) made 
observations of a phytoplankton bloom in the Bay of Biscay, and Tang et al. (2003) 
measured water parameters associated with a harmful bloom in the Pearl River estuary in 
China. 
 
However, the advent of enhanced sensor technology has provided improved detection with 
MERIS. A paper presented by Gower et al. (2004) at the recent ENVISAT Symposium 

 
radiance at about 705 nm, providing a signature of intense plankton blooms. The MERIS 

and at this wavelength is an essential part of the bloom detection, but not present in 

gae occurs below the surface layers, chlorophyll concentration for the 
tal water column will be under-estimated (Joint and Groom 2000). 

.  When blooms are characterised by high 
iomass and chlorophyll concentration in the upper layer of the water column such that 

ological matter at the sea surface, they are distinctly 
observable in SAR images of the area. Such were the characteristics of the algal Chattonella 

ed spatial resolution. 

ss, can provide an indication of the composition of a phytoplankton community. 
This includes identifying classes of small flagellates that cannot be determined by light 

claims that MERIS can be used to detect a peak in the optical spectrum of water-leaving

b
SeaWiFS or MODIS. The combination of wide area coverage, 300 m spatial resolution, and 
appropriate spectral bands makes MERIS a unique and important tool for intense plankton 
bloom monitoring (Gower et al. 2004). 
 
Sensing of algal blooms by ocean colour sensors is limited to near surface waters because 
of the combined absorption of light by the water and pigments. If the maximum 
development of al
to
 
Furevik et al. (2004) have taken a different approach to the remote detection of algal 
blooms using Synthetic Aperture Radar (SAR)
b
they lead to accumulation of bi

sp. detected with ERS_SAR off the coast of Denmark. The texture and shape of the bloom 
area from the radar data provided a valuable addition to signatures detected by optical 
colour sensors. The clear advantages of such a system are the monitoring of these bloom 
events during cloudy periods (Furevik et al. 2004). The study looked to explore the 
possibilities of ENVISAT data given the data simultaneity of MERIS and ASAR and 
increas
 
There are several approaches for identifying harmful algal taxa in natural samples: 

(1) direct visualisation of individual cells using microscopy; 
(2) portable and in situ sensors capable of detecting optical features of cells; and 
(3) molecular probes that detect individual taxa, in particular detection of cell-surface 

moieties and nucleic acids (RNA, DNA). (Glasgow et al. 2004). 
 

The presence or absence of diagnostic (or marker) pigments, which relate specifically to an 
algal cla
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es (Clementson et al. 2004). Approaches with remote sensing are 

mental in guarding against the potentially harmful effects of 
pf et al. (2003) outline the detection and forecast components 

dicting the movement of an identified HAB (type 3); 
g conditions favorable for a HAB to occur where blooms have not yet been 

lar basis to maintain monitoring 
rograms (Gohin et al. 2003; Roelfsema et al. 2002). 

microscopy techniqu
generally regarded to be unsuccessful in determining community composition (Furevik et al. 
2004; Glasgow et al. 2004; Hu et al. 2004). However, Jupp et al. (1994) were able to 
distinguish blue-green algae (cyanobacteria) from different types of algae in the 
Hawkesbury River, using CASI data. The success was attributed to the sensitivity of the 
CASI sensor and its high spectral resolution (Jupp et al. 1994). 
 
2.7.3.1 Warning Systems 
Warning systems are instru
phytoplankton blooms. Stum
of harmful algal blooms (HABs):  

(a) monitoring the movement of an algal bloom that has previously been identified as a 
HAB (type 1); 
(b) detecting new blooms as HAB or non-HAB (type 2); 
(c) pre
(d) predictin

observed (type 4). 

Types 1 and 2 involve methods of bloom detection and require routine remote sensing and 
in situ data, though remote sensing cannot alone define a bloom as harmful or non-harmful 
(type 2). Prediction (types 3 and 4) builds on the monitoring capability by using 
interpretative and numerical modeling (Stumpf et al. 2003). At present remote sensing 
techniques can, at certain spatial scales, map the extent of a bloom once developed, but not 
predict the occurrence or the toxicity of a bloom (Clementson et al. 2004). Field surveys 
remain as the critical component required on a regu
p
 

In a review of current applications for real-time remote monitoring (RTRM) of water 
quality, Glasgow et al. (2004) present some recent engineering and deployment of RTRM 
technologies. Among them is a web-based early-warning bloom alert network developed by 
the Centre for Applied Aquatic Ecology (CAAE), North Carolina State University (Figure 
2.4). The network was designed for immediate notification and rapid response to algal 
blooms by university researchers and state resource managers through 4-10 instrumented 
platforms capable of measuring meteorological and hydrological parameters, supplemented 
with remote biological and chemical sampling (Glasgow et al. 2004). 
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Figure 2.4. Example of an operational web-based RTRM alert response system developed by CAAE. 

Source: Glasgow et al. (2004). 
 
This alert system is an example of a type 4 prediction, predicting conditions favorable for a HAB 
to occur where blooms have not yet been observed. Routine remote sensing is not used in the 
prediction or alert phases. In the flowchart Figure 2.4, it is evident that aerial photographs 
of the HAB event are only acquired as needed after the HAB event has been detected. 
 
An operational system has been designed and implemented by local Marine Parks 

 of successful adoption of a combined field and remotely sensed approach to 
onitoring and understanding a critical environmental hazard (Roelfsema et al. 2002). 

personnel for monitoring the extent of the toxic cyanobacteria blooms of Lyngbya majuscula 
in Moreton Bay, Queensland (Roelfsema et al. 2002). The approach integrates field video 
surveys with classified Landsat ETM+ data as an accurate and cost effective means to 
regularly map the extent of the bloom as a monthly procedure. Quantitative field estimates 
of Lyngbya majuscula percentage cover for select areas in Moreton Bay coincide with 
acquired Landsat ETM+ imagery to indicate the extent of the bloom. This system is an 
example
m
Indeed, Barale and Folving (1996) maintain the value of ‘integrated observation systems’. 
 
2.7.4 Sea State 

A number of satellites can provide information for wave modelling through altimeter, 
scatterometer and synthetic aperture radar (SAR) data. However, information from radar 
altimeters (e.g. Jason-1) is limited to data on significant wave height (SWH) (Greenslade 
2001; Symbios Communications 2004). Whereas SAR instruments can accurately measure 
changes in ocean waves and winds, including wavelength and the direction of wave fronts, 
regardless of cloud, fog or darkness (Figure 2.5) (Greenslade 2001; Symbios 
Communications 2004). 
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Figure 2.5. Current and planned instruments used for measuring wave height and spectrum. Source: 

Symbios Communications (2004). 

 
The ASAR instrument on ENVISAT provides wave mode products, but with improved 

t 

rry 

 on 

e 

quality. At the recent ENVISAT symposium in Austria this year, Auof et al. (2004) 
presented a validation of ENVISAT ASAR data for three months based on wave model 
outputs. ASAR data has made available directional, spectral information from the sea, and 
when compared with the wave model, observations show that it provides a better estimate 
of the sea state (wave height, mean direction and period), especially when swell is dominan
(Aouf et al. 2004). 
 
However, these preliminary studies have shown limitations in quality control. In order to 
eliminate erroneous data, the signal to noise ratio and the retrieved ASAR wind speeds 
need to be closely examined (Aouf et al. 2004). 
 
.7.5 Sea Surface Temperature 

he National Oceanic and Atmospheric Administration (NOAA) satellite series each ca

 (AATSR

n intensive validation of th

2

T
an Advanced Very High Resolution Radiometer (AVHRR) sensor. Among other 
applications, they provide information on global sea surface temperature measurements. 
While the resolution at nadir is approximately 1.1 km, the four currently transmitting 
satellites (NOAA 12, 15, 16 and 17) transmit direct broadcast data to ACRES several times 
a day. 
 
The MODIS and the Advanced Along Track Scanning Radiometer
ENVISAT) are the medium resolution sensors that provide accurate sea surface 
temperatures. The design of the MODIS instrument is built on several decades of NOAA 
infrared radiometer use, to develop a state-of-the-art complex algorithm for the estimation 
of sea surface temperature (SST) (Brown and Minnett 1999). A
accuracy of SST retrievals from AATSR has shown that the sensor is currently meeting its 
objective to determine accurate global SST measurements to within 0.3˚C (Corlett et al. 
2004). 

 



 75

   

along the southern coast of Java during the 

ndicative of upwellings, 
hile concentrations of about 0.5 mg/m  and SST of higher than 29.5˚C characterize the 

No satellite sensors currently in orbit are able to measure salinity. However, a new Soil 
Moisture and Ocean strument (SMOS) (see Appendix Table 2.4), among others, 
is planned for launch in February 2007. The instrument will record long-wavelength 

icrowa radiation rom the earth, and will have the ability to monitor sea surface 
linity. 

 
e satellite sensors that have been available for observation of oil pollution in the open 

ocean. A number of optical (e.g. Landsat TM and SPOT) and active systems (e.g. Synthetic 
Aperture Radar (SAR)) have provided some capability of detecting oil slicks from the 
background and can return varying levels of information on slick area, shape and 
distribution (Asia-Pacific Applied Science Associates and The Ecology Lab 2003). 
However, passive optical satellite sensors are limited, as they cannot function through 
cloud or fog cover, or at night. In comparison, SAR systems are ‘all-weather’ operators and 
for this reason have most commonly been used for the detection of oil slicks. 
 
The detection of oil slicks by SAR is a well-developed technique that is commonly used in 
Australia (Glenn 2002).  There are presently three SAR satellites in orbit that are used for 
this procedure: RADARSAT, ERS-2 and ENVISAT (ASAR). 
 
However, SAR systems also have their limitations. The major obstacles have been area of 
coverage, wind and sea state conditions and limited spatial resolution (Asia-Pacific Applied 
Science Associates and The Ecology Lab 2003). Current Radarsat 1 and ERS_SAR sensors 
can detect slicks with a minimum size of approximately 120m2 (about 4 to 5 pixels). 
However, the advent of Radarsat 2, with significantly improved spatial resolution, will 
greatly reduce the detectable slick size (pers. comm. Geoff O’Brien, Santos Petroleum 
Engineering, 2004). The temporal resolution and timing of these radar systems may also 
restrict their use for operational slick detection from SBT and YTK pontoons. 
 

2.7.5.1 Upwellings 

Hendiarti et al. (2004) studied upwelling events 
southeast monsoon. SeaWiFS derived chlorophyll concentrations higher than 0.8 mg/m3 
and sea-surface temperatures lower than 28˚C were found to be i

3w
through flow in the Sunda Strait. Utilization of the SeaWiFS imagery was found to improve 
previous observations based on SST images. 
 
2.7.6 Sea Surface Salinity 

 Salinity in

m ve  emitted f
sa
 
Sensors such as SMOS may prove to be an invaluable measuring technique, as there is an 
increased awareness that sea surface salinity variability is important in ocean and climate 
dynamics that may impact on finfish aquaculture. Much of the southern Australian coastal 
waters are more saline than the open ocean because of the dominance of evaporation over 
rainfall and the virtual absence of river runoff. These coastal waters become highly saline as 
they circulate in the South Australian gulf system where salinities increase in summer to 
over 60 dS/m (40 ppt) in Spencer Gulf (De Silva Samarasinghe et al. 2003), whereas typical 
EC values for seawater are around 55 dS/m (36.5 ppt). 
 
2.7.7 Oil Slick Detection 

Asia-Pacific Applied Science Associates and The Ecology Lab (2003) provide a summary of
th
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2.7.8 Benthic Mapping 

   

Finfish aquaculture in inappropriate sites could potentially affect seagrasses in the vicini
of the pontoons through feed deposits and excreta, increasing nutrient input and leading t
eutrophication and sedimentation (Department for Environment and Heritage 2004b). A
investigation into the tuna cages when they were in Boston Bay (Cheshire et al. 199
observed four zones of influence around each cage extending out to 150m, with an area o
high impact (from organic detritus) roughly 5m from the cage margin. Eutrophication th
occurs in response to the release of excessive nutrients (e.g. nitrates and phosphates) cou
potentially promote epiphytic growt the surfaces of seagrass frond d smother th
plants. The seagrass can lose its ab  photosynthesise and graduall partmen
for Environment and Heritage 2004a). There is a need to map and m  bentho
associated with the finfish aquaculture at, and offshore from, Boston, Fitzgerald and Arn
bays for such potential effects. 
 
A number of local studies have shown the capability of aerial photography for broad-sca
mapping of seagrass in South Australian gulf waters (Hart 1999; Hart and Cameron 199
Hart and Clarke 2002). A study of Boston Bay and Port Lincoln proper (above the 10 m
depth contour) by Hart (1999) determined there was a 1.7 km2 loss of seag measure
between the mid 1970s and 1996 due to unknown causes. However, no field-work wa
undertaken in this study to verify the mapping. Landsat satellite imagery has bee
trialed as a more cost effective means to map seagrass in Spencer Gulf to 12 ept
(Cameron 1999; Cam 0). However, the coarser spatial resolution ) o
Landsat imagery was  assessment of the r detail of seagrass exte sma
areas of change/no change and smaller features are not detected (Cameron 19 Bot
these aerial photography and Landsat mapping m ds, however, determ on
‘substrate’ and ‘seagrass’ (a two-class map), as there insufficient visual ration o
seagrass from organic detrital matter, rock, algae and water in the image hus are
mapped as seagrass tended to be a conservative estim

hill (1995) conducted a  in Boston Bay to assess the potential of aeri
tography for monitoring t pacts of the sea cage tuna farming on macrophy
munities. However, the photography was found to be of limited value, and could on

farms due to imagery problems with artefact
Hence this particular study was not able to quantify the environmental influences of tun
farming compared with those resulting from significant land-based disch s (Kinh
1995).  
 
Recent research using high spectral and spatial resolution airborne im rs has show
potential for more accurate mapping of shallow water benthic commun as bee
possible with low spectral resolution satellite imagery. These imagers  be flown t
acquire geo-registered image strips with resolutions down to 1 metre while recordin
reflectance in many narrow wavelength channels in the visible and near ared region o
the electromagnetic spectrum. This high spectral resolution potentially allow
discrimination of subtly different benthic communities and substrates. Rollings et al. (199
have mapped benthic communities to depths of 12 metres using CASI (Compact Airborn

n Port Phillip Bay, and Dunk and ewis (2000) criminated an
ped Posido Zostera and two sediment types to a ma um depth  m near Po

Pirie using HyMap hypers
 

o
Wastewater Treatment Plant, Anstee et al. (2000) found that the hyperspectral data 
provided much higher separability and spectral variation than previous aerial photography 
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 mission parameters, hyperspectral imagery 
ffers a significant improvement over aerial photos and allows comparisons of images 

l step in the calibration of imagery to separate water column and benthic 
ontributions to the measured radiance. 

sing studies have also addressed this issue. Klonowski et al. (2004) had 
g a three-component (sand, seagrass and brown algae) benthic habitat (2 

ce 
i et al. (2004)), which approximates the 

(2002) 
 

flectance.  

d discriminating between benthic communities and 
seagrass species is of lower importance in assessing the potential effects from finfish 
aquaculture. Distinguishing between remnant agrass mat, seafloor seagrass detritus, and 
the effects of epiphytes cult f their spectral similarity. 
 
In addition, the reported studies have mapped benthic communities in shallow ‘clear’ 
waters to depths no greater than 15 m. It appears crimination tures below this 
depth ha n unattainable in South Australia. This poses another limitation for 
aquaculture management as finfish sites are generall ituated at dep s of 15 m to 25 m 
(pers. comm.  Tanne ARDI, 200
 
2.8 Fea ty Analysis 
 

phenomena that can be discriminated as 
tent of areas that can be readily mapped; 

 resolution refers to the number and position of bands sampling within 
romagnetic spectrum and influences the type and range of materials that 

demonstrations. Even though aerial photography and hyperspectral imagery quality are 
very dependent on the weather conditions and
o
collected at different times provided that atmospheric corrections are made. However, the 
high level of accuracy in discriminating between seagrass species could not have been 
obtained without modeling the atmospheric and in-water radiative transfer, the air-water 
interface and benthic reflectance as well as robust ground-truthing (Anstee et al. 2000).  
 
As with the retrieval of water quality parameters within the water column, the modelling of 
optics for the benthos needs to be pursued to improve the accuracy of seagrass spectral 
measurements from remote sensing. Radiative transfer models, such as HydroLight 4.0 
[Sequoia Scientific], compute radiance distributions (e.g. water-leaving radiance) and 
derived quantities for natural water bodies (Sequoia Scientific Inc. 2000), and are an 
essentia
c
 
Other remote sen
success in mappin
m to 15 m depth) with a HydroLight-based Shallow Water Remote Sensing Reflectan
Model, derived by Lee et al (1998 in Klonowsk
above-water reflectance spectrum over shallow waters. Holden and LeDrew 
similarly modelled water column effects in a coral reef environment. They measured a
number of close-range in situ hyperspectral reflectance bottom spectra, and used a 
HydroLight radiative transfer model to predict top-of-the-water column re
 
However, accurately mapping an

se
diffistill presents a major y because o

 dis  of fea
s yet bee  

y s th
 Jason r, S 5). 

sibili

The suitability of satellite-based sensors to detect and map selected environmental 
phenomena was tested with a feasibility analysis. The analysis scores the spatial, spectral, 
temporal and cost attributes of these sensors in relation to a set of spatial, spectral and 
temporal characteristics and criteria developed for each phenomenon. The criteria were 
derived from the literature and personal communications with SARDI staff. The satellite 
and sensor technical information, critical to the analysis, was compiled and listed in 
Appendix Table 4. Definitions of the sensor attributes are described below: 

• Spatial resolution refers to pixel size and swath of the sensor and hence 
determines the minimum size of objects or 
well as the ex

• Spectral
the elect
may be spectrally discriminated; 
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d also 
rs delivery time and availability; 

or the 

re selected as important 
he feasibility of remotely 

monitoring the benthos (for potential impacts in the immediate vicini  
well as in the broader region) was also assessed. The sensors have been scored in relation 
to the cr r these e mental  with a three point rating system: 

Highl  

Mod uitable 
Less sui

 
 
 
Figure 2 sents a s ied sum ry of the spatial and temporal characteristics of 
selected phenomena interacting with finfish aquaculture in relation to the spatial and 

ths to years. 

• Temporal resolution refers to the frequency of repeat image acquisitions, an
conside

• Cost of the imagery is indicated per scene and also per km2. Costs are f
supplier most feasible for South Australian users to access. 

 
Algal blooms, water quality, and sea surface temperature we
existing impacts on finfish aquaculture to map and monitor. T

ty of the structures as

iteria fo nviron  phenomena

 y suitable

 erately s
 table 

.6 pre implif ma

temporal resolutions of common satellite-based imagery. Algal blooms may spatially extend 
over a few to hundreds of kilometres, and exist for a period of days to months. The spatial 
characteristics of water quality parameters and sea surface temperature, however, are less 
definite; measurements can vary with the system under study and may range from point 
samples to the entire Spencer Gulf area (approx. 20,000 km2). Water quality and SST 
measurements may be similar over a period of a week to months. Benthic communities 
influenced by finfish aquaculture structures are likely to occur on the order of hundreds of 
meters from the cage margin. However, monitoring up to 1 km2 would be appropriate for 

sessing regional impacts.  Such communities could show effects over monas
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poral of selected environmental phenomena impacts on aquaculture [algal blooms (red box), wat box)], 
red to the r tions of the SPOT, Landsat ETM+ and MODIS sensors (shaded grey boxes), and in situ sampling blue box). 
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. While it is feasible that 
o or more passes could be acquired and mosaiced together, difficulties exist with image 

fferences, and processing time. The sensors’ minimum spatial 
nges were depicted as slightly greater than their spatial resolution (Appendix Table 2.4), 

2

• Temporal: blooms are dynamic and can form, develop and wane over 

lution resolution resolution Cost 

The SPOT, Landsat ETM+ and MODIS sensors were selected to diagrammatically 
compare with the phenomena detailed above ( 
 
Figure 2.6). In depicting the spatial resolutions of these sensors, the upper limit was 
determined by sensor image size (i.e. swath width or image tile size)
tw
colour balancing, temporal di
ra
as it is unlikely they would be able to successfully detect or map phenomena on this 
threshold.  The temporal resolutions are shown as ranging from the sensors’ revisit periods, 
as also detailed in Appendix Table 2.4, to very rough life expectancies of the missions. In 
comparison, in situ sampling can, if necessary, provide point sample measurements several 
times a day as an ongoing program. The (more detailed) feasibility analyses are presented 
below. 
 
2.8.1 Algal blooms     

Characteristics:   

• Spectral: algal pigments have distinctive absorption and reflectance 
characteristics in the visible wavelengths  

• Spatial: blooms may cover a few to hundreds of km  (pers. comm. Jason 
Tanner, SARDI, 2005) though can consist of patches from metres to 
hundreds of metres in diameter, as indicated in Phinn et al. (2005) 

periods of days to months 

 Spatial 
reso

Spectral Temporal 

Landsat     

SPOT     

SeaWiFS     

Radarsat 1     

MODIS     

MERIS     

ASAR     

The potentially short-lived event of algal blooms means that a high temporal and spectral 
resolution sensor is required for successful mapping. MODIS fulfils these criteria, although 
depending on the extent of the bloom, it will likely be limited by its coarser spatial 
resolution. The spatial and spectral resolution of Landsat and SPOT are perhaps more 

smaller bandwidths in the visible wavelengths. Chlorophyll has a distinctive 

suited to algal bloom mapping, though these sensors have temporal limitations; given the 
bloom event may only last days, their temporal frequency of acquisition (Landsat) and data 
availability (SPOT constellation) may not be fitting. Airborne multispectral or hyperspectral 
imagery may also be an alternative option suitable for mapping bloom events, provided the 
aircraft could be deployed on time. 
 
2.8.2 Water quality 

Characteristics: 

• Spectral: distinguished and quantitatively estimated with many bands and 
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system under study and may extend to the entire gulf area (approx. 

• onths  

Spa
s

absorption at 675 nm (Carder et al. 2004); CDOM at 400nm (Hu et al. 
2004). 

• Spatial: can vary over small to large areas; scale is determined somewhat by 
the 
20,000 km2) 

Temporal: temporally variable, from a week to m

 re
tial 

olution 
Spectral 
resolution 

Temporal 
resolution Cost 

Landsat     

SPOT     

SeaWiFS     

Radarsat 1     

MODIS     

MERIS     

ASAR     

Wh speci
sta ble f
Eu ta is lim
spe WiF
ces  2004) of N ibution contract with OrbImage for SeaWiFS data 
means that without a research-use licence, r
MODIS sensor, while pote
ap e most suit
 
An  th
wat  parameters. A
requires quantitative image analysis and calibration with field samples (pers. comm. Peter 
Petrusevics, Oceanique Per
 

2.8 tempera

Characteristics: 

uires 
0
 b

• Spatial: can vary o
the system under study and may extend to the entire gulf area (approx. 
20,000 km2) 

k 

pa
s

ile the technical 
nding to be suita
ropean image da
ctral resolution, Sea
sation (Dec

fications of the MERIS sensor place it in reasonably good 
or retrieval of water quality parameters, accessibility of the 
ited in Australia, reducing its temporal capability. With its high 
S may have been another suitable option. However, the recent 
ASA’s distr

ecent imagery is difficult to acquire. The 
ntially limited spatially (depending on the system under study), 
able for monitoring water quality. 

e expertise required for retrieving chlorophyll, CDOM and TSS 
ccurate retrieval from MODIS imagery is a complex task and 

pears to be th

other consideration is
er quality

spectives, 2004). 

ture .3 Sea surface 

• Spectral: req
3959, 4050, 1103
radiance recorded

bands in the thermal wavelengths, specifically 3750, 
 and 12020 nm for calculation of temperature from 
y the sensor (Brown and Minnett 1999) 

ver small to large areas; scale is determined somewhat by 

• Temporal: a wee

 S
re

to months 

tial 
olution 

Spectral 
resolution 

Temporal 
resolution Cost 

Landsat     

SPOT     

SeaWiFS     

Radarsat 1     
MODIS     
MERIS     
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ASAR     
AATSR     
NOAA     

MO O
sur ures (alth
coarser spatial resolution o
smaller area temperature variations. While the MODIS and NOAA AVHRR already-

erived SST products are not available for download from the ACRES website, the 
r the user to perform an extraction (pers. comm. James Cameron, 

cal Basis Document (Brown and Minnett 

• wavelengths (Dunk 
n in 

• Spatial:

Spatial Spectral Temporal 
Cost 

DIS, AATSR and N
face temperat

AA are spectrally and temporally suitable for retrieving sea 
ough AATSR data may be difficult to access). However, the 
f these sensors may be unsuitable for detailed information about 

d
algorithms are available fo

EH/ACRES, 2005). The Algorithm TheoretiD
1999) provides an overview of the algorithm and image information used for the extraction 
of SSTs from MODIS imagery. 
 
2.8.4 Benthic communities 

Characteristics: 

Spectral: requires many sampling bands in the visible 
and Lewis 2000) limited by depth of penetration due to light attenuatio
water 

 fine scale to 1 km2 (approx. area of influence around a single tuna 
cage is 150 m from the cage margin (Cheshire et al. 1996)) 

• Temporal: months to years  

 
resolution resolution resolution 

Landsat     

SPOT     

SeaWiFS     

Radarsat 1     

MODIS     

MERIS     

ASAR     

Casi     

HyMap     

Hyperion     

Airborne hyperspectral imagers appear to be spectrally and spatially suitable for mapping 

ctral variation 
otography demonstrations. However, airborne imagery needs to be 
ed, and it is often difficult to guarantee rapid and timely acquisition. 

 involved with mapping of the benthos are sensor depth of 
from detritral seagrass. A review 

the benthos in the vicinity of the aquaculture pontoons. As demonstrated in Anstee et al. 
(2000), hyperspectral imaging techniques have higher separability and spe
than previous aerial ph

issionspecifically comm
The procurement is also costly. 
 
Other considerations
penetration and capability in distinguishing seagrass mat 
of the literature has revealed most studies have mapped benthic communities in shallow 
‘clear’ waters to depths no greater than 15 m. It appears discrimination of features below 
this depth has not yet been attainable. While sensors may be spatially, spectrally and 
temporally suitable, water depth penetration poses a limitation for aquaculture management 
as finfish sites are generally situated at depths of 15m to 25m. In addition, no reported 
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ish aquaculture on the benthic 
ommunity in the vicinity and the broader region of the sea cages. 

 
2.9 Recommendations 
 
A review of the literature found most reported studies have used satellite-based remote 
sensing systems rather than airborne platforms for detecting and mapping environmental 
phenomena. While in principle airborne systems suggest high flexibility in terms of targets, 
time of acquisition, and imaging under cloud, in practice it is often difficult to guarantee 
rapid and timely acquisition. Airborne imagery needs to be specifically commissioned 
whereas polar orbiting satellite systems make routine passes over the earth’s surface. There 
appear to be two primary roles for airborne systems: 

1. Evaluation of new forms of imagery for research and development. Airborne 
platforms are a mode for analytically testing sensors that may have increased 
availability in the future, e.g. airborne hyperspectral systems. 

2. Documentation of specific events or target areas, e.g. multispectral cameras/aerial 
photography acquisition. 

 

te sensing systems have the capability to map 
variations in benthic cover and their imagery could be used to map benthic cover 

and monitoring of water composition using a variety 
of remote sensing data sources. Such research would enhance capability to exploit 
current and future remote sensing data for marine monitoring applications. 

studies have been located that have distinguished between remnant seagrass matt and 
derived seagrass features such as seafloor seagrass detritus, and seagrass with epiphytes. 
This presents a major difficulty because of their close spectral nature. Hence is it 
problematic to monitor all the potential effects of finf
c

Satellite-based imaging systems, on the other hand, have most potential and are already 
being used to provide repetitive monitoring of marine and terrestrial phenomena at a range 
of spatial scales. 
 

Using current remote sensing systems and technical expertise available within Australia, 
several roles for remote sensing can be identified that are relevant to South Australian 
aquaculture enterprises: 

• Increasing understanding of the regional characteristics and dynamics of the surface 
waters in Spencer Gulf and adjoining southern waters. Better information about the 
spatial and temporal dynamics of this region would improve understanding of the 
environmental context of the aquaculture enterprises and enable stronger 
predictions of influences and events relating to specific locations. The high 
temporal frequency and spectral capability, as well as low cost of MODIS makes 
this sensor the obvious choice for further study of the Spencer Gulf waters; 

• Detection and mapping of specific events at particular locations (e.g. algal blooms), 
with acquisition of imagery triggered by other early warning systems. Such mapping
might use relatively high resolution imagery, such as SPOT or Landsat, or airborne 
hyperspectral imagery, to provide detailed documentation and evidence on the 
distribution and dynamics of a particular event of concern in a limited area; 

• Mapping and monitoring of benthic composition in shallow waters. Several 
airborne and satellite-borne remo

and variations in composition in selected areas of interest. Airborne hyperspectral 
systems have demonstrated capability in spectral and spatial resolution for this task; 

• Analysis of the bio-optical properties of southern Australian coastal waters as a 
foundation for future analysis 
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wed for their current operational potential. 
able 2.3 lists these management needs and briefly states the potential (if any) for current 

Based on the literature and the feasibility analysis, identified management needs, as listed in 
the Terms of Reference  (Table 2.1), were revie
T
operation. 
Table 2.3. Current operational potential identified for management needs for South Australian finfish 

aquaculture 

Management need Current operational potential 

Harmful algal blooms - While there is little scope

detection, mapping 
and possible warning 
system 

feasible. SPOT, Landsat or airborne systems would be suitable for 
this task. Basic remote sensing skills are required to map and 
calculate bloom areas. 

 for using remote sensing as a warning 
tool, mapping the dynamics of an existing algal bloom is currently 

Water quality – 
identification and 

Retrieving water quality parameters from MODIS data is currently 
feasible. However, accurate retrieval from MODIS imagery is a 

concentration of water 
complex task and requires quantitative image analysis and 
calibration with field samples. A South Australian company, 

constituents Oceanique Perspectives, currently extracts these parameters for 
the Gulf of St. Vincent. 

Sea state (SS) for A current SAR system such as Radarsat-1 is able to provi
potential effect on 

de 
information on sea wave height with the assistance of costly 

access and work 
operations – 

extraction software. However, the process is time consuming and 
the accuracy is uncertain. It is unlikely this would be a cost-effective 

identification of high 
SS periods 

method of assessing the number of work days on aquaculture 
operations. 

Sea surface 
temperature (SST) – 
mapping temperature 
gradients 

At the present time, ACRES does not provide SST products for 
MODIS and NOAA. However, DEH have the NOAA and MODIS 
(slightly more complex) algorithms available to users with 
reasonable remote sensing ability and access to image processing 
software. As they are adapted from North American algorithms, 
further calibration would be required before it could be used 
operationally. 

Sea surface salinity - There are currently no remote sensing systems available for 

mapping 
concentrations 

measuring sea surface salinity. Sensors such as the Soil Moisture 
and Ocean Salinity instrument (SMOS) (see Appendix Table 4) 
may be useful in the future. 

Oil slicks from sea-
cages – detection and 
mapping of oil slicks 

m . Basic remote sensing skills are required to map and measure 
slick areas. However, Radarsat-1 imagery (and other radar data) is 
costly, and therefore it is unlikely that this method would be cost-
effective. 

Mapping oil slicks is a currently feasible and well-developed 
technique. When conditions are favourable, Radarsat-1 could 
detect slicks from the sea-cages if they were at least approx. 120 

2

Potential farm impacts 
to benthic 
communities in vicinity 
& broader region - 
mapping of benthos 

region of the sea-cages situated at 15-25 m. However, there may 
be scope for mapping any areas of impact in shallower regions 
closer to shore. Benthos mapping methods are very much in a 
research phase.  Higher resolution imagery would also be needed 
to detect small losses, and thus allow early intervention, rather than 
simply documenting large scale loss once it was too late to do 
anything. 

Accurately mapping potential farm impacts on benthic communities 
would appear to be unfeasible at the current time. The limitations of 
sensor water penetration make it difficult to assess the area in the 
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management 
es over airborne systems. Pontoons and their coordinates 

could be fairly quickly and easily identified from the acquired geo-
referenced imagery using appropriate (and low/no cost) viewing 
software. 

Pontoon locations 
(coordinates) – 
monitoring for general 

Locating pontoons should be a straightforward task with a capable 
sensor. For pontoons of 40 m–50 m diameter, a high-resolution 
multispectral sensor such as SPOT 5 (10 m multispectral and a 5 m 
panchromatic band) should be suitable, and has cost and temporal 
advantag

 
2.10 Pilot Programs 
 
While this review has evaluated current remote sensing systems for monitoring interactions 
of finfish aquaculture and environmental phenomena in specific South Australian contexts, 
pilot programs should be conducted to build understanding of the capability of remote 
sensing systems and associated analytical requirements for local applications. The following 
pilot programs are suggested for implementation: 

1. Monitoring water quality of Spencer Gulf with MODIS 

2. Triggered high-resolution imagery for post event algal bloom mapping 

3. Modeling of water quality parameters from field data and hyperspectral imagery 
 
The aims and a brief suggested method are outlined for each recommended study. It is 
suggested that a framework for coastal environments as detailed in (Phinn et al. 2000) be 
considered to assist with planning for any of these programs. 
 
1. Monitoring water quality of the Spencer Gulf with MODIS 

The high temporal and spectral frequency of the MODIS sensor potentially provides an 
effective means of monitoring water quality in the Spencer Gulf. While the sensor’s spatial 
resolution is not high enough to produce water quality information in the immediate 
vicinity of the aquaculture structures, it nevertheless places these in context by providing an 
overall ‘picture’ of the Gulf’s water quality dynamics and patterns (Figure 2.7). 
 
Aims 
 
To evaluate the suitability of MODIS for monitoring water quality at Gulf scale over a two-
year period. 
 
Suggested method 
 
Establish a two-year cycle of frequent acquisitions (weekly – monthly; as permitted by 
cloud cover) and analysis of MODIS imagery for retrieving information on: 

• Chlorophyll a 
• CDOM 
• Total suspended solids 
• Temperature 
• Other observed phenomena such as algal blooms 

Information gathered from in-situ sensors would need to be acquired to serve as calibration 
for imagery-derived variables. SARDI’s existing Regional Environmental Sustainability 
Assessment (RESA) project employs telemetry-based environmental monitoring systems 
mounted on pontoons to collect information on temperature, salinity, pH, dissolved 
oxygen, wind speed and direction. Furthermore, the Risk and Response project has recently 
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d and will continue monitoring until mid 2008. This project will also 
ndertake regular in situ monitoring of chlorophyll, turbidity, suspended solids and other 

 systems would be suitable for using in conjunction with 
a routine cycle of MODIS image acquisition and analysis. 
 

been commissione
u
parameters. These two in situ-based

 
Figure 2.7.  MODIS true colour 1km image acquired 20th February 2004 

The Australian Centre for Remote Sensing (ACRES) routinely acquires MODIS 
overpasses, and the data are free to download for recent acquisitions within the last 7 days. 
However, as the retrieval of water quality parameters from the imagery requires relatively 
complex image analysis and interpretation, it is suggested that specialist expertise be 
employed. Peter Petrusevics of Oceanique Perspectives is an Adelaide-based independent 
oceanography and coastal zone research provider who acquires daily MODIS images and 
regularly retrieves information on suspended matter in the water column. He has expressed 
interest in collaboration on such a project, should it be initiated. 
 
2 Triggered high-resolution multi ectral imagery for post event algal bloom 

mapping 
While remote sensing has been shown to have little use in the very early warning or 
prediction of algal blooms, it has been successful in mapping the extent and temporal 
dynamics of an existing bloom. High-resolution multispectral imagery such as SPOT 10 m 
(Spot 5) and 20 m (SPOT 2, 3 and 4) data has the potential to adequately map the dynamics 
of an established bloom. The constellation of SPOT satellites, and their adjustable viewing 
angles provides a high temporal resolution with the potential for daily coverage of an area. 
 
There may be some scope for acquiring historic image data on specific algal bloom events. 
A preliminary search could be undertaken for high-resolution imagery that correspond to a 
known past event. However, because of the transient nature of the blooms and typical non-
routine archiving of high-resolution imagery, there is a low probability that any local events 
would have been ‘captured’ on an image. 
 
Operational alert response systems use in-situ sensors and other ground-based monitoring 
to detect alert conditions and then trigger a web-based warning network (Glasgow et al. 
2004). Acquiring imagery can be a component of this warning system, deployed to

 
Aims 
 

sp

 
monitor, map and record the bloom.  
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To assess the value of high-resolution SPOT imagery for mapping algal blooms that have 
forme en detected wit -situ monitoring. 
 
Suggested method 
 
The Risk and Response project, mentioned in the previous pilot program, presently 
monitoring water quality of the Spencer Gulf with MODIS, would be an appropriate in-situ 
system to use in monitoring for alert conditions such as increases in turbidity, low 
dissolved oxygen or high pH (Glasgow et al. 2004).  
 
This program would evaluate the use of an alert response from ground-based monitoring 
to trigger the acquisition of SPOT imagery. It w  also test the ad y 
mechanism. While not in place at the current tim n objec  of the  and Response 
project is for further development of a ne real-tim elemet onmental 
observat  sy i O operat , this r t prove 
the deliv m m
 
It is suggested that this program be run concurrently with program 1 (Monitoring water 
quality of the Spencer Gulf with MODIS), over a two-year evaluation period. This will also 
a  f red resour  sensors) and common environmental information. 
 
3 o g of a ara  d d  erspectral 

In comparison with empirical methods, the modelling approach establishes physical 
relations between water quality parameters, the underwater light field and the remotely 
s d rements. Pro ents of this approach have demonstrated the use of bio-
optical radiative transfer models to increase the accuracy and validity of benthic and water 
column measurements and allow more reliable p tion over space and time than is 
possible with empirical prediction of wa  
h r art of the research in this area. 
 
Aims 
 
E ua  cap  sampling of water qu y alibrate 
m ur pt l er Gulf 
waters in the regions of importance for aquaculture enterprises. 
 
Suggested method 

e onstrated r use of hyperspectral data for monitoring water quality. 
ex previous w Hoogenboom 8) used the im ng spectrometer 
RIS to determine water quality parameters in coastal waters. The accuracy depended 
ccu  atmospheric c ction of the airborne hyperspectral imagery and application 
 ap priate water qu

essential preliminary component of such a study is the in-situ collection of 
rties that are required for modelling the 
 the assistance of a modelling tool, such as 
d be built from these measurements. The 

resultant ode ill act as calibration for  hyperspectral imagery, from which water 
quality p met can be retrieved by mo inversion. How  this recommendation 
may be limited by available modelling software and expertise. 
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However, it is unlikely that this program would be cost effective, or beneficial to the finfish 
aquaculture i m. Costly image and field data acquisitions, and the 
high levels of image analysis required suggest that this program would probably not be 
feasible at the current ti

ndustry in the short ter

me. 
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2.11 Appendix 
 

Figure 2.8
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2.11.2 Catalogue of Sensors 

Table 2.4. Technical specifications, availability and cost of selected satellite sensors used for oceanography 

Satellite/Mission Sensor 
Spatial 
resolution 
(m) 

Spectral 
range (μm) 

Revisit 
period 
(days) 

Swath 
width 
(km) 

Acquisition time/ 
data access Data history Supplier Cost*/sce

ne 
p o
st*/
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2.11.4 Ocean Monitoring Satellites 

 

2.5. A cross-referenceTable  between some common ocean variables and respective satellite missions and 

 

sensors. Source: Sodemann and Aarup (2004). 

Ocean Variable Mission (Agency) 

Significan
TOPEX/Poseidon (NASA/CNES),  

t wave Jason-1 (NASA/CNES),  
height (SWH) ERS-2 (ESA),  

ENVISAT (ESA) 

AVHRR (NOAA/NASA),  
ATSR-2/ERS-2 (ESA), 

Sea surface 
temperature (SST) 

MODIS/EOS-Terra/Aqua (NASA), 
AMSR-E/EOS-Aqua 
(NASA/NASDA), 

AATSR/ENVISAT (ESA), 

CBERS-2 (INPE), 
OCTS/ADEOS (NASDA) 

Sea surface 
salinity (SSS) 

Aquarius (NASA) launch TBD 
SMOS (ESA) launch 2007 

Ocean Colour 

SeaWiFS (NASA),  
MODIS/EOS-Aqua (NASA), 
MERIS/ENVISAT (ESA), 
OCTS/ADEOS (NASDA) 
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Chapter 3  SBT telemetry-based environmental monitoring systems 
 
Maylene G K Loo1,4, Stephen Madigan2,4, David Turner1,4, Sharon Drabsch1,4 

120, Henley Beach, SA 5022. 

d had the potential 
 be more flexible in that it could be upgraded with additional sensors as resources 

e sea-cage system developed was much more user friendly, allowing real-time 
 data via a software package (MAGPIE) developed by MEA.  A second system 

as subsequently built for another project, where it was used to monitor the effects of 

ith increasing interest shown by both industry and researchers, the project worked 
wards delivery of the data.  Initially a real-time delivery system, using a limited-function 

nd direction. 

Risk and Response Project (Aquafin CRC/FRDC 
005/059) and the Fouling Management Project (Aquafin CRC/FRDC 2003/226) will use 

and Anthony Cheshire1, 3,4 

 
1SARDI Aquatic Sciences, PO Box 
2PIRSA Aquaculture, GPO Box 1625, Adelaide SA 5001 
3Science to Manage Uncertainty, 24 Winding Way, Belair, SA 5052. 

 4Aquafin CRC
 
.1 Executive Summary 3

 
One of the components of this research project was the development of the “SBT 
Telemetry-based Environmental Monitoring System” with the aim being to apply it to 
regional environmental monitoring for the tuna aquaculture industry.  The processes that 
led to the development of this system included a review of various systems available both 
nationally and internationally, followed by a trial of an existing system and finally the 
development of a customised system.  
 
The trial of the existing system, which was a moored floating buoy, allowed an assessment 
of some basic water quality parameters in terms of variability and usability.  However after 
a six-month trial, this system was discontinued because of the high maintenance required 
and limitations of the existing software, which did not allow flexibility and potential 
expansion. 
 
A South Australian company, Measurement Engineering Australia Pty Ltd (MEA), was 
hosen to manufacture the customised system as it was cost effective anc

to
allowed.  Th
access to the
w
fouling assemblages on water exchange. 
 
W
to
MAGPIE software was distributed for trial.  This software allowed users to dial-up the 
system directly to obtain real-time data.  This direct dial-up was only available to owners of 
the pontoon where the system was deployed.  This work was subsequently expanded to a 
web-based delivery system in order to make the data more widely available.  A website 
hosted by an external server was set up to deliver near real-time environmental data being 
collected by the systems to authorized users.  The data available included temperature, 
salinity, dissolved oxygen, wind speed a
 
The future plan for both of the SBT Telemetry-based Environmental Monitoring Systems 
is re-deployment in 2006.  The 
2
the data collected by the systems.  In addition, another system with capability to measure 
current speed and direction, as well as wave characteristics, is being added. This 
instrumentation will be deployed on a separate buoy, to avoid potential interference in the 
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readings from a pontoon and is being developed by MEA.  The data will be used by the 
Risk and Response project to help parameterise the models being developed and will also 
be useful for industry operational purpose. 
 
  
3.2 Introduction 

ire an 
proach with two aspects.  Firstly, the development of a monitoring programme for the 

ers involved in this and possibly other projects, and secondly, successful 
data collection would provide a data stream to help parameterise ecosystem scale models. 

ter quality equipment had previously been trialled at the Tuna Research 
arm in Boston Bay (operational in 1996, but no longer) as an alternative to hand-held 

he continuous 
issolved oxygen (DO) were deployed.  One of the systems was to be a 
an/Greenspan unit.  However, after many trials, the Ecoscan unit was still 

sors and the ability to provide local operational support had to 

the data collected. 

 
Regional environmental monitoring for the tuna industry is anticipated to requ
ap
current regional influence of the industry and secondly, the development and 
parameterisation of large-scale models to understand the environmental implications of 
expansion into new lease areas and change in management regimes.  Consequently, one of 
the components of this research project was the development of the “SBT telemetry-based 
environmental monitoring system”.  The purpose of this component was two-fold; firstly 
to assess the feasibility of using a range of standard in situ water quality monitoring probes 
linked to a data logger and telemetry system to provide near real-time or actual real-time 
data to research

 
Telemetry-based wa
F
systems (Clarke et al. 1999).  Two sondes (Smart Sonde from Greenspan and Hydrolab 
Minisonde) were trialled for between two to three months and parameters included 
temperature, dissolved oxygen, turbidity, conductivity, salinity and pH.  Summary graphs 
were given but no assessment report was available (Clarke et al. 1999).  The report only 
stated that the monitoring was discontinued after the initial trial because the time and 
resources required for maintenance of the system was considered excessive and there was 
also continued logistical problems for servicing the equipment. 
 
In Tasmania, as part of another Aquafin CRC project (4.4 - Development of broad scale 
environmental monitoring and baseline surveys in relation to sustainable salmon 
quaculture in the D’Entrecasteaux Channel region), systems for ta

monitoring of d
elemetered Ecost

not funtional and the university undertaking the project consequently had to seek legal 
advice to recoup all monies from the company involved.  A comparison of dissolved 
oxygen data collected from continuous logging, hand-held sonde and standard DO Winkler 
analysis was conducted under this project.  The results indicated that data loggers recorded 
lower DO values than those measured using Winkler titration, but the difference was 
generally slight, while the multiparameter sonde had readings that showed increasing 
differences to the Winkler measurements.  
 
Consequently, in this project, a review of various telemetry-based water quality 
measurement systems available both nationally and internationally was carried out. In the 
review, several criteria including the cost, the probable need to eventually have multiple 
ystems, a wide range of sens

be considered.  This was followed by a trial of an existing system while a customised 
system was being built.  This chapter details the various processes that led to the 
development of the SBT Telemetry-based Environmental Monitoring Systems, which 
includes a website for delivery of data to authorised users, as well as provide a summary of 
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3.3 Oceanographic buoys 
 
Before assessments concerning the ecologically sustainable development of an offshore 

riation will influence the industry’s sustainable 
evelopment to a large extent.  Individual operators on boats using water sample bottles, 

processed later, or direct readings from on-board instrumentation, have 
aditionally been used to gather this type of information in situ.  Both methods can provide 

ales.  Questions 
garding anthropogenic versus natural changes can only be addressed with this type of 

, the use of telemetry-based automatic monitoring systems (also 
nown as “oceanographic buoys”) is an excellent method for gathering information on the 

search.  In addition, a growing 

ombined with the need for accurate early warnings of severe weather 

s of buoys that could routinely and automatically report 

aquaculture operation can be undertaken, it is important to understand the dynamics of the 
system in which the industry operates.  The system’s key processes, responses and their 
natural temporal and spatial scales of va
d
which are 
tr
reasonable spatial resolution of variability, although results derived from the former 
method are often more expensive to process per sample unit and can take some time to be 
analysed and collated.  Despite this, the principal limitation to both methods is the 
resolution of temporal variability.  The ability to identify change in the marine environment 
depends on both the duration and frequency of sampling.  Characterisation of marine 
systems is largely dependent on the collection of environmental data with sufficient 
temporal resolution to map changes at a variety of different time sc
re
information.  In this regard
k
system’s temporal variability. 
 
 
3.3.1 History 

 
In the early 1950's, there was a growing awareness of the need for oceanographic 
xploration and new methods/equipment for marine ree

realisation of the importance of the world's ocean resources drove the development of 
moored oceanographic buoys.  New advances in marine technology that grew from 
developments made during World War II, particularly in positioning systems, improved the 
speed and accuracy of the collection of hydrographic and oceanic data.  Another 
motivating element was the need for data on weather systems.  Forecasts for civilian and 

ilitary aviation cm
accelerated the development of global satellite weather watching.  Finally, the development 
of methods for more efficient use of the electromagnetic spectrum for telecommunication 
purposes played a key role in the discovery of new models of electromagnetic propagation 
by the ionosphere and the practical use of such new telecommunication techniques.  The 
combination of advances in computer modelling, satellite technology and weather 
forecasting led to the development of automated, oceanographic buoy observation stations 
See http://www.lib.noaa.gov/edocs/noaahistory.html). (

 
By the 1960's, the need for more detailed information on environmental conditions over 
vast marine areas, which remained largely uncovered except for occasional observations 
from ships or aircraft of opportunity, oceanographic research expeditions, or the few 
existing ocean station vessels, was recognised by scientists working in the field.  
Consequently, a number of US Federal agencies and universities started programs to 
evelop and implement networkd

environmental conditions such as temperature, wind speed and direction.  However, these 
efforts were largely designed to meet individual agency or research needs. 
  
In 1966, a group of US Federal agency representatives was convened by the USA Panel on 
Ocean Engineering of the Interagency Committee on Oceanography to address the 
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problems and possibilities associated with automated data buoy networks. A national 
system of ocean data buoys was recommended and the Committee asked the Coast Guard 
to conduct a feasibility study.  The study report made the following conclusions after ten 
months of work: 
 

• There were extensive requirements for oceanographic and meteorological 
on to satisfy both operational and research needs in the oceanic and Great 

Lakes environments. 

ast Guard was requested by the National 

l Oceanic and Atmospheric 

r sources of 
valuable data are available. 

informati

• Automatic moored buoys were capable of meeting a significant portion of those 
needs 

• An essential element of an overall environmental information and prediction 
system would be a network of such buoys. 

 
The National Council for Marine Resources and Engineering Development took these 
onclusions seriously.  In November 1967, the Coc

Council to accept lead agency responsibility for the research, development, testing and 
evaluation required to support future decisions on national data buoy systems.  The 
National Data Buoy Development Project was established to do the job.  In December 
1967, the National Data Buoy Development Project developed a national system of 
automatic ocean buoys to gather oceanic and atmospheric data.  Existing capabilities in a 
number of disciplines from oceanography to communications were drawn upon and the 
effort to develop a single, national system capable of providing key observations required 
to describe conditions in the marine environment was started.  The project then became 
he responsibility and challenge of NOAA (Nationat

Administration) and NOAA has since led the development of a consolidated national 
oceanic and atmospheric research and development program and provided a variety of 
scientific and technical services to other Federal agencies, private sector interests and the 
general public (see http://www.lib.noaa.gov/edocs/noaahistory.html). 
 
 
3.3.2 Uses 

 
There are numerous applications for data collected by oceanographic buoys that 
complement data collected through other means such as satellites: 
 
 

• Weather forecasts.  Meteorological models routinely assimilate observational data 
from various sources including satellites, weather balloons, land stations, ships, and 
data buoys.  Most of the models are global and assimilate observational data from 
all sources around the planet to make their national forecasts.  Distribution of 
meteorological data worldwide is coordinated through the World Weather Watch. 
Buoy data are crucial for data sparse ocean areas where no othe

 
• Marine forecast.  For similar reasons, buoy data are essential for producing 

improved marine forecasts. 
 

• Assistance to fisheries.  Sea surface temperature is an important tool to find many 
different species of fish. The buoys provide this information to weather centres 
daily. These centres, in turn, produce charts of sea surface temperature and 
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distribute them via radio fax broadcasts to fishermen at sea or home office.  
Knowing where to look for fish saves both fuel and time.  Also, using data buoys 
and other instruments such as sub-surface floats, many advanced oceanographic 
models now can be used to predict El Niño events and other ocean disturbances.  
Such information can help fishermen plan their operations in advance.  

 
• Safety at sea.  Several nations have successfully used surface wind and ocean 

current information from the buoys to help locate missing or overdue boats. 

ediction, meteorological and oceanographic research.  For example, 
researchers use the data from the equatorial Pacific moorings to learn how to 

climate variations and 
changes in fish migration patterns in many areas of the world ocean including the 

red data buoys, ub-surface floats rally 
s a very cost-effective m  meteorologica hic 
remote ocean areas.  A  an essential co rine 

systems established as part of the World Weather Watch 
w.wmo.ch/), the World Climate Resea h Programme 

o.ch/web/wcrp/w rp-home.html), the Global Ocean Observing System 
co.org/goos/), e Global Climate O erving System 

gcos/gc shome.html), the Joint WMO-IOC technical 
phy an  Marine Meteorology and other eteorological and 

ammes (http://www.dbcp.noaa.gov/dbcp/0os.html). 

Drifting 
 
Drifting buoys have a long history of use in oceanography, principally for the measurement 
of currents by following the motions of floats attached to some form of sea anchor or 
drogue.  Since 1988, over 2500 Lagrangian drifters have been deployed in the world oceans 
in the context of the Surface Velocity Program (SVP) of the World Ocean Circulation 
Experiment (WOCE, http://www.soc.soton.ac.uk/OTHERS/woceipo/ipo.htm) and the 
Tropical Ocean and Global Atmosphere Program (TOGA, 
http://www.ncdc.noaa.gov/oa/coare/toga.html), and then the Global Drifter Program 
(http://www.aoml.noaa.gov/phod/dac/gdp.html).  These buoys were standardized in 
1991, with a small spherical hull and floats, and large Holey-Sock drogue centred at 15 
meters below the surface.  They are very reliable, with half lifetimes greater than 450 days 
(with drogue still attached). 
 
In 1993, Lagrangian Drifters with barometer ports, also called SVPB drifters, were tested in 
the high seas (more than 20 prototypes) and proven reliable.  The Lagrangian Barometer 
Drifter, designed at the Scripps Institution of Oceanography for WOCE, is now 

 
• Climate pr

predict future changes in the world's climate.  The buoys were first deployed to 
learn how to predict the El Niño/Southern Oscillation phenomenon.  El Niño 
events involve disruptions in the ocean surface winds and the upper ocean 
temperature pattern.  These disruptions lead to seasonal 

tropics. 
 

 
3.3.3 Types 

 
ting and mooDrif ice floats, and s  are now gene

accepted a
m 

eans for obtaining
 such, they form

l and oceanograp
of madata fro s mponent 

observing 
ww(http:// rc

(http://www.wm
s

c
(http://ioc.une th bs
(http://www.wmo.ch/web/

eanogra
o
dCommission for Oc

oceanographic progr
 m

 
3.3.3.1 
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commercially available at low cost, and meets both oceanographic requirements (e.g. 
easurements of sea surface currents) and meteorological requirements (e.g. air pressure). 

 Argos (a data 
ollection and relay system used by NOAA) locations, the ice buoys can be equipped with 

bal Positioning System (GPS)), which can compute 
 system. 

 and 
a Argos.  Argos both locates the float at the 

ts memory.  The two main floats are ALACE 
wards 

hich stands for SOund Fixing And Ranging).  RAFOS is the reverse concept of SOFAR 
where signals are emitted from the float and then received at moored buoy sites for 
location computation (SOFAR floats are no longer used). 
 
ALACEs are autonomous floats that are repeatedly located when they pop up to the 
surface for satellite location through the Argos system.  While they are at the surface their 
drift gives a measurement of the surface current.  The cycling time is adjustable.  The 
instrument is designed for 50 cycles.  The basic cycling time used is 36 days, to provide a 
five-year lifetime. 
 
PALACEs (Profiler ALACE) are special ALACE floats capable of making water 
temperature and/or water conductivity measurements while popping up or down.  They 
have shorter cycles of 5 to 15 days and a lifetime of about 100 cycles.  They can dive as 
deep as 1500 meters.  Some 3000 PALACE floats are planned for deployment in the next 
few years in the ARGO programme, which is the broad-scale global array of 
temperature/salinity profiling floats (http://www-argo.ucsd.edu/). 
 
RAFOS floats are drifting listening stations that record the time of arrival of acoustic 
signals from moored sound sources and at the end of their lives pop up to report the 
recorded data through Argos.  Present recording lifetimes are roughly 2.5 years.  MARVOR 
(sea horse in the Breton language) floats work on the same principle as RAFOS.  In 
addition, they can pop up and down several times during their lifetime and transmit data 
collected each time they surface. 
 
Sub-surface floats were used in the World Ocean Circulation Experiment (WOCE) to 
measure the global distribution of current velocity below the high eddy noise region near 
the surface, to provide an accurate mean velocity.  The mean velocity is combined with 
hydrographic data to compute water mass transport in the major ocean basins.  The 

m
 
Most data are encoded and distributed in real time onto the Global Telecommunication 
System (GTS) and are inserted into numerical weather prediction models at the 
meteorological centres of many countries. 
 
3.3.3.2 Ice 
 
Ice buoys have been used extensively in Arctic and Antarctic regions to track ice 
movement and are available commercially for deployment by ships or aircraft.  Such buoys 
are equipped with low temperature electronics and lithium batteries that can operate at 
temperatures down to -50°C.  In addition to the regularly computed
c
satellite navigation receivers (e.g. Glo
even more accurate positions for transmission through the Argos
 
3.3.3.3 Sub-surface float 
 
Sub-surface floats are autonomous free-drifting platforms gathering data at mid-depth
surfacing from time to time to transmit vi
surface and collects the data stored in i
(Autonomous Lagrangian Circulation Explorer) and RAFOS (SOFAR spelled back
w
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WOCE goal is to compute a five-year mean velocity on a 500 x 500 km scale.  The 
 following number of five-year lifetime floats in the oceans: 

tlantic: 225, Indian: 180, Pacific: 495, Southern (south of 45°S): 114.  Sub-surface float 
ata are not disseminate

real time. 
 
3.3.3.4 Moored 
 
Moored buoys are normally relatively large ata are usually 
collected through geostationary meteorologica  METEOSAT.  
If a moored buoy goes adrift it represents a potential loss of costly equipment and a 
possible hazard to na reasons the Argos system has been used for 
location determination for moored buoys.  In addition, some WMO (World Meterological 
Organisation) member countries use the Argos system for normal transmission of 

 
About every four to sev significant disruption of the atmospheric and 
oceanograph ruptions have 
complex effects on global s causing the disruptions, El 
Niño and its atmospher hern Oscillation, were the focus of the 
international Tropical Ocean and phere (TOGA) program.  Through an 
ambitious program in the equatori e oceanic and 
atmospheric enon and its 

portance in the year-to-year variability of global climate. 

l). 

veloped at NOAA's Pacific Marine Environmental Laboratory 
 1980's, is a taut wire surface mooring with a toroidal float.  It is 

 6000 m.  Measurements from the mooring include surface 
e), as well as subsurface temperatures down 

.  These data are transmitted to shore in real time using the Argos 
Service Argos Inc., and placed on the GTS.  Post recovery 

 of the data is performed at PMEL.  This array and its planned 
 international collaboration between scientists from France, Japan, 

first ATLAS mooring was deployed in December 1984.  In 1998 
s were operational in the equatorial Pacific Ocean. 

here are several advantages and disadvantages of moored buoys.  Moored, automated 
oceanographic buoys can be located in very remote ocean areas, far from land.  They are 
also portable and potentially could be used for shorter-term (two- to five-year) studies in 
one area, and then moved to a new location.  This provides greater flexibility, as 
circumstances change, to reconfigure experiments that track processes continuously over 
long time periods.  It also gives scientists and resource managers the ability to respond in 
time to observe transient natural events, or even relocate to a new site, as their knowledge 

requirements translate into the
A
d d onto the GTS, principally because the data are not available in 

and expensive platforms.  D
l satellites such as GOES or

vigation.  For these 

meteorological observations from moored buoys. 

en years there is a 
ic circulation patterns in the equatorial Pacific.  These dis

 scale weather.  The two component
ic component, the Sout

 Global Atmos
al Pacific, TOGA investigated th

 dynamics relating to the El Niño/Southern Oscillation phenom
im
 
As part of the TOGA program, efforts have been made to enhance the real-time ocean 
observing system in the tropical Pacific Ocean.  One element of this improved system is 
the Tropical Atmosphere Ocean (TAO) array of Autonomous Temperature Line 
Acquisition System (ATLAS) moorings.  The TAO array now supports programmes like 
the Global Climate Observing System (GCOS), WCRP Climate Variability and 
Predictability Programme (CLIVAR, http://www.clivar.org/), and the World Weather 

atch (WWW, http://www.wmo.ch/web/www/www.htmW
 
The ATLAS mooring, de
(PMEL) Seattle, WA, in the

ed in depths of up tdeploy o
variables (wind, air and sea surface temperatur
to a depth of 500 m
System, processed by CLS or 
processing and analysis
expansion is the result of
Korea and the USA.  The 
bout 70 ATLAS mooringa

 
T

  



 106

of an area increases incrementally over the course of a study.  Moored buoys can provide 
f oceanographic changes.  Moored buoys, however, have 

ertain limitations.  They require frequent servicing and their data must be constantly 
onitored to check for drift or ir caused by sensor failure or interference (e.g. 

dddue to fouling).  Moor  as much data as their telemetry system 
bstantial capital 

investment that is at risk of loss or da
 
 
3.3.4 Parameters 

 
t 

can be measured (Table 3.1 meters can be logged, stored on 
flash cards and/or transferred by telemetry in real e to the user.  Logging times 
and frequencies may be mo nsor interface. 
 

able 3.1. The different water quality, hydrodynamic and meteorological variables that can be measured. 

excellent temporal resolution o
c
m regularities 

ed buoys can only deliver
allows.  Depending on their sensor array, moored buoys can represent a su

mage. 

There is a wide variety of water quality, hydrodynamic and meteorological variables tha
).  Data for each of these para

/delayed tim
dified remotely via the se

T

Water quality Hydrodynamic Meteorological 
Temperature Wave speed Air temperature 
Salinity Wave direction Air pressure 
Dissolved oxygen Wave height Solar radiation 

H Current velocity Wind speed 
n 

 
 
 

  
     

   Radiation (PAR) 
  

P
Turbidity Current direction Wind directio

Humidity Nitrate  
Ammonia  

  Silicate
Phytoplankton  
Chlorophyll-a 
Photosynthetic Available
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3.4 Systems Review 

or this systems review, various local and international oceanographic buoy manufacturers 
ere contacted.  Each supplier was asked to provide a costing on an oceanographic buoy 

oted here were current as of 
early 2003).  Suppliers were asked to itemise th  system costs as much as possible.  The 
manufacturers were chos ch of the World Wide Web and through 
consultation with various Australian users.  Some of the manufacturers supply a turnkey 
style product, where it wo on the buoy and start collecting data on a 
large amount of variables almost immediately.  These systems represented a considerable 
capital investment.  Two of the manuf are based in Adelaide and can deliver a buoy 
for a fraction of the cost of the overseas manufacturers.  However, their systems are much 

 
The manufacturers approached were: 

• EcoScan® International Pty Ltd for  
• Eco-Sense Ltd for SmartBuoy
• Otronix Systems Inc for Coastal Rem CRSB) 
• Flinders University for Sc rmatics and Engineering Oceanographic 

Buoy (FUSIEOB) 
• I
• Measurement Engineering Australia Pty Ltd (MEA) for custom-built system 

 
F
w
capable of measuring the variables mentioned above (prices qu

eir
en based on a sear

uld be possible to positi

acturers 

simpler and would provide considerably less information, at least initially. 

EcoScan® Maxi Buoy
 

ote Sensing Buoy (
hool of Info

mbros Pty Ltd for Imbros Buoy 
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3.4.1 EcoScan® Maxi Buoy 

 

Figure 3.1. EcoScan® Maxi deployed on bu

 
A coastal buoy capable of monitoring up to  sensors and transmitting data up to 20 or 
more kilometres to a bas tion.  Uses analogue UHF receiver to collect data and 
has battery backup to co e event of power failure.  

he receiver will hold up to 3 months data between each download.  The software used 
ill monitor each site and using pre-set alarms automatically phone users when readings 

ing list: 

perature 
ity/conductivity 

• Wind speed/direction 

• Relative humidity 

ost: $26,538 (for a system with 6 sensors) 

oy  (source: www.ecoscan.co.uk). 

 6
e or relay sta
llect information for up to 24 hours in th

T
w
reach specified threshold levels.  It can send data to other registered users.  The buoy is 
limited to a maximum of 6 sensors from the follow
 

• Turbidity 
• Dissolved oxygen 
• Water tem
• Salin
• Water level 

• Solar radiation 
• Air temperature 

 
C
 

  



 109

 
3.4.2 Eco-Sense SmartBuoy 

Figure 3.2. Eco-Sense Smart Buoy (source: www.eco-sense.co.uk). 

 British-built automated multi-parameter recording moored platform for marine 
m for Mobile communications) 

standard alkaline D cells.  A solar power supply option 
le.  The package includes: 

s steel frame, all mounting hardware, brackets and fittings 
stem 

• Power supply (standard alkaline D cells) 
• SmartBuoy Live Acquire software and local database 

abling system 

3

(silicate/ammonium/phytoplankton analysis) = $49,250 
ption 3: ESM-1 based meteorological system (wind speed/direction, air 

temperature, barometric pressure, PAR) = $38,211 
ption 4: Wave monitoring system (velocity/amplitude/direction) = $50,948 

 

 
A
environmental monitoring.  Has a GSM (Global Syste
telemetry system and is powered by 
was not priced but is availab
 

• Buoy hull, stainles
• ESM-2A Buoy controller and data acquisition sy

• GSM telemetry system 
• C

 
The SmartBuoy system will monitor the following variables: 

• Conductivity 
• Temperature 
• Turbidity 
• Chlorophyll-a 
• Dissolved oxygen 
• PAR x 2 for light extinction depth 
• NAS-2EN – a real time Nitrate (N0 ) analyser 

 
ost: $219,362 C

 
Additional options 
 
Option 1: Solar Power Supply (cost not available at time of enquiry) 

ption 2: WMS-1 water sampler for 500 ml bottles O

O

O
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3.4.3 Otronix Coastal Remote Sensing Buoy (CRSB) 

Figure 3.3. Otronix Coastal Remote Sensing Buoy (source: www.otronix.co.kr). 

• Dissolved oxygen 

• PAR 
• Ammonia 
• Nitrate 
• Current speed and direction 
• Wave height/speed/direction 

 
Cost: $257,272 

 
 

 
A Korean company integrating American buoy hull (Ocean Science SeaBuoy) with 
instruments sourced from a variety of European, Asian and American companies.  The 
system uses CDMA-based telemetry technology and Korean (Otronix) buoy interface 
ontroller.  Includes the following sensors: c

 
• Wind speed and direction 
• Air temperature and humidity 
• Barometric pressure 
• Water temperature 
• Conductivity 

• pH 
• Turbidity 
• Chlorophyll-a 
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3.4.4 Flinders University School of Informatics and Engineering 

Oceanographic Buoy (FUSIEOB) 

 
 

 

Figure 3.4. FUSIEOB Oceanographic Buoy. 

 
 
A locally manufactured wave-rider buoy using a standard Hydrolab Minisonde 4 for 
collection of the following water quality variables; 

• Temperature 

• Turbidity 

 

• Dissolved oxygen 

• pH 
• Conductivity 

 
The unit is solar powered with backup alkaline batteries.  Data are downloaded using 
GSM-based telemetry on demand.   
 
Cost: $22,106 (total cost of manufacture/replacement) 
 
Or, the unit can be leased at an ongoing cost of $1,500 per month  
 
The buoy platform cannot take meteorological sensors and has a limited number of ports 
available for additional sensors.  Data can be uploaded to a website with access provided to 
registered users. 
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3.4.5 

 

 

 
• 
• 
• 
• 

 
t 

 

 

• 
• 

• W
• Phytoplankton (sizing and counting) ~ $60,000 

ering company that 
esigns and builds remote environmental monitoring systems (www.mea.com.au).  MEA 

he quote does not include the sensors, as existing sensors (Minisonde 4A Multiprobe) 
owned by SARDI could be used in the first instance.  However, the cost of such a 
multiprobe with temperature, conductivity, dissolved oxygen and pH sensors cost 
approximately $6,000 (price quoted in 2004). 
 
 
 
 
 

Imbros Buoy 

Imbros Pty Ltd is a Tasmanian company specialising in the development of remote sensing 
technologies specific to the marine environment.  They are in the process of developing a 
real-time telemetering buoy for one of the tuna farming companies based in Pt Lincoln
(MG Kailis Pty Ltd).  This system will record: 

Water temperature 
Salinity 
Dissolved oxygen 
Wind speed/direction 

The buoy is completely self-contained with solar power.  The system has significan
expansion capabilities for future sensors (e.g. turbidity, current speed/direction).   

Cost: approximately $30,000 

Additional sensors have the following approximate cost: 
Chlorophyll ~ $8,000-9,000 
Nitrate ~ $50,000  

• Current profile ~ $18,000 
ave ~ $50,000 

 
 
3.4.6 Measurement Engineering Australia (MEA) proposal for cutom-built 
system 

 
Measurement Engineering Australia is a local Adelaide-based engine
d
have experience in installing a radio-linked soil moisture system back to a weather station 
on SARDI’s viticulture research station in the Barossa Valley.  They proposed developing a 
system that would consist of a data logger in an enclosure, powered by solar panel, with the 
data downloaded using CDMA telemetry on demand for aquaculture applications.  The 
sensors will be mounted on frames suited to a marine environment and linked to the data 
logger.  The system design for this proposed system is given in Appendix I of this chapter. 
 
Cost: $10,230 with every subsequent unit around $6,670 
 
T
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3.5 Recommendations from systems review 
 
Clearly, cost was a major factor in determining which system(s) to trial.  With limited funds, 
the large oceanographic units were out of our price range.  Just as importantly, the wh
concept is for multiple systems to be used by industry, with the expensive systems also not 
being cost-effective from a commercial perspective.  The Flinders University system a
the MEA proposed system reviewed fell within our price range, and it was decided that:  
 

• The FUSIEOB be trialed for 6 months to provide initial data. 
• MEA be engaged to develop the proposed system. 

 
Using the FUSIEOB enabled a basic set of water quality parameters to be established and 
assessed in terms of variability.  The FUSIEOB represents a buoy with limited capacity to 
upgrade with additional sensors.  However, it did enable data collection and system
operation to be commenced while the MEA system was being developed.  Operational 
procedures for data collection, storage and distribution to the industry/other researchers 
could thus be optimised.  The system proposed by MEA can be upgraded with additional

ole 

nd 

 

 
 

develop i

 

 

 

sensors as resources allow and for this reason it was also decided to engage them to
t. 

 
 
3.6 FUSIEOB Trial 
 
The FUSIEOB system was deployed in April 2003.  It is a moored floating buoy and was 
located at 34o 43.069’S and 135o 57.568’E (east of Boston Island), within the lease site of 
the SARDI Tuna Research Farm (operational in 2003, but no longer). 
 
The FUSIEOB system measured and logged various water quality parameters every 10
minutes and the data were downloaded via a GSM modem on demand.  The unit was self-
contained, deriving its power from a solar-charged battery system.  The water quality 
parameters were measured using a Hydrolab Minisonde Multiprobe and included water
temperature, dissolved oxygen, conductivity, turbidity and pH.  An example of the data 
collected is shown in Figure 3.5. 
 
The trial of this system allowed an assessment of some basic water quality parameters in
terms of variability and usability.  In addition, SARDI had similar multiprobes, which could 
also be used with the system. 
 

  



 114

13.8

13.9

14.0

103

104

13.5

13.7

13.6e

Figur  
e FUSIEOB 

 

 the 
tial 

s 
ng 

 
 
3.7 
 

t 

nal 
sensors as resources allowed.  This system was mounted on the stanchion of a sea-cage on 

 
Multiprob enance, it returned 
onsistent data and SARDI had one such multiprobe that would save some cost for 
ialling this new system.  Consequently, only one Hydrolab Minisonde Multiprobe was 

ne probe to measure water quality parameters within 
e sea cage at a depth of 5 m, while the other measured similar parameters 5 m on the 

 

e 3.5. An example of temperature (oC in red) and dissolved oxygen (% saturation in blue) data
logged every 10 minutes for one day at 5 m depth (9 September 2003) by th
system. 

After a six-month trial, this system was discontinued because of the limitation of
existing software (dedicated to this system), which did not allow flexibility and poten
expansion.  During the trial, discussions were regularly held with users and it was 
recommended that any telemetry system purchased should include wind sensors, which the 
FUSIEOB system could not accommodate.  However, the trial had allowed the researcher
to identify various advantages and disadvantages of having a telemetry-based monitori
system.  Data from April to September 2003 is available upon request from the author and 
with approval from Aquafin CRC. 

Custom-built systems by MEA 

A custom-built system was first deployed in September 2003 for monitoring water quality 
in and adjacent to a tuna sea-cage.  A South Australian company, Measuremen
Engineering Australia Pty Ltd (MEA), was chosen to manufacture this system as it was cost 
effective and had the potential to be flexible in that it could be upgraded with additio

the then SARDI Tuna Research Farm (Figure 3.6), and included two Hydrolab Minisonde
es.  Although the sensors used required substantial maint

c
tr
purchased with the deployment of o
th
outside of the sea-cage at a similar depth.  The parameters being logged by this system were 
similar to the FUSIEOB buoy system described above, but with the addition of wind speed 
and wind direction.  The MEA system measured and logged the various parameters every 6 
minutes and the data were downloaded via a CDMA modem on demand.  
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Figur

 

 method

e 3.6.  The custom-built MEA telemetry-based environmental monitoring system mounted on 

s of obtaining, displaying and reporting 
ata without the need to use a variety of different software.  Examples of the water quality 

data collected by the sea-cage system are shown in Figure 3.7 and 3.8. 
 
A second system was subsequently built for another project (FRDC 2003/226, Aquafin 
CRC 4.5), “Aquafin CRC-SBT Aquaculture Subprogram-Net Fouling Management to 
Enhance Water Quality and Southern Bluefin Tuna (Thunnus maccoyii) Performance”, where 
it was used to monitor the effects of fouling assemblages on water exchange.  For this 
second system, different probes were trialled, these being an OxyGuard Dissolved Oxygen 
sensor in combination with a SensorX toroidal EC/WT (conductivity/temperature) sensor.  
These probes were chosen because they were more cost effective and potentially required 
less maintenance than the Hydrolab Minisonde Multiprobes.   
 
 

the stanchion of a tuna sea cage on the SARDI Tuna Research Farm. 

 
The sea-cage system was much more user friendly and also more flexible, allowing real-
time access to the data via a software package (MAGPIE) developed by MEA.  The 
MAGPIE software allows fa tivest and effec
d
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Figure 3.7.  An example of average daily water temperature from 9th September to 13th October 2003 
(± standard deviation) collected by the MEA system. 

Figure 3.8. An example of average wind speed (ms-1) from 10th September to 10th October 2003 
collected by the MEA system. 

 
 
The tuna farming industry showed interest in the data from the initial trials.  A request was 
received for the temperature data from TBOASA, who along with the Australian 
Quarantine Inspection Service (AQIS), wanted to know when the temperature in the Port 
Lincoln area fell below 15oC just before winter. This was due to regulations associated with 
feeding select imported pilchards to tuna.  Another potential use was recognised for the 
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wind data, which could provide the industry with more accurate and up-to-date conditions 
ed 

 
 
3.7.1 

 
 

e 
 

e 
 

 

Figure 3.9.  Real-time screen using limited function MAGPIE software showing the various 
environmental parameters available on direct dial-up to the system. 

 
 
3.7.2 Web-based delivery system 

 
Based on the interest expressed by other tuna farming company staff and researchers of 
other SBT projects, subsequent work was directed towards making the data more widely 
available.  To this end, a web-based delivery system for the environmental monitoring data 
was set up on a website that is hosted by an external server.  Only authorized users have 
access to these data, which is via a secure user authentication page (Figure 3.10). 

in and around the sea cages for their daily operations.  Consequently, the project work
towards real-time or near real-time delivery systems. 

Real-time delivery system 

A real-time delivery system, using limited-function MAGPIE software was distributed for
trial to stakeholders in July 2004.  This software allowed users to dial-up the system directly 
to obtain real-time data (Figure 3.9).  This direct dial-up was only available to owners of th
pontoon where the system was deployed.  The data available through this direct access
included temperature, pH, specific conductivity, salinity and dissolved oxygen from th
inner sonde (sensor located inside the pontoon) and the outer sonde (sensor located
outside the pontoon).  Once logged in, the display screen refreshed every six minutes and a 
reading was logged.  There was also access to wind speed and wind direction, which has a 
faster scan rate of 5 seconds. 
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mary of what is available in 

Figure 3.11.  Welcome page for the southern bluefin tuna environmental data web page. 

 

Figure 3.10.  Access to the SBT environmental data web page is via a secure user 
thentication page. au

 
Upon accepting the terms and conditions of the site, the next page will take the user to the 
environmental database page.  This page will give a brief sum
the environmental database (Figure 3.11).  
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Selecting “Access to Data” from the menu on the sidebar will then take the user to the 
BT Telemetry Data page (Figure 3.12).  At this page, the user has the opS tion to select the 

 
The data available to users includes current data (last 24 hours), last seven days; and 
archived data.  Data from the logger are uploaded onto the website on a regular basis such 
that the data will be available to users near real-time.  This website is still on trial.  With 
continued feedback from users, the site can be upgraded and updated. 
 

Figure 3.12.  SBT telemetry-based environmental data web page where the user can select the 
data to view. 

source of the data.  Depending on the user’s authorisation, access to the data will vary.  For 
example, users may be authorised to have access to data from the probes within the 
pontoon and the probe outside the pontoon or just the data from the outside.  After 
selecting the source of data, the user has to select a time period to display (Figure 3.12).  
This will take the user to a graphical display of the various environmental parameters 
available and a summary of the data (minimum, maximum and mean) for the specified 
probe and time period (Figure 3.13). 
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Figure 3.13.  Graphical display and summary (minimum, maximum and mean) of environmental data 
for the specified probe and time period. 
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3.8 Summary of Data 
 
Several datasets are available from the trial of these systems.  Below is a s
data collected by the SBT telemetry-based environmental monitoring system (custo
by MEA) between March and September 2005.  Other data from other year
on request from author and with approval from Aquafin CRC.  The summary bel
includes water quality data from the outer probe and data from the wind speed
direction sensors.  Gaps in the data occurred when th
maintenance (re-calibration) or repair.  Point measurements were taken periodically using 
handheld meters during maintenance of probes to check that
reading consistently and accurately.  The system returned generally accura
maintenance schedule was kept.  Wind data were also checked against the daily wea
observations on the Bureau of Meteorology (BOM) website to ensure tha
the wind sensors were returning correct data.  This check usually showed that the sens
on our systems were recording higher wind speeds.  This was to be expected as the B

ummary of the 
m built 

s are available 
ow 

 and 
e system was removed for 

 the deployed sensors were 
te data if the 

ther 
t readings from 

ors 
OM 

observations were recorded at North Shields (on land) while our systems were deployed at 
sea (http://www.bom.gov.au/climate/dwo/IDCJDW5055.latest.shtml).  

3.8.1 Monthly summaries of water quality data recorded from the outer probe 

arch/April 2005 
Temperature readings recorded had a downward trend of ~2oC except during 8th to 11th 

linity was lower than 
e data recorded by the inner probe (data not shown here), indicating that there was a 

igure 3.14. Temperature (oC), salinity (ppt), and dissolved oxygen (% saturation) recorded from 30th 
March to 29th April 2005. 

 

 

 
M

April 2005.  Salinity values were constant at ~32 ppt.  This average sa
th
calibration problem as data obtained after calibration were within known ranges.  Dissolved 
oxygen showed marked diurnal variation fluctuating generally between 85% and 99% 
saturation (Figure 3.14). 
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May 2005 
Data for May 2005 were recorded sporadically as the system was undergoing maintenance 
and problems were encountered with the power supply.  Consequently, no summary of 
data is provided here. 
 
June 2005 
Temperature trended downward and showed some diurnal pattern.  Salinity was constant at 
~36 ppt.  Dissolved oxygen exhibited slightly less diurnal variation but trended upwards to 
more than 100% saturation (Figure 3.15), although the sudden drop after the probe was 
returned to the water suggests that this indicates a loss of calibration and may not be a real 
trend.  
 

Figure 3.15. Temperature (oC), salinity (ppt) and dissolved oxygen (% saturation) recorded in June 
2005. 

 
July/August 2005 
Water quality data were only available from 22nd July to 12th August 2005 for these two 
months.  Water temperature fell slightly over this period while salinity was fairly constant at 
~35 ppt.  Dissolved oxygen was high and exhibited a small general upward trend to well 

ove 100% saturation, with some minor diurnal fluctuation (Figure 3.16). ab
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Figure 3.16.  Temperature (oC), salinity (ppt) and dissolved oxygen (% saturation) recorded from 22nd 
July to 12th August 2005 

 

 

3.8.2 Monthly summaries of wind speed and direction recorded 

 
Wind speed was, on average, highest during March, June and August 2005 and most 
variable during June and August 2005.  However, there were only nine and seven days of 
data recorded for July and September respectively.  Wind direction was predominantly 
from the southeast to south in March, April and May, northwest to northeast in June, 
northwest in late July, west to north in August and northeast to east in early September. 
 
Wind speed reached a maximum of 13.9 ms-1 for March 2005 with wind direction 
predominantly (39.1%) from the southeast (Figure 3.17).  Wind speed reached a maximum 
of 18.4 ms-1 in early April 2005 with wind direction from the southeast 26.6% of the time 
(Figure 3.18).  Wind speed had a maximum of 13.6 ms-1 in May 2005 with predominant 
wind direction similar to March and April, blowing from the southeast (Figure 3.19).  
Higher wind speeds were recorded in June 2005 with a maximum of 18.6 ms-1 in the 
middle of the month.  Wind direction was predominantly northwest to northeast with 
22.7% of the time directly from the north (
recorded only from 22nd to 31st July 2005 as the system was removed for service.  Over 

ays, maximum wind speed was 14.3 ms

Figure 3.20).  Wind speed and direction were 

these nine d -1 with a predominantly northwesterly 
irection (Figure 3.21).  A full month of data was recorded for August with maximum wind 
eed reaching 18.6 ms-1 and wind direction was predominantly from the west to the north 

(Figure 3.22).  Wind data were recorded for the first seven days in September 2005 except 
for 2nd September.  During this time, maximum wind speed reached 11.8 ms-1 and wind 
direction was predominantly from the northeast (Figure 3.23). 
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Figure 3.17. Maximum, mean and minimum wind speed (ms-1) and predominant wind direction (39% 

 
from the southeast) recorded in March 2005. 
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Figure 3.18.  Maximum, mean and minimum wind speed (ms-1) and predominant wind direction (27% 
from the southeast) recorded in April 2005. 
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Figure 3.19.  Maximum, mean and minimum wind speed (ms-1) and predominant wind direction (24% 
from the southeast) recorded in May 2005. 
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Figure 3.20. peed (ms-1) and predominant wind direction 
(~22% from the north and northeast) recorded in June 2005. 
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Figure 3.21.  Maximum, mean and minimum wind speed (ms-1) and predominant wind direction (52% 
from the northwest) recorded from 22nd to 31st July 2005  
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Figure 3.22. Maximum, mean and minimum wind speed (ms-1) and predominant wind direction (22% 
from the north) recorded in August 2005. 
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Figure 3.23.  Maximum, mean and minimum wind speed (ms-1) and predominant wind direction (38% 
from the northeast) recorded in early September 2005. 
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3.9 Lessons learnt 
 
The trial of the SBT Telemetry-based Environmental Monitoring Systems had its share of 
difficulties.  There are risks involved when equipment are deployed in the field and left for 
long periods of time.  It is subjected to the elements and the system had to be able to 
withstand the continuous exposure.  Various components of the systems were re-designed 
during the project for that reason (see section 3.10).  Even then, one of the Hydrolab 
Minisonde was lost during the project, due possibly to entanglement with the sea cage net, 
which can billow excessively with high wind and tide.   
  

elemetry-based Environmental Monitoring System operational from 
ollection to delivery of data required a substantial maintenance schedule.  For the 

weeks b
gets fo re frequently than the 
Oxyguard/SensorX sensors.  This process required time and resources. 
 
For the delivery of data on the website, even though download of data from the logger and 
upload of data to the website were automated, there was still the need for quality assurance 
which required the daily checking of data to ensure its integrity. However, this may be 
automated by creating filters in the program. 
 
There were numerous requests for the data by both industry and researchers.  Data had 
been requested by the tuna farming industry, which along with AQIS, wanted to know the 
temperature in the Port Linocln area for regulations associated with feeding of imported 
pilchards to tuna.  In addition, dissolved oxygen and temperature data had been requested 
by the industry for insurance purposes.  Several students (both Honours and PhDs) 
working on other Aquafin CRC projects in nutrition or residues also had a use for the data.  
Even though the time and logistical demands for the maintenance of these systems are 
high, the advantage of having continuous environmental monitoring may warrant keeping 
the SBT Telemetry-based Environmental Monitoring System operational.  Some of the 
logistical problems can be overcome, such as the maintenance of the system may be 
scheduled with the feed boat being on-site if the system was deployed on a working farm 
and operated by the industry. 
 
 
3.10 Future directions 
 
The future plan for both of the SBT Telemetry-based Environmental Monitoring Systems 
is re-deployment in 2006.  The Risk and Response Project and the Fouling Management 
Project will use the data collected by the systems.  However, the systems required upgrades 
and modifications before re-deployment and Measurement Engineering Australia (MEA), 
who built the systems, was engaged to work in collaboration with SARDI to carry out the 
upgrades.  The changes required included improvements to the power supply, enclosures 
for logger and battery and housing for sensors, as well as the addition of a chlorophyll 
(fluorescence) sensor. 
 
Due to the relatively high duty cycles of operation of sensors and communications devices, 
and possibly environmental factors, the system batteries had not been able to maintain 
voltage.  As such, the solar panels were upgraded from 5 Watt to 10 Watt items, and the 

  
Keeping the SBT T
c
collection of data, the probes had to be regularly serviced and calibrated every two to three 

ecause of fouling on the sensors.  In particular, the Hydrolab Minisonde, which 
uled much quicker and needed to be calibrated mo
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battery capacity was increased from 7 to 14 Ah.  This constituted a 100% increase in both 
charge and storage. 
 
Increasing the battery capacity meant that either a

t was recommended by MEA that
 larger enclosure or a seco
 all system compone

n the basis of simplicity and reliability.  It was noted that on
showed signs of mechanical wear.  Consequently, a stainless s
al mounting brackets was proposed that would allow for installation in 

rd protection against impact and high power wave action. 

duce the possibility of inadvertent water ingress as had been evident from the earlier 

e cables within the confines of the conduit, without 
ver-tightening of securing ties. 

nd battery box 
nts be housed in the 

e of the existing 
teel 

d 

tly, with the 
xception of the chlorophyll sensor on the outer sensor cluster of the second system.  

ployment, 
here the cable is fully taped to a supporting rope, could be used, but with the cable 

ome freedom to move while 
ill being constrained by the tape and rope.  

for the outside mounted sensors to accommodate the 

ith the modification of a conduit included in the bundle. 

 addition to the above upgrades and modifications of the two existing systems, the 
apability to measure current speed and direction, as well as wave characteristics, is being 
ded.  For operational reasons, this instrumentation will be deployed on a separate buoy, 

was required.  I
ne enclosure oo

system enclosures 
enclosure with integr
various situations.  The box would also be fitted with connector sockets to allow the 
connection and disconnection of sensor signal cables.  The sockets would be covered with 
a plate to affo
 
The main enclosure would have two inner enclosures, one containing the logger and 
modem, the other containing the system batteries.  This would allow replacement of 
batteries if need be, while the logger box remained sealed and undisturbed.  This woul
re
trials.  The enclosure would be large enough to stow spare wind sensor, solar panel and 
antenna cables.  Split conduit will be supplied to afford protection to these cables.  This set 
up would allow free movement of th
o
 
The water quality sensors will be deployed in much the same way as presen
e
However, cable failure in these systems in earlier trials (presumably due to excessive and 
localised repeated flexure) needed to be addressed.  The current method of de
w
running inside a flexible conduit.  This would allow the cable s
st
 
The chlorophyll sensor would have a connector at the sensor end to allow removal of the 
sensor for cleaning and maintenance and a connector fitted to the logger end of the cable 
to facilitate connection and installation.  The cable would be run in the same conduit as the 
EC and DO sensor cables. 
 

 new frame was also proposed A
chlorophyll sensor.  A downward looking light source and sensor are located on the lower 
face.  This face needs to be kept clean and have an unobscured field of operation to 
function correctly.  A wiper fitted to the bottom face needs to be free to rotate, and must 
be cleaned regularly.  Therefore, this sensor must be exposed and accessible while being 

rotected from impact. p
 
A stainless steel support arrangement would be constructed to house the whole array of 
EC, DO and chlorophyll sensors.  All cabling and support ropes will be bundled with tape, 

 currently done was
 
These upgrades and modifications were completed in February 2006 with expected re-
deployment in March 2006. 
 
In
c
ad
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to avoid potential interference in the readings from a pontoon.  This
replace one of the existing corner markers of the DI Fishing lease contain
pontoons, and will provide hourly reports on current and wave conditions at the site.  This 
information is needed for the Risk & Response project to hel
being developed, and will provide data on an ongoing basis t
events outside the time period of data collection for Risk & Re
September 2006).  The data will also be useful for industry ope
the wave component.  MEA is also developing
bottom-mounted Nortek Aquadopp ADCP, and data will be made av
environmental monitoring web site. 
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3.12  Appendix I: System Layout for SBT Telemetry-based 
Environmental Monitoring System 

 
Provided by Measurement Engineering Australia 
12th June 2003 
 
3.12.1 Description 

The water quality inside a floating cage of some 40 metres diameter is to be measured and 
logged, and compared with similar measurements to be taken simultaneously outside the 
same cage.   
 
Hydrolab Minisondes are to be used at both points, deployed at about five metres below 
surface level.  The outside sonde will be located about five metres outside the cage on a 
boom.  The inside sonde will be located near to the centre of the cage, at the same depth. 
 
Both sensors will be regularly removed for recalibration, and replaced with an alternate 
pair.  A signal will be applied by means of a switch to a spare logger input. This signal will 
designate a sensor changeover event. 
 
Both sensors, plus a wind instrument will be connected to a Unidata Starlogger housed in a 

ched to one of the stanchions of the cage structure. 

 CDMA modem will be fitted inside the logger enclosure.  An external antenna will be 
losure, positioned to ensure adequate signal strength. 

l tubular member.  The upper plastic rail, part of the cage flotation and structure, will 
e used as a second securing line. 

he logger and associated equipment will be housed in an IP67 enclosure, which in turn 
ill be housed in a weathe g IP66.  The outer enclosure will have a 
inged front door for easy access to the inner enclosure.  This enclosure is made of glass-
inforced polyester, and will withstand the corrosive environment. 

lands fitted to the outer enclosure will allow the transition through to the inner enclosure 
f sensor cables.  This will be done such that the existing Minisonde cables will retain their 
B-9 connectors. 

 vertical section of 32NB-galvanised pipe will be secured to the cage upper rail and to the 

 

waterproof enclosure atta
 
A
mounted outside of the enc
  
A solar panel will be fitted to maintain system battery voltage. 
 
3.12.2 Logger Installation 

A framework of hot dip galvanised steel sections will be attached to a stanchion.  A 
galvanised steel pipe section will be inserted horizontally through an existing through hole 
in the stanchion, and will provide a support and attachment line for enclosure, boom and 
erticav

b
 
T
w rproof enclosure of ratin
h
re
 
G
o
D
 
A
lower, horizontal pipe section.  This vertical section will carry the solar panel, CDMA 
modem antenna, and the wind instrument at the top (Figure 3.24). 
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Figure 3.24. General view of two adjacent stanchions showing logging equipment, solar panel 
and wind instrument.  The outer sonde boom can also be seen.  The plastic tubular 
“rails” are shown as discontinuous and obviously do not reflect the real situation.  
Similarly, the logger enclosure door has been removed. 

 
3.12.3 Sensor Deployment 

3.12.3.1 Wind Instrument 
The wind instrument is simply mounted via an adaptor and plastic insert to the top of the 
vertical boom.  Its cable runs down inside the pipe section, providing some protection.  
The instrument body has a North alignment index on its body, and this can be easily 
aligned at installation. 
 
3.12.3.2 Outer Minisonde 
A boom made of two 5 m lengths of galvanised water pipe of 25NB will be secured by U- 
bolts and plastic bushes to the lower horizontal pipe section.  The two lengths will be 
joined at the outer end, and braced near the middle to provide a reasonably rigid outrigger.  
The use of plastic bushes will allow the boom to rise and fall to compensate for relative 
movements between surface level and stanchion. 
 
The outer end of the boom will be supported by a flotation device.  In calm, flat seas, the 
boom will angle downward from the stanchion at about 5-10 0.  A stainless steel cable will 
be attached via an eyebolt to the end of the boom.  This will support a counterweight or 
sinker plus the Minisonde itself.  The sonde will be located inside PVC tube of 80NB.  The 
remaining space will be filled with a closed cell, water resistant foam (EVA).  This will 
provide a measure of protection to the sonde itself.  The sinker may be deployed above the 
sonde, giving the sonde a degree of freedom of movement that will further protect it from 
impacts etc (Figure 3.25). 
 
To change sensors over, the boom can be swung upwards to vertical, bringing the sensor 
within reach of a person standing one the stanchion. 
 

Wind instrument atop ~ 2 metre high mast. 
 
 
Steel square section uprights attached to top rail 
and to lower pipe section. 

r 
 
Logger enclosure.  Door and inner lid removed fo
illustration. 

Solar panel

Horizontal pipe section through
stanchion.

Outer sensor boom.
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Flotation device on surface.

Spring may be fitted here, reducing the impact 
arising from severe step changes in surface height.  
The spring is fitted to the boom end.

Boom – outer end shown fitted with eyebolts.

Figure 3.25. Section showing means of deployment of outer sonde.  

 
3.12.3.3 Inner Minisonde 
The sonde deployed inside the cage will be suspended and housed in a similar fashion to 
the outer sonde, but will be suspended from one of the radial “spider” ropes.  It is 
envisaged that a clamp will be placed on the rope towards the centre of the cage.  The 
clamp may be a device that can be moved along the rope towards the centre, but cannot be 
moved back.  This will become an anchor point for a pulley.  A rope passed over the pulley 

ill have a bracket fixed to it, which sw
re

upports the sonde and sinker.  The rope can be 
nchion to retrieve the sonde, and reeled back out to redeploy (Figure 

this stage, the most likely method will involve an easily accessed 

eled in from the sta
3.26). 
 
 
 
 
 
 
 
 
 
 
Figure 3.26. Section showing means of deployment of inner sonde 

 
Sensor changeover can be logged as an event.  This will be achieved by means of a user-
operated switch.  Various automatic options, such as sensor signal and power consumption 
changes have been considered as triggers for a sensor changeover flag to be logged, but 
have been ruled out.  At 

Sonde 

Anchor & pulley on spider

Carrier rope can be wound in to 
retrieve sonde

Stainless steel strain relief cable.

Sinker – galvanised steel or similar.  Shown here 
above sonde, but may be fitted below.

Sonde protective sleeve made of PVC.

Flotation device on surface.

Spring may be fitted here, reducing the impact 
arising from severe step changes in surface height.  
The spring is fitted to the boom end.

Boom – outer end shown fitted with eyebolts.

Stainless steel strain relief cable.

Sinker – galvanised steel or similar.  Shown here 
above sonde, but may be fitted below.

Sonde protective sleeve made of PVC.
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switch to be activated once at the start of the changeover process.  This method overcomes 
false switching or ambiguous signal and power change indicators.  
 
3.12.4 Software 

Magpie software will be supplied with a scheme disk containing files specific to this system.  
All instruments including the SDI-12 Minisondes can be accommodated by both logger 
and software.  The software will also allow the modem to be switched on and off under 
logger control to conserve power.  Notwithstanding this, the modem can be activated to 
place an SMS call should an alarm event occur.  Alarm events are yet to be specified, and 
can be included in a straightforward manner. 
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Chapter 4  An integrated analysis of compliance-based 
environmental monitoring data for benthic infaunal communities 
from 2001 to 2003 
 
Maylene G K Loo 
 
SARDI Aquatic Sciences, PO Box 120, Henley Beach SA 5022 & Aquafin CRC 
 
4.1 Summary 

rences between years were 
atistically significant.  Similarity analyses showed that 2003 was least similar to 2001 and 

al taxa contributing to the dissimilarities between years 
ave mostly increased with time.  The increase in species more tolerant of organic 

idae and Capitellidae, could indicate that changes 
e occurring in the general environment within the tuna farming zones.  However, without 

he 
lection of which requires an understanding of optimal cage spacing (which relates to 
atial extent of impacts) and the timescale for seabed recovery after removal of cages 

tes to the total area required on a lease to provide for fallowing).  In addition, 
there is a need to monitor the effect of alternative management approaches or new 
technologies that may influence the interactions between the tuna industry and the 
environment and vice versa.  Such information would assist in optimising tuna farm 
productivity and product quality within an ecologically sustainable framework.  Achieving 
these outcomes requires a good understanding of the environmental effects of sea-cage 
tuna farming operations. 
 

 
An integrated analysis was carried out using compliance-based environmental monitoring 
data for the benthic infaunal communities collected during the Tuna Environmental 
Monitoring Program in 2001, 2002 and 2003.  Generally for both groups of control and 
compliance sites, there was an increase in overall mean abundance from 2001 to 2003 and a 
decrease in number of taxonomic groups from 2001 to 2002 but an increase in 2003, 
although the higher number of taxonomic groups collected in 2001 is likely due to the use 
of different sampling gear (grab versus corer).  The results from the multivariate analysis 
showed that separation of sites was not indicative of impact, but rather reflected the 
geographical location of each site.  This was especially obvious in 2001, but less so in 2002 
and 2003.  Analysis of all combined data indicated that diffe
st
most similar to 2002.  The princip
h
enrichment, such as some species of Spion
ar
samples from control regions, as opposed to control sites within the tuna farming region, it 
is impossible to determine if these inter-annual changes are only occurring in the tuna 
farming zone, and hence potentially related to tuna farming, or if they are occurring on a 
wider scale related to natural variation.  
 
4.2 Introduction 
 
The farming of Thunnus maccoyii or Southern Bluefin Tuna (SBT) has expanded almost 
exponentially since its beginnings in 1990 to be worth $266.9 million in 2002/03 (Knight et 
al. 2004) and $151 million in 2003/04 (Knight et al. 2005).  Its success can be attributed in 
part to a significant economic multiplier effect due to its labour intensiveness and 
infrastructure requirements and the impetus created by the development of other industries 
and aquaculture sectors (EconSearch 2004).  Continued development of the tuna 

uaculture industry is fundamentally dependant upon the availability of farming sites, taq
se
sp
(which rela
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An earlier study (FRDC 1995/091) on the environmental impact of tuna cages focussed on 
impacts on the benthic flora and fauna of Boston Bay (Cheshire et al. 1996a, b), where the 
tuna industry’s initial development occurred.  This study demonstrated that as expected 
there was a localized impact on the seafloor environment; a severe impact within the 
immediate vicinity of the tuna cages extending to a 20 m distance around each cage with a 
lesser impact for a further 100 to 150 m from the cages.  At a distance of 200 m there was 
no evidence of an impact relative to control sites situated 1 km away.  The nature of the 
impact was comparable to those described for many sustainable salmonid farm sites in 
other parts of the world and was generally consistent with those described in the Port 
Lincoln Aquaculture Management Plan (Bond 1993) for which the then current 
management strategies were tailored. 
 
Although the work by Cheshire et al. (1996a, b) provided some preliminary insights, it 
became largely irrelevant when tuna farming moved outside Boston Bay into a deeper, high 
current flow and more wave-exposed region.  To address this change of location and an 
ongoing increase in the size of the industry, an industry-wide tuna environmental 
monitoring program (TEMP) was initiated in 1996 to characterise the influence of tuna 
farming on the environment.  Initial monitoring focused on a broad regional approach plus 
a gradient approach using a range of indices indicative of the health of pelagic systems 
(water quality and phytoplankton community structure) as well as the structure of 
epibenthic and infaunal communities (Clarke et al. 1999, Clarke et al. 2000).   
 
In 2001, the form of the TEMP changed to a farm-site compliance-based monitoring 
program, with the methodology based on a synthesis of recommendations by SARDI 
(Madigan et al. 2001) and subsequent negotiations between the regulators, Primary 
Industries and Resources South Australia (PIRSA) Aquaculture and the Tuna Boat Owners 
Association of South Australia (TBOASA), representing the industry.  The program 
adopted by PIRSA Aquaculture as a licence condition for tuna farming consisted of two 
components, i) Farm Management and ii) Benthic Assessment (PIRSA-Aquaculture 2003). 
The Benthic Assessment component consists of: 
 

• A qualitative comparison of the biota and the sediment appearance videotaped 
from transects of the sea floor, from two on-site transects and one off-site transect. 

• A quantitative comparison of the characteristics of the benthic infaunal 
communities at potentially impacted locations (compliance sites located 150 m 
from the lease boundary) of the licence area being monitored and control locations 
(located at least 1 km from any lease boundaries). 

• A quantitative comparison of particle size of the sediment at potentially impacted 
locations and control locations. 

 
The quantitative data obtained from the sampling of benthic infaunal communities are 
analysed and the structure of infaunal communities from each potentially impacted 
(compliance) site (per licence area) is compared to infaunal communities from eight 
associated control sites.  The two variables used for comparison are total abundance and 
the number of taxonomic groups for each sample.   
 

 

PIRSA Aquaculture designated the following conditions as being indicative of an 
environmental impact: 
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• A fourfold or greater increase in the average abundance of benthic infauna at a 
potentially i d (com  av  
control sites; or 
A twofold or greater decrease in the number of taxonomic groups of benthic 
infauna at a potentially impacted (compliance) site relative to the average number of 
infaunal taxonomic groups at a set of control sites. 

ata from the cordings of the s floor and particle size of th ediment are 
mmarised and re s PIRSA Aquacult  do not set criteria for these ta. 

he Benthic Assessment component of the TEMP was undertaken by SARDI as a 
for three years (2001, 2002 and 2003).  As a research task in 

e Aquafin CRC-Southern Bluefin Tuna Aquaculture Subprogram: tuna environment 

 waters adjacent to Port Lincoln, South 

ated analysis, only sites located on the 
hs (18 to 22 m) were used.  One control site 

 due to shallower depth and one in 2002 as it was sited on a previous 
tly, there were 15 control sites for 2001 and 2002 while 2003 had 16 

ontrol sites (Table 4.1).  The number of compliance sites varied each year with 19 sites in 

mpacte pliance) site relative to the erage abundance at a set of

• 

 
The d  video re ea e s
su ported a ure  da
 
T
consultancy to the TBOASA 
th
subproject – development of regional environmental sustainability assessments (RESA), an 
integrated analysis of data from the macrobenthic infaunal component of TEMP was 
carried out.  Even though the TEMP sampling was not designed for such an analysis, this 
large dataset presented an opportunity for an integrated analysis to characterise the regional 
environment in which tuna farming is occurring and to investigate the potential use of 
TEMP for regional environmental monitoring.  This was also recommended in the review 
by Madigan et al. (2001), which was to collate individual licence environmental reports into 
a single dataset to enable a regional environmental assessment.  
 
4.3 Materials and Methods 
 
4.3.1 Sampling sites and samples used 

 
All the sites sampled under TEMP were located in
Australia.  Licence areas were located either in the Boston Island East or Rabbit Island 
farming zones (Figure 4.1).  The compliance sites were located 150 m south (the currents 
being predominately in a north – south direction (Nielsen and Bennett 1996) of the licence 
area boundary.  Within each farming zone, there were eight control sites, located at least 1 
km from any licence area and in water depths similar to the compliance monitoring sites. 
The number of compliance sites varied each year as compliance monitoring was carried out 
only on sites with tuna production.  In this integr
astern side of Boston Island with similar depte

in 2001 was not used
lease site.  Consequen
c
2001, 18 sites in 2002 and 16 sites in 2003 (Table 4.1).  
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Figure 4.1.  Map of the Port Lincoln SBT farming region showing the location of control sites (circles) and 
compliance sites (triangles) sampled in 2001 (green), 2002 (blue) and 2003 (red) from the 
Boston Island East Farming Zone and Rabbit Island Farming Zone. 
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Table 4.1. N ites for 2001, 2002 and 2003 used in this anumber of compliance and control s alysis. 

Year Zone Number of control sites Number of compliance 
sites 

2001 Boston 8 12 
 Rabbit 7 
2002 Boston 8 
 Rabbit 7 

7 
10 
8 

2003 Boston 8 9 
 Rabbit 8 7 
 
 
4.3.2 Sampling procedures 

 
Samples were collected in October/November of 2001, 2002 and 2003.  In 2001, sediment 
samples were collected using a Shipek grab (200 mm by 200 mm) while in 2002 and 2003, 

’s solution (a 10 % 
lution of 1:1 propylene glycol and formaldehyde) in the field and stored until processed. 

In the laboratory, the Bennett’s solution in the sample jars was decanted before the samples 
were processed.  The samples were gently washed and sieved using 1.0 mm sieves.  
Animals in the retained sediment were picked out with the aid of a stereomicroscope and 
identified.  The common animals were identified mostly to family level, but it was not 
practicable to identify the less common taxa to this level, hence these were identified to 
phyla, sub-phyla, class or order. The animals were then enumerated and preserved in 70% 
ethanol for storage. 
 

4.3.3 Data analysis 

 
Due to the difference in sampling gear, all abundance data were standardised to number of 
animals per m2 before further analysis. The data are summarised by calculating the mean 
abundance and number of taxonomic groups for each set of control sites (Boston and 
Rabbit) and their associated compliance sites. 
  
Differences in faunal composition between years, and between control and compliance 
sites for each year, were examined using Analysis of Similarities (ANOSIM) tests, followed 
by non-metric Multidimensional Scaling ordination (MDS) to visualise any patterns. A 
SIMPER (Similarity Percentages) analysis was also performed to examine the taxa 
contributing to the similarities and dissimilarities in the different years.  Multivariate 
analyses followed the methods described by Clarke 1993) using the PRIMER (Plymouth 
Routines in Multivariate Ecological Research) software package.  The data were square root 

sediment samples were collected using a HAPS Bottom Corer (internal diameter of 
67 mm).  The sampling for TEMP was designed for compliance monitoring for each lease 
area and its associated control sites within a farming year.  It was not designed to examine 
any broad temporal or spatial trends in infaunal assemblages.  Consequently when the 
HAPS Bottom Corer, which is a more efficient sampling gear, was purchased, it was used 
for all subsequent sampling.  
 
At each control and compliance site in 2001, eight replicate grab samples were collected for 
analyses of benthic infauna; similarly in 2002 and 2003, eight replicate core samples were 
collected from each site.  The samples were preserved in Bennett
so
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transformed prior to analysis to decrease the influence of dominant species
and Bray-Curtis similarities were used to eliminate the effects of joint absences of taxa.  
 
4.4 Results 
 
The sampling in 2001 yielded a total of 80 taxa with mean abundance per site ranging from 
716 to 11,809 individuals/m2.  There were 54 taxa in 2002 with mean
ranging from 1,276 to 9,714 individuals/m2.  In 2003, 66 taxa were iden
abundance per site ranging from 3,261 to 29,928 individuals/m2. 
 

 on the analysis, 

 abundance per site 
tified with mean 

In general, mean abundances were highest for all groups of control and compliance sites in 
2003, while in 2001 and 2002; the mean abundances were less than 6,000 individuals/m2 
for all groups of sites (Figure 4.2).  The mean number of taxonomic groups obtained for 
the groups of control and compliance sites were highest in 2001 with values above 40 while 
2002 had the lowest with mean values below 25 (Figure 4.3).  However, the higher number 
of taxonomic groups obtained in 2001 may be due to different sampling gear used for that 
year (grab versus corer). 
 

Figure 4.2. Mean abundance (individuals/m2 ±SE) for control sites and compliance sites sampled 
in 2001, 2002 and 2003. 

Figure 4.3. Mean number of taxonomic groups (±SE) for control sites and compliance sites 
sampled in 2001, 2002 and 2003. 
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Multivariate analyses of the benthic infaunal community structure for each year separately 
indicated that there were no differences between control sites and compliance sites in each 
zone.  The multidimensional scaling (MDS) ordination plots showed no distinction 
between control or compliance sites or zones (Figure 4.4).  For 2001, there was no 
distinction between control sites or compliance sites from Boston or Rabbit Farming 

ones.  In 2002, there was slight separation between control sites from Boston Farming 
one and Rabbit Farming Zone, but all the compliance sites were spread across the 

ordination space.  Similarly in 2003, there was slight separation of the control sites from the 
two farming zones with compliance sites spread across the ordination. 
 
 

igure 4.4. Two-dimensional MDS ordination plots of square root transformed abundance data of benthic infaunal 
communities for the control and compliance sites from Boston farming zone and Rabbit farming zone. 
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Z
Z

F
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The distribution of the sites appeared to follow the geographical location of each site.  This 
was most obvious in 2001 where sites located less than 3 km from Boston Island were 
clustered to the left of the ordination plot while sites located greater than 10 km from the 
island were on the right of the plot (Figure 4.5).  This trend was still observed in both 2002 
and 2003, but there were fewer < 3 km sites for these two years.  
 
 

2003 Stress: 0.21

Stress: 0.142001 2002 Stress: 0.24

Figure 4.5. w imensional MDS ordination plots of square root transformed abundance data of benthic 
munities for all sites in each year with increasing distance from Boston Island.  Note: 

these are the same plots as in Figure 4.4. 

 

T o-d
infaunal com
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Stress: 0.142001 2002 Stress: 0.24
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The multivariate analysis for all sampling years combined indicated differences between 
years regardless of control or compliance sites or farming zones.  The multidimensional 

aling (MDS) ordination plot of the abundance data of the benthic infaunal communities 

dimensional MDS or  plot (stress=0.2) of square root transformed a e data 
nthic infaunal comm ased on samples c in 2001(

sc
showed the samples from 2001 forming a cluster to the left of the configuration while 
samples from 2002 were in the middle and the 2003 samples were to the right of the 
configuration (Figure 4.6). Results from the analysis of similarities (ANOSIM) confirmed 
significant differences between sampling years (Table 4.2). 
 

Stress: 0.2Stress: 0.2Stress: 0.2

Figure 4.6. Two-
be

dination bun ancd
of unities b ollected ), 2002 ( ) and 2003 
( ).  

able 4.2. Analysis of similarities (ANOSIM) for the three sampling years with the R statistic (bold) and 

 

T
the significance level (italic) between years. The global R-value was 0.581 at a significant level of 
0.1%. 

 2001 2002 2003 
2001  0.561 0.746 
2002 0.1%  0.382 
2003 0.1% 0.1%  
 
 
The routine SIMPER (Clarke 1993) was run to determine which taxa were primarily 
esponsible for differences between years.  This procedure computes ther

(
 average similarity 

iS ) for all pairs of samples within a year and average dissimilarity ( iδ ) between all pairs of 
inter-year samples.  The results of this computation give a breakdown of the contributions 
from each taxa to the average term iS  or iδ .  The ratio of this average term and the 
standard deviation give a useful measure of how consistently a taxon contributes to the 
average similarity or dissimilarity.  For within-year similarities, a high ratio will indicate that 
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the taxon typifies that year while for between-year dissimilarities, a high ratio will indicate
that the taxon is a good discriminator. 

 

 
Results from SIMPER analysis showed that all within-year similarities were less than 50%, 

03 havi 0%, follow  
Table 4.3 e infaunal y 

a.  Seven ta ousl ted to approximately 50% of all within year 
ete 

inerid nidae, yidae and Capitellidae.  The addition of 
 amphipo e four ete families accounted for 52% of the within 
y in 2001 was als ated by these four polychaete families, while 

bellidae and Ampharetidae, which together 
 four famil unted  of the within year similarity (Tab . 

able 4.3. Average similarities (italic) within years and dissimilarities (bold) between years. All within year 

with 20
with 46.21% (

ng the highest similarity of 49.6
).  Within each year, th

e
as

d by 2002 wi
 semblages w

th 49.22% and 2001
ere characterised b

similar tax
similarities 

xa vari
).  Of these, four taxa were common for all years; the polycha

y contribu
(Table 4.4

families Lumbr ae, Spio Nepht
gammaridean ds to th  polycha
year similarit .  2002 o domin
2003 had two additional polychaete families, Sa
with the first ies acco for 52% le 4.4)
 
T

similarities were less than 50% and dissimilarity was highest between 2001 and 2003. 

 2001 2002 2003 
46.21 6 61 62001 0. 7.94 
 49.22 57.61 2002 

2003   49.60 
 
Table 4.4. Dominant taxa ting ~50% of within year similarities fo , 2002 an lank 

lls indicate tha  was no nt for th ). 
 contribu r 2001 d 2003 (b

ce t the taxa t importa at year

Taxa Percentage contribution 
 2001 2002 2003 

Lumbrineridae 14.62 .27 12   6.19 
Spionidae 12.61 .75 

12.28 .19 
   8.86  

ae   4.58   6.66 
    6.96 

 13 19.91 
Nephtyidae 

idea
18   6.46 

Gammar
apitellid

 
C
Sabellidae 

  8.17 

Ampharetidae     5.95 
 
 
The highest dissimilarity was between 2001 and 2003 and the lowest between 2002 and 

Table 4.3  average contribution to dissimilarity, 2003 ( ).  Seven principal taxa (using i ) 
ontributed to the diss ities e sampling year 2001 and 002 (Table 4.5).  

ipal taxa co  to th mpling years 2001 and 2003 
 contributed imilari een 20 d 2003 le 4.6 an e 4.7).  

 famil idae h highest average contribution to the overall 
r all co ns (

δ >2
c imilar between th s 2
Nine princ ntributed e dissimilarities between sa
while seven  to diss ties betw 02 an  (Tab d Tabl
The polychaete y Spion ad the 
dissimilarity fo mpariso iδ 0).  In trast, a er taxon roups 

s than the dis  year comparison. The ratio 
the prin a were 

 > 10.0  con ll oth omic g
contributed le

at 
s 10% to 

ci
similarities between each

indicated th
 

pal tax generally good discriminating taxa. 
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Table 4.5.  Principal taxa contributing to differences between sampling year 2001 and 2002, average 

abundance across sites within the years 2001 and 2002, and the contribution ( iδ ) of the ith 

taxa to the average Bray-Curtis dissimilarity ( iδ ) between the two years. 

Taxa Average abundance Ratio Cumulative % 

 2001       2002 
iδ  

  
Spionidae 931.07 875.53 14.93 0.97 24.63 
Lumbrineridae 356.99 377.07 5.00 1.51 32.88 
Nephtyidae  165.53 391.03 4.32 1.41 40.01 
Capitellidae 105.15 230.97 3.00 1.19 44.95 
Bivalvia 64.71 246.01 2.99 0.55 49.88 
Cirratulidae 66.82 193.37 2.67 1.13 54.29 
Eunicidae 92.19 158.99 2.33 1.05 58.15 
 

Table 4.6. Principal taxa contributing to differences between sampling year 2001 and 2003, average 

abundance across sites within the years 2001 and 2003, and the contribution ( iδ ) of the ith 

taxa to the average Bray-Curtis dissimilarity ( iδ ) between the two years. 

Taxa Average abundance Ratio Cumulative % 

 2001       2003 
iδ  

  
Spionidae 931.07 2553.58 18.82 1.12 27.70 
Sabellidae 55.97 398.82 3.73 1.34 33.19 
Lumbrineridae 356.99 428.73 3.53 1.30 38.39 
Ampharetidae 41.54 348.97 3.51 1.17 43.55 
Gammaridea 116.08 356.73 2.93 0.89 47.87 
Phoronida 11.58 291.36 2.75 1.28 51.91 

apitellidae 105.15 331.24 2.67 1.43 55.85 C
Terebellidae 26.10 289.15 2.63 1.55 59.72 
Bivalvia 64.71 238.19 2.03 0.93 62.71 
 
Table 4.7. Principal taxa contributing to differences between sampling year 2002 and 2003, average 

abundance across sites within the years 2002 and 2003, and the contribution ( i ) of the ith 

taxa to the average Bray-Curtis dissimilarity (

δ
iδ ) between the two years. 

Taxa Average abundance Ratio Cumulative % 

 2002       2003 
iδ  

  
Spionidae 875.53 2553.58 16.07 1.00 27.90 
Sabellidae 95.61 398.82 2.88 1.29 32.90 
Lumbrineridae 377.07 428.73 2.75 1.31 37.67 
Bivalvia 246.01 238.19 2.53 0.78 42.06 
Ampharetidae 128.91 348.97 2.51 1.07 46.42 
Gammaridea 150.40 356.73 2.47 0.90 50.70 
Phoronida 27.93 291.36 2.24 1.26 54.60 
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he analysis of infaunal assemblages presented here shows that in none of the years studied 
ve a detectable localised impact on the environment 150 m outside of 

e lease boundaries. 

The sam
its asso  year, however, the large dataset collected over 

indicate
mean a
attribut
three y ed below.  The decrease in mean number of taxonomic 

2002 an
do hav  
analyse ot 

differen urther discussed below.  

same ti
importa n a meta-analysis – it is 

Bottom
there is o years. 

From t
to the s in 

 
The sig
the mu such as inter-annual variability.  However, 

indicate
principa
time.  T  dominant taxa contributing over 20% to 

Spionid
environ
opposed to control sites within the tuna farming region, it is impossible to determine if 

natural 
monito
sampling program.  Care will have to be take
however, to ensure that they are far enough from the farming zone not to be impacted by 

4.4 Discussion 
 
T
did tuna farming ha
th
 

pling for TEMP was designed for compliance monitoring for each lease area and 
ciated control sites within a farming

three years from the same region allowed an integrated analysis to potentially examine 
broad-scale changes in infaunal assemblages.  The results from the integrated analyses 

d that the differences observed were most clear between years.  The increase in 
bundance for the different compliance and control sites from 2001 to 2003 may be 
ed to the shift in community structure with large increases in principle taxa over the 
ears, as further discuss

groups from 2001 may be due to different sampling gear used (grab in 2001 versus corer in 
d 2003).  Somerfield and Clarke (1997) showed that different methods of sampling 
e biasing effects but significant differences were only detected by multivariate 
s. However, the shift in community structure for each of the methods used did n

have a strong or ecologically meaningful explanation.  Yet another study (Jensen 1981) 
showed that a core sampler gave higher abundance and diversity, suggesting that the 

ces seen in this study over the three years may be real as f
Unfortunately, it has not been possible to locate other data sets from the area over the 

me period that have used a consistent sampling technique.  This highlights an 
nt drawback of using data sets collected for other reasons i

not always possible to distinguish differences over time from differences in sampling 
techniques.  However, the comparison between data from 2002 and 2003, where the HAPS 

 Corer was used, does not have this problem of different sampling gear.  Therefore 
 more confidence in the comparison of data from 2001 with the other tw

 
he multivariate analysis, the main patterns of variability seen appeared to be related 
geographical location of the sites for each year, which was especially obviou

2001.  This trend was less obvious in 2002 and 2003, possibly due to some inshore farms 
having moved further offshore, so most of the sites were within the offshore classification. 

nificant shift in community structure between the three years sampled as shown by 
ltivariate analysis could be due to factors 

it may also be due in part to the movement of the lease sites further offshore, as Figure 4.5 
s that there is an inshore-offshore gradient in the infaunal assemblage. The 
l taxa contributing to the dissimilarities between years have mostly increased with 
he polychaete family Spionidae was the

dissimilarities between years with a 46% increase in average abundance from 2001 to 2003.  
The increase in species more tolerant of organic enrichment, such as some species of 

ae and Capitellidae, could indicate that changes are occurring in the general 
ment within the tuna farming zones.  Without samples from control regions, as 

these inter-annual changes are only occurring in the tuna farming zone, and hence 
potentially related to tuna farming, or if they are occurring on a wider scale related to 

variation.  If the TEMP data are to be used for regional-scale environmental 
ring in the future, it is important that these regional controls be added to the 

n in the selection of regional control sites, 
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any regional effects, but close enough and in similar habitats to ensure that natural variation 
blages at these sites is consistent with the natural variation in the farming zone. in assem
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Chapter 5  The interactions between seabirds and tuna farms near 
Port Lincoln 
 
Shelley Harrison 
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ajor factor in the increase in some seabirds, despite there being few available data.  
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5.1 Executive Summary 
 
Throughout the world, the interaction between seabirds and hu
controversial issue. It is evident that the abundance and distribution o
(n
disposal and fishery discards. Sim
m
 
This honours project was undertaken in 2003 to develop a preliminary understanding of 
the nature of the interactions that occur between seabirds and the tuna farms near Port 
Lincoln, and to try to assess the consequences of these interactions. Three main areas were 
researched: 
 

1. The economic effect of seabird scavenging on the tuna industry. 
 
2. The effects of aquaculture on seabird populations and breeding biology. 

 
3. Social and ecological implications of seabirds displaced from tuna farms. 

 
It was found that the practices used in 2003 on the study farms to distribute tuna feed 
resulted in 2.3% of baitfish and 1% of pellet feed
baitfish were consumed by silver gulls, but pe
silver gulls and Pacific gulls. Feeding fro
of baitfish feed by seabirds while pneumatically distributed baitfish were the most 
consumed. Shovelling baitfish also resulted in a substantial amo
c
 
An increased clut
been noted at sites near to Port Lincoln, compared to a control site. This increase in 
reproductive output has resulted in the number of breeding silver gulls in the Port Lincoln 
area increasing since 1999. This apparently inflated population lead
nvironmental problems in Port Lincoln when all the tuna have been he

tuna season ends in October each year. 
 
The results suggest that the silver gull population around Port Lincoln has sharply 
increased, and that it may depend on the large quantity baitfish that are supplied to farmed 
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tuna. Further research is required to confirm and clarify the links between tuna farming and 
seagull numbers, and to assess other feeding techniques used on the tuna farms and their 
effectiveness in reducing scavenging by seabirds. The potential impact of silver gulls on 
other birds is an important ecological issue that requires further research.  
 

5.2 Commonly Used Abbreviations 
ABBBS: Australian Bat and Bird Banding Scheme 

NPWS: National Parks and Wildlife Service South Australia 

SARDI: South Australian Research and Development Institute 

PIRSA: Primary Industries and Resources South Australia 

BOASA: Tuna Boat Owners Association of South Australia 

mporally unpredictable 

uman exploitation of marine resources has provided an increasing opportunity for some 
that would otherwise be unavailable to them 

). The aquaculture of fish in ponds and seacages and the thousands of 
nnes of fisheries bycatch and offal discarded each year by the fishing industry, provide 

ultured fish species in ponds, raceways, tanks and 

 feeding of cultured fish by scavenging their food or by 

LMSC: Lincoln Marine Science Centre, Port Lincoln 

SBT: Southern Bluefin Tuna 

Tuna: Southern Bluefin Tuna 

T

 
5.3 General Introduction 
 
5.3.1 Overview 

The availability of ‘natural’ food for many seabirds is spatially and te
(Bertelloti et al., 2001). In contrast, food sources of human origin such as from waste tips, 
fisheries discards and aquaculture facilities usually offer resources that are relatively 
abundant and predictable in space and time (Bertellotti et al., 2001; Furness, 1996; Oro, 
1999). The availability and abundance of these resources has been associated with an 
increase in many bird populations that utilise these resources (Bosch et al., 1994).  
 
H
seabirds to take advantage of resources 
(Furness et al., 1988
to
easily accessible high quality food to many seabirds.  
 
5.3.2 Bird-Aquaculture Interactions 

The interactions between birds and aquaculture is a long standing controversial issue. 
There are three main problem areas associated with this interaction: 
 

• Birds directly predating c
seacages. 

• Birds interfering with the
stressing them so they will not eat. 

• Birds may transmit or transport diseases between ponds or farms. 
 
A major concern throughout the world is the widespread, and economically important 
predation of aquaculture stock by birds (Carss, 1993; Furness, 1996; Galbraith, 1992; Glahn 
et al., 1999; Price & Nickum, 1995). This is mainly a problem with large inland farms with a 
high density of stocked fish that are highly visible from the air and hence attractive to birds 
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(Price & Nickum, 1995). These farms usually culture trout, salmon, baitfish, catfish and 
crayfish of a variety of sizes which means that appropriately sized prey are potentially 

ailable to birds year round (Glahn et al., 1999). Cormorants, egrets, herons and 
d pelicans, are the main problem. These birds 

$10,000 per farm per year (Glahn et al., 1999) to an 

y eider ducks and scoters (Galbraith, 1992), and salmon are taken from seacages by 

s and Fisheries Discards  

av
kingfishers, and to some extent grackles an
an cause major losses ranging from USc

estimated US$6.6 million per year for the Louisiana crawfish industry (Price & Nickum, 
1995). In Europe, damage and losses from birds is estimated at 10-60% of production 
costs (Price & Nickum, 1995). In many cases, birds take sick fish swimming near the 
surface and the use of predator nets over the top of the ponds limits bird predation to the 
moribund fish at the surface (Carss, 1993). In these cases, it is difficult to determine the 
actual loss because the fish were going to die anyway. 
 
Birds also have an impact on marine aquaculture. At mussel farms the mussels may be 
aken bt

gulls, herons, osprey and bald eagles (Carss, 1993; Furness, 1996; Price & Nickum 1995). 
However, bird predation is much greater at inland farms than coastal farms, with, for 
example, many more salmon being taken by marine mammals than birds (Furness, 1996). 
 
The loss of aquaculture feeds to scavenging birds is well known though little researched. In 
Europe, swans, coots, and ducks, especially mallards, compete directly for food pellets 
intended for fish (Price & Nickum, 1995). In Scotland, gulls tear open bags of pellets at 
salmon farms and feed on the spilled food (Furness, 1996). However, compared to losses 
through bird predation the loss of pelleted feed is a minor problem, so it is not considered 
an important part of bird-aquaculture interactions (Furness, 1996).  
 
The interactions of birds with aquaculture at the tuna farms near Port Lincoln are very 
different from the studies discussed above. Seabirds are not predating the cultured fish but 
scavenging the fish-feed, which is mainly baitfish, not pellets as in other studies. Therefore, 
previous research sheds little light on what might occur on tuna farms at Port Lincoln, 
although studies of seabirds scavenging on fisheries discards may well be relevant. 
 
.3.3 Seabird5

5.3.3.1 Relevance 
 
Seabirds feed on bycatch and offal discarded from bottom trawlers, purse-seiners, 
longliners, demersal trawlers and shrimp trawlers all over the world. Some of these fish and 
invertebrates are too small to be commercially exploited, below the official minimum 
landing size, a species of no demand, or are caught in excess of the fishing quota and are 
discarded (Garthe et al., 1996). These discarded fish must be sorted, which takes time, and 
hence many moribund and damaged fish float around the fishing boats and are taken by 
seabirds (Walter & Becker, 1997).  
 
5.3.3.2 The Seabirds Involved 
 
The seabirds able to exploit the activities of commercial fishing boats are coastal or pelagic 
and opportunistic scavengers, many incapable of diving to the seabed. They include many 
species of gulls, but also skuas, gannets, kittiwakes, terns, cormorants, albatrosses, petrels 
and fulmars (Blaber et al., 1995; Furness et al., 1988; Garthe et al., 1996; Huppop & Wurm, 
2000; Oro, 1996). Gulls are usually the main birds utilizing fisheries discards and are the 
most dependent on these discards, due to their opportunistic and scavenging nature 

  



 155

(Garthe et al., 1996; Huppop & Wurm, 2000; Martinez-Abrain et al., 2002; Walter & Becker, 

ain et al., 2002), and most of these 
p to six hours (Blaber et al., 

g taken in the largest 

he large amounts of fisheries discards can potentially support extremely large numbers of 

f a current trawling moratorium is continued 
r many years, this species may once again be threatened. In the North Sea, there are 1.4-

1997). 
 

5.3.3.3 What Do Seabirds Consume? 
 
The exploitation of commercial fisheries by scavenging seabirds has been well researched, 
showing that fish discards are usually the main foraging resource for some seabird 
populations (Gonzalez-Solis, 1997). The discards from commercial fisheries usually 
comprise several species of roundfish, flatfish, elasmobranchs, benthic invertebrates and 
fish offal (Garthe et al., 1996). However, small fish are usually the main discards, being at 

ast 60% of the discards in most fisheries (Martinez-Abrle
float and are available to birds and other marine animals for u
1995). 
 
The importance of fisheries discards in the diet varies between species and season. The 
proportion of discards consumed by seabirds ranges from 39% in the North Sea (Garthe et 
al., 1996) to 72% in the western Mediterranean Sea (Martinez-Abrain et al., 2002). The birds 
have to compete amongst themselves, as well as with fish and sea mammals also feeding on 
the discards (Blaber et al., 1995). The proportion of discards in the diet of seabirds can 
range from 20% for crested terns on the Great Barrier Reef (Blaber et al., 1995) to 73% for 
Audouin’s gull in the western Mediterranean (Oro, 1997), and 100% for some gulls in the 
North Sea (Huppop & Wurm, 2000). Garthe et al. (1996) documented that seabirds 
consumed 39% of the discards available, with roundfish and offal bein
proportion. Many other studies have also documented that roundfish are more attractive to 
seabirds than flatfish and have claimed this is due to the difference in handling time 
(Bertelloti & Yorio, 2000; Furness et al., 1988; Garthe et al., 1996; Martinez-Abrain et al., 
2002). Discard experiments have shown that seabirds select discards according to the 
length or width of the discard component and therefore how easy they are to handle and 
swallow (Walter & Becker, 1997). The shorter the handling time, the more attractive the 
fish, and roundfish were found to require the least handling time for most seabirds (Garthe 
et al., 1996). 
 
5.3.3.4 Are Inflated Seabird Populations Dependent on Fisheries Discards? 

T
seabirds, because large proportions of the discards are eaten by seabirds and some birds 
rely heavily on them due to their abundance and predictability in space and time (Oro et al., 
1999). In the British Isles, the numbers of all scavenging seabirds have increased over the 
last century. This has been attributed to the availability of fisheries discards, and those 
species that are the most competitive at fishing boats seem to be increasing most rapidly 
(Furness et al., 1988). Audouin’s gull was threatened 22 years ago, with only a few pairs left 
in the Ebro Delta. These few pairs had increased to 10,000 pairs in 1994 (70% of the 
worlds population) and this was attributed to the availability of trawler discards for food 
(Oro et al, 1996). These authors suggest that i
fo
3.4 million seabirds in winter and 3-6 million in autumn; scavengers accounting for 66% in 
summer and 52% in winter (Garthe et al., 1996). In this area, sufficient fisheries waste is 
available to satisfy the energy demands of all scavenging species and could potentially 
support 5.9 million birds (Walter & Becker, 1997). The mass of fisheries waste taken by 
birds in the North Sea area more than equals the 250,000 tonnes of live fish calculated to 
be consumed by all birds in the North Sea (Garthe et al., 1996). 
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The availability of fisheries discards can affect scavenging seabird population dynamics 
through improved breeding success, decreasing mortality and increasing recruitment. An 
abundance of good quality feed can result in increased clutch size, egg weight and volume, 
hatching success, chick survival and fledging success (Annett & Pierotti, 1989; 1999). This 
inevitably results in an increase in population size of opportunistic and scavenging seabirds, 

ch as gulls, which in urban areas can cause management and health problems. These 

a feed. Thirdly, the tuna are fed mainly baitfish (one company fed pellets 
uring the course of the study). Finally, there are obvious differences in the species of birds 

Published results indicate terrestrial and diving birds are the main 
roblem, but gulls are the main problem around Port Lincoln. 

 the species found feeding at the finfish seacages in Port 
 the same species. Crested terns (Sterna bergii) and silver gulls (Larus 

tralian waters (Blaber et al., 
e Port Lincoln tuna farms are opportunistic seabirds 

 have also been observed at 
 gull is perceived to be the 

year and they are 
itable 

acages are not moved during the tuna season 

ustry as tuna feed costs about $650-1,800 a tonne, 

 most (nearly all) of the silver gull breeding season 
le 

cormorants, crested terns, Pacific gulls (Larus Pacificus) and short-tailed shearwaters (Puffinus 
tenuirostris). Conversations with farm managers indicated that they perceive silver gulls to be 

su
problems include aircraft and traffic strikes, human health issues (through faecal 
contamination of water), ecological issues (competition for nesting sites, predation and 
kleptoparasitism) and nuisance issues (defecation on public property, harassment for food 
etc) (Belant, 1997; Smith, 1995; Smith and Carlile, 1993) 
 
5.4 Relevance to Port Lincoln Tuna Farms 
 
As discussed above, the interactions between seabirds and finfish aquaculture operations 
near Port Lincoln are unlike most of the reported interactions for birds on aquaculture 
farms. Firstly, the majority of documented interactions occur on land-based aquaculture 
farms, whereas tuna are farmed in seacages. Secondly, previously studied birds at inland 
ponds and seacages feed on the fish cultured in the ponds, while seabirds at the tuna farms 
consume the tun
d
that are problematic. 
p
 
The fisheries discards literature is most applicable to tuna farms because in both cases, 
boats are throwing out large quantities of fish that float or sink slowly, and hence are easily 
accessible to seabirds and are of a size preferred by seabirds.  Seabirds reported to feed and 
ely on discards are similar tor

Lincoln and some are
novaehollandiae) have been observed feeding on discards in Aus
1995; Wood, 1991). The seabirds at th
including gulls, terns and cormorants, but petrels and gannets
the seacages (Farlam, unpublished data). However, the silver
main problem in terms of consumption of baitfish. 
 
Approximately 50,000 tonnes of baitfish are fed to the tuna per 
potentially very attractive as food for seabirds because they are roundfish of a size su
to many local seabirds. It is unknown what quantity of the baitfish they consume, but it 
could be high because baitfish, being frozen and often with inflated swim bladders, either 
float or sink slowly (Brothers, 1995). The se
and hence this feed source is highly predictable and within the natural foraging area of local 
seabirds. Thus seabirds could consume a large amount of tuna feed, which could result in a 
substantial economic loss to the ind
depending on whether it is baitfish or pellets. 
 
The availability of the baitfish fed to the tuna has the potential to have some impact on the 
population dynamics of the seabirds in the area. The tuna farming season (February-
September/October) coincides with
(April-November), and parts of the breeding season of black-faced, pied and litt
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the main bird species that consumes baitfish. The availability of much high-quality, high-
protein baitfish, before and during most of the silver gull breeding season has the potential 

te could also potentially increase 
e population, as the feed is available to support them over most of the year. 

he silver gull population around Port Lincoln has increased from 3,300 breeding pairs in 
999 to 5,100 in 2000 (Farlam, unpublished data). This population growth could be linked 

to the availability of tuna feed, among other things, and if so, this population may come to 
rely on tuna feed as its main food source. This is potentially a major environmental and 
ecological problem because the tuna feed is only available from February to 
September/October. By October in most years, the tuna have all been harvested and 
foraging seabirds (mainly silver gulls) have to either forage for natural food, or move to 
Port Lincoln in search of other food. There are problems with both these choices. The 
tuna season ends in spring or early summer when most birds are breeding and silver gulls 
foraging for natural food are likely to have a considerable impact on eggs and chicks, 
especially of vulnerable seabirds such as little terns (Sterna albifrons). An influx of gulls into 
Port Lincoln causes management, health and nuisance problems, and is unpopular with the 
general public.  
 
5.5 Project Aims 
 
5.5.1 General Aims 

The objective of this project was to investigate the interactions between seabirds and the 
southern bluefin tuna farms near Port Lincoln, to identify the problems and their scale, and 
to suggest potential solutions. 
 
5.5.2 Specific Aims 

The specific aims of this project are:  

• To determine which species of seabird are of concern. 

• To determine the proportion of tuna feed consumed by seabirds. 

• To assess any preference by seabirds for baitfish or pellet feed. 

• To determine which species of seabird consumed the most feed of each type. 

• To assess how different feeding methods influence scavenging and hence find a 

 

 
and pellet farms. 

he reproductive output of silver gulls has increased due to 
the availability of tuna feed. 

to support a large silver gull population and to increase it through increased female body 
condition, egg size, clutch size, chick size, chick survival and fledging success. Recruitment 

f individuals from other silver gull colonies around the stao
th
 
T
1

‘best practice’ for tuna farmers. 

or

• T

• To determine if there is any seasonal or spatial patterns in either feed consumption
 seabird numbers at farms. 

o determine how much tuna feed was consumed by the seabirds at both baitfish

• To determine whether t

• To assess changes in the population size of silver gulls in Port Lincoln over time. 
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 differences in the timing of breeding for silver gulls around Port 
Lincoln and at a reference site away from tuna farms. 

• To determine any

• To assess whether the number of silver gulls increased around the town of Port 
Lincoln during, and near the end of, tuna harvest. 

 
5.6 General Methods 
 
 

 

ver gull breeding colonies are situated (red ovals with red letters: R= Rabbit Island, 
D= Donington Island, S= Sibsey Island and W= Winceby Island) (map obtained from 
PIRSA Aquaculture). 

 

Figure 5.1:  A map of the waters off Port Lincoln where the tuna leases (red rectangles) and the 
sil

 
5.6.1 Counting The Seabirds 

The numbers of each seabird species at the tuna farms, the islands and the mainland was 
required for each part of the study. Seabird numbers were either directly counted or 
estimated. 
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5.6.1.1 Direct Counting 
 
When there were few seabirds present or they were stationary for a prolonged period they 
were counted using a hand held counter.  
 
5.6.1.2 Estimation 

When there were many seabirds (such as at the refuse depot) or they were very mobile 
(such as feeding at tuna cages) their numbers were estimated. The number of birds in a 
manageable proportion of the flock was counted and this count could then be extrapolated 
to the whole flock to obtain a good estimate of the total number. Estimates were checked 
by counting the number of seabirds in digital photographs and it was found that with 
practice the estimate was within about 5% of the actual number of birds in the flock. 
 
5.6.2 Bird Banding 

Breeding silver gulls (300) were individually banded at the main breeding colony on Sibsey 
re 5.1) to assess whether these birds were accessing the study 

rms and whether they foraged in Port Lincoln after the tuna season had finished. 

 clap net or book net (designed by Mike Young ex NPWS; Davis, 1981) was set up near 
e eastern outer perimeter of the breeding colony. These traps are most effective when the 

area is pre-baited for several days, but this was not possible because of time and 
accessibility constraints. The trap consists of a 10m x 4m net powered by shock cords that 

Figure 5.2). The trap was 
 pulled by someone hidden from the birds. 

itfish and once enough were present, the trap 

 a bander. Each gull was 
 

c colour bands so they could be identified at 
n the left leg to 

ination of the two coloured 

mber and at a distance by its 

lour combination, life stage 
anded gull. The banding was 

(Jeremy Robertson, ABBBS permit number 
cs approval from Flinders 

Island on July 1-3, 2003 (Figu
fa
 
A
th

when released carried the net over birds in the trapping area (
released using a 50 m trigger string that was
Gulls were attracted to the trap area with ba
was triggered, trapping the birds (Figure 5.3). 
 
Trapped gulls were retrieved one at a time and handed to
permanently marked with a size 8 stainless steel band on the left leg using banding pliers.
Gulls were also individually marked with plasti
a distance. A location code colour was place above the stainless steel band o
indicate these gulls were banded on Sibsey Island. A comb
bands on the right leg individually identified each gull. Thus, each banded gull could be 
individually identified in the hand by its stainless steel band nu
combination of colour bands. 
 
All the information including stainless steel band number, co
(adult or juvenile), and date banded were recorded for each b
nder the supervision of a licensed bander 

2257) with a trapping permit issued by NPWS and ethi
u

University. 
 



 160

 
Figure 5.2:The set book net trap. 

 

 
 

 
 

Figure 5.3: 

  

 
5.7 
 

 for 

ormed, a non-
eans 

 

The book net trap after it had been triggered with silver gulls underneath it. 

Statistical Analysis 

Data were analysed with SPSS and Microsoft Excel. All data were examined
homogeneity and normality, and if the data were not found to be either, suitable 
transformations were made. If the data could not be suitably transf
parametric test was used.  A one-way ANOVA was used for comparisons of the m
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between several independent groups, and a Mann-Whitney U Test for non-parametric data 
such as percentages. Bonferroni post hoc tests were performed to analyse multiple 
comparisons. Two-way ANOVA was used to analyse the multi-factor observational data. 
Differences between means were considered to be significant at α=0.05.  While time of day 
could have important implications for the number of birds present, it was not considered 
in the analyses, thus increasing the variability and decreasing the power of the tests.   
 
The boxplots, show the data as box and lines that represent the range. The lower edge of 
the box represents the lower quartile and the upper edge the upper quartile such that 50% 
of the data lies in the box, the horizontal line represents the sample median.  
 
5.8 Seabirds at the Tuna Farms 
 
5.8.1 Introduction 

Although it is well known that seabirds scavenge feed at aquaculture farms (Furness, 1996; 
Glahn et al., 1999; Price & Nickum, 1995) this is the first study of their behaviour at tuna 

cavenging behaviour and success rate of the seabirds 
eed to the tuna and with the type of food.  

Methods of Feeding Employed at the study farm 

taff at the study farm fed eight of their seacages with baitfish and six with pellets in 2003. 
una were fed twice a day and each feed boat distributed either baitfish or pellets, but 
rely both. They distributed approximately half of the baitfish into the tuna cages by 
ovelling (Figure 5.4) and the other half as enclosed floating frozen blocks (~25kg each) 
at slowly thaw releasing baitfish underwater (Figure 5.5). The pellets were either 
ovelled or distributed pneumatically, however, my observations only included baitfish 
d pneumatically distributed pellets. The pellets were placed into a hopper, then sucked 

om the hopper, through an upright PVC pipe that is moved from side to side to 
istribute the pellets evenly (Figure 5.6). In addition, in one experimental seacage, tuna 
ere mainly pneumatically fed pellets, but also had a small amount of pneumatically 
elivered baitfish. Therefore, the pneumatic distribution of baitfish was also observed, 
ough this is not common practice in the tuna industry. 

farms. It seemed likely that the s
would vary with the method of delivering f
 
 
 
5.8.1.1 
 
S
T
ra
sh
th
sh
an
fr
d
w
d
th
 
 
 
 



 162

 

.4:  Distributing baitfish by shovelling. 

 

Figure 5

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 5.5: Distributing baitfish by enclosed frozen blocks in a feed cage. Note the blocks are 
inaccessible from above. 
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VC pipe that evenly distributes pelFigure 5.6: The P lets to tuna seacages. 
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5.8.2 Materials And Methods 

5.8.2.1 Observations 
There were two types of observations made on the tuna farms; the number of individual 

ieces of feed taken by each seabird species (per shovel load or during a one minute p
observation) and the numbers of each species of seabird present at the farm. 
 
5.8.2.1.1Seabird Numbers 
 
eabird numbS ers were recorded each time I visited baitfish and pellet fed seacages. Seabirds 

were counted inside and outside the seacages, where inside was defined as any bird 
hovering above the cage, sitting on the water within the cage or swooping and feeding in 
the seacage. Those counted as outside were defined as any settled seabird within 100-200 m 
of the seacage.  
 
Feed Method Date Observed 
Shovelled Baitfish 22/5/03, 29/5/03, 19/6/03, 17/7/03, 

14/8/03 
Frozen Block 29/5/03, 19/6/03, 17/7/03 
Pellet 24/6/03, 10/7/03, 14/8/03 
Pneumatic Baitfish 24/6/03, 10/7/03 
 
5.8.2.1.2 Amount of Feed Consumed by Seabirds 
 
For shovelled baitfish, the amount consumed by seabirds was estimated by recording the 
number of baitfish consumed by each species for randomly selected shovelling events. The 
number of shovel loads required to feed out the total weight of baitfish was recorded for 
ach seacage, as was the weight of shovelled baitfish distributed to the farms. The number 

a shovel load was also recorded, by randomly collecting a shovel load and 
ounting the number of baitfish per shovel load. This counting of baitfish in shovel loads 

age was 30-70 and the average number of 
baitfish taken per cage was calculated from these observations. Between three and eight 

es per day. 

bird for 
llets 
ed. 

ese observations. Three to eight cages were 

ds for the frozen block methods was also 
stimated using the number of baitfish consumed by each seabird species during one 

n block placed into each cage was also recorded. The 

als, the observations 

e
of baitfish in 
c
was performed three to five times for each cage observed during this study. The number of 
random shovelling events counted per seac

cages were observed per day, and each cage was fed between 1 and 3 tim
 
For pneumatically distributed pellets and baitfish, the amount consumed was estimated by 
recording the number of pellets or baitfish scavenged by each species of sea
randomly selected one minute intervals. The amount of time it took to feed out the pe
or baitfish and the weight of each feed type distributed to the seacage were also record
Approximately 3 one minute intervals were observed per cage, with an average number of 
baitfish taken per minute calculated from th
observed per day. 
 
The number of baitfish consumed by seabir
e
minute intervals. The weight of froze
number of one minute intervals observed for each cage with this feeding method was one 
to three. Six to eight cages were observed for 1-3 one-minute interv
being repeated once per day. 
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In order to estimate the total weight of either baitfish or pellets that were consumed by 
ge 

ical of the feed type 
sed throughout the study, which is probably true for manufactured pellets, but may not be 

ich can vary in size and species throughout the farming season. 

quartiles), with the median indicated by a 
lid line.  The whiskers indicate the entire range of the data. 

5.8.2.2 Other Seabird Species 
 
Several seabird species other than those described in the results were observed in the study 
tuna lease. These inc black-faced co ants, pied corm ts, skuas, Australian 
gannets and giant petrels. However, these species were never observed taking any tuna feed 
and their numbe ant. Both ies of cormora ere occasionally seen 
inside tuna cages, however, they were never observed consuming tuna feed, though I was 

serve whether they were feeding underwater. 

• To determine how much tuna feed was consumed by the seabirds at both baitfish 
and pellet farms. 

• To assess any preference by seabirds for baitfish or pellet feed. 

• To determine what species of seabird consume the most feed of each type. 

• To determine the number of seabirds of each species at the tuna seacages. 

• To assess different feeding methods and find a ‘best practice’ for tuna farmers. 

• To determine if there is any seasonal or spatial patterns in both feed consumption 
and seabird numbers at the seacages. 

• To determine if there is any variation between cages in both feed consumption or 
seabird numbers. 

 
5.8.2.4 Hypotheses To Be Tested 

• M

seabirds, two samples of 200 pellets and 300 baitfish were weighed, to get an avera
weight for each feed type.  This assumes that these samples are typ
u
for baitfish, wh
 
From these data, the total weight of each feed type consumed for each seacage could be 
estimated. This could also be compared to the total amount of feed distributed at the 
seacages to calculate for each feed type the percentage consumed by all seabirds and for 
each species. 
 
It was necessary to calculate both the weight and percentage of feed consumed by seabirds 
because tuna require more baitfish than pellets to obtain the same growth (PIRSA, 2000). 
The weight of feed distributed by each method also differed, so the percentage of the total 
feed that was consumed was the only common ground.  
 
Data here and in other sections are presented as box and whisker plots.  The main box 
epresents 50% of the data values (1st and 3rd r

so
 

luded rmor oran

rs w ificere insign  spec nts w

unable to ob
 
5.8.2.3 Aims 
 

• Silver gulls are the most abundant seabirds at the tuna farms. 

ore baitfish are consumed than pellets. 
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• Seabirds will consume fewer baitfish from frozen blocks. 

• Silver gulls will consume more tuna feed than other seabirds. 

 
5.8.3 Results 

5.8.3.1 Consumption of Feed at Baitfish vs. Pellet Cages  
The aim of these surveys was to assess the amount of feed consumed by all seabirds 
present at seacages feeding tuna with either shovelled baitfish, pneumatically delivered 
pellets or baitfish, or frozen blocks of baitfish.  
 

 

Feed consumed by seabirds at tuna seacages was expressed in two ways: (1) the calculated 
weight consumed (kg) and (2) the percentage of total feed consumed by birds. Both 
approaches were used because more baitfish were fed to the tuna than pellet feed due to 
the higher food conversion ratio of baitfish (i.e. baitfish are ~ 70% water, whereas pellets 
are ~40% water). Table 5.1 summarises the mean percentage of total feed consumed by 
seabirds and clearly much more baitfish was consumed than pellets. This difference was 
found to be statistically significant (Figure 5.7).  
 
Table 5.1: Descriptive statistics for percentage of feed consumed by seabirds at pellet and baitfish 

fed tuna seacages. 
 

% of Feed 
Consumed 

Baitfish Cages  Pellet Cages 

Mean 2.28 0.97 
Median 1.98 0.77 

Standard Deviation 1.40 0.73 
Maximum  5.12 2.60 
Minimum 0.23 0.01 

N 21 24 
 
Seabirds also consumed a much higher average weight of baitfish than pellets, which was 
found to be statistically significant (Figure 5.8).  
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: A comparison of average percent of baitfish (50:50 shovelled:frozen) and pelletsFigure 5.7  
consumed by all seabirds at the subject tuna seacages (F1, 34 = 13.7, p<0.001).  
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Figure 5.8: A comparison of the average weight (in kg) of baitfish (50:50 shovelled:frozen) and 

pellets consumed by all seabirds at the subject tuna seacages (F1, 34 = 39.7, p<0.001). 

 
5.8.3.1.1 

The aim  
consumed e 

on 
ay (

Consumption of Different Feed Types by Seabirds 

amount of feed taken by each bird species for the feed types delivered the most comm
ed and frozen baitfish and pneumatically delivered pellets) on the study farms.  

 
of these observations was to determine the proportion of baitfish and pellets
 by the different species of seabirds. This was examined by determining th

w shovell
 
 

0
SG PG CT SS

Species

O
ve

ra
ll 

pe
rc

en
t o

f f
ee

d 
co

ns
um

ed

1.5

2

2.5

Baitfish
Pellets

0.5

1

 

Figure 5.9: Average percentage (± sd) of baitfish and pellets consumed by each seabird species at 
the subject tuna seacages over the whole season (SG= silver gull, PG= Pacific gull, CT= 
crested tern, SS= short-tailed shearwater) (All bird species F1, 23 = 3.87, p<0.05) (silver 
gulls only F1, 23 = 8.2, p<0.01). 
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Silver gulls consumed a significantly larger percentage and weight of baitfish than any of 
the other seabird species (Figure 5.9 and 5.10). They also consumed a significantly larger 
proportion of baitfish feed than pellet feed. Pacific gulls consumed the second largest 
amount of tuna feed but they consumed a larger proportion of pellets than baitfish. Short-
tailed shearwaters and crested terns consumed a small proportion of baitfish, however, 
crested terns did not consume any pellet feed and consumed an extremely small proportion 
of baitfish (Figure 5.9 and 5.10). 
 
 

0
5

10
15
20
25
30
35
40
45

SG PG CT SS

Species

W
ei

gh
t o

f F
ee

d 
C

on
su

m
ed

 (k
g)

Baitfish Farms
Pellet Farms

 

igure 5.10: Average (± sd) weight (kg) of baitfish and pellets consumed by seabirds at the subject 
T= crested 

t ap e 
d at th

 

F
tuna seacages over the whole season (SG= silver gull, PG= Pacific gull, C
tern, SS= short-tailed shearwater) (All bird species F1, 23 = 1.31, NS) (silver gulls only F1, 

23 = 63.6, p<0.001). 

 
5.8.3.2  Preference for Baitfish or Pellets 

propriate data for comparing baitfish and pellets as different amounts of each wer
e seacage.  

 
The aim of this comparison was to assess whether the seabirds exhibited a preference for a 
feed type, when both baitfish and pellets were pneumatically distributed together. The 
mean percentage of feed distributed of both types that was consumed by the seabirds was 
much higher for the baitfish than for the pellets (Figure 5.1). These percentage data are the 
mos
fe
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: A comparison of the amount of feedFigure 5.11  (as % of the total) consumed by seabirds when the 
pneumatic feeding method was used to dispense baitfish and pellets (Mann-Whitney U; 

he aim of th  
the consumption of fee

 by seabirds.  
 

gure 5.2). No 
other pellet feeding meth  
to. 
 

p<0.05).  

 
 
 
5.8.3.3 Effect of Feed Distribution Method on Consumption by Seabirds 

is comparison was to determine the effect of different feeding methods on
d by seabirds. Comparing the different feeding methods will 

identify the most effective way of reducing or eliminating feed consumption

The percentage of feed consumed by seabirds varied considerably depending on the 
feeding method, with pneumatically distributed baitfish being the highest (11.56%), and 
frozen baitfish blocks being the lowest (0%). Shovelling baitfish had the second highest 
consumption (5.3%), followed by pneumatically distributed pellets (0.97%) (Fi

od was observed, so there is no other technique to compare this

T
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Figure 5.12: A comparison of the percentage of feed consumed by seabirds for different feeding 
techniques (F1, 57 = 92.37, p<0.001). 

 
5.8.3.4 

bird numbers at 

 

 

Seabird Numbers at Baitfish and Pellet Seacages 
The aim of this survey was to assess whether there was a difference in sea
the seacages fed either baitfish or pellets.  
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Figure 5.14: Mean (± sd) seabird numbers feeding at both baitfish and pellet cages for the season. 
(SG= silver gull, PG= Pacific gull, CT= crested tern, SS= short-tailed shearwater). 
Effect of feed type (F1, 1 = 4.2, p <0.05). Effect of species (F1, 3= 100.9, p <0.001).  

 
Silver gulls were the most abundant species at both types of seacages, both feeding inside 
the seacage and outside the seacage (Figure 5.). There was a slightly larger number of silver 
gulls observed feeding at baitfish seacages compared to pellet seacages (average 213 
compared to 204, Figure 5.14). However, silver gulls were more numerous outside pellet 
fed seacages (average 407) than baitfish-fed seacages (average 252) (Figure 5.15). Pacific 
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gulls were more numerous inside and outside pellet-fed seacages (average 9) than baitfish-
fed seacages (average 5). There were significantly more Pacific gulls outside pellet-fed 
seacages (average 70) than baitfish-fed seacages (average 37). Short-tailed shearwaters were 
rarely observed inside pellet-fed or baitfish-fed seacages (average 2), however, they were in 
significantly greater numbers outside both types of seacage (average 60-70). Crested tern 
numbers were extremely small both inside and outside at baitfish and pellet seacages. There 
was no statistical analysis on crested terns because of the small numbers.  
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Figure 5.15: Mean (± sd) seabird numbers outside baitfish and pellet seacages for the season. (SG= 
silver gull, PG= Pacific gull, CT= crested tern, SS= short-tailed shearwater). Effect of 
feed type (F1, 3 = 1.4, p = 0.255, NS). 
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5.8.3.5 Seasonal Differences  

The aim of these observations was to determine if there was a seasonal pattern in the fee
consumption or seabird numbers.  

5.8.3.5.1 Feed Consumption – Pellet Seacages 

The mean percentage of feed consumed at pellet seacages tended to increase ver the tu o
season (Figure 5.16), however, the mean weight of feed consumed did not (Figure 5.17). In
neither case were the differences statistically significant. 
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Figure 5.16: A comparison of the percentage of pellets consumed by seabirds at pellet fed seacages 

over the tuna season (F2, 21 = 3.2, p = 0.060, NS). 
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Figure 5.17: A comparison of the weight of pellets consumed by seabirds at pellet fed seacages over 

the tuna season (F2, 21 = 1.8, p = 0.19, NS). 
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Feed Consumption - Baitfish Seacages 

B mean percent and weight of feed consumed by seabirds did not chan
 over the season (Figure 5.18 & 5.19). si
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Figure 5.18: A comparison of the percentage of feed consumed by seabirds at baitfish seacages over 

the tuna season (F4, 16 = 0.62, p = 0.65, NS). 
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Figure 5.19: A comparison of the weight of baitfish consumed by seabirds at baitfish fed seacages 
over the tuna season (F4,16 = 0.96, p = 0.46, NS). 

 

 
5.8.3.5.3  

 

Number of Seabirds and their Spatial Distribution at the Tuna Seacages  
 
There was a rise in numbers of feeding silver gulls from May to mid-June, followed by a 
decline at the end of June. The numbers then rose again in mid-July, before decreasing at 
the end of July and plateauing from the end of July to mid-August. These changes were 
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found to be significant (Figure 5.0). Silver gull numbers outside the cages increased until 
early July, where they decreased in late July and then slightly increased to Augus

ers of silver gulls inside the cage over the season were significantly less than
numbers outside the cage over the season. 
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The number of Pacific gulls feeding inside the tuna seacages was relatively constant over 
the season (Figure 5.1). Pacific gull numbers outside the cages were highest in late May, 
then decreased in mid-June and then increased in early July and plateaued from mid-July 
onwards. There were significantly larger numbers of Pacific gulls outside the cage over the 
season than inside and feeding.   
 

 

Figure 5.20: Mean number (± sd) of silver gulls at the tuna seacages over the season. Comparison 
of feeding and outside gull numbers (F1, 1 = 16.2, p = <0.001). Effect of date (F  = 4.6, p 
<0.001). 
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Figure 5.21: Mean (± sd) number of Pacific gulls at the tuna seacages over the season. Comparison 
of feeding and outside gull numbers (F1, 6 = 0.0, p = 1.0, NS). Effect of date (F1, 6 = 5.05, 
p <0.001). 

 
Short-tailed shearwater numbers outside the cage were decreasing in late May, consistently 
low until mid-July, and then increased from mid-July onwards. They were always in very 
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low numbers inside the cage (Figure 5.22). However, there were insufficient data to analyse 
the differences statistically.  
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Figure 5.22: Mean (± sd) number of short-tailed shearwaters at the tuna seacages over the season. 

 
Crested tern numbers were consistently low both inside and outside the tuna seacages 
(Figure 5.23). There were insufficient data to analyse them statistically. 
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Figure 5.23: Mean (± sd) number of crested terns at the tuna seacages over the season. 
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5.8.3.6 Differences Between Seacages 

Baitfish - Amount of Feed Consumed 

ean percent and mean weight of baitfish consumed by seabirds varied by a 
 than 2 for baitfish fed seacages (Figure 5.24 & 5.25). Therefore, there was no

significant spatial difference in feed consumption for baitfish seacages. 
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Figure 5.24: A comparison of the percentage of baitfish consumed by seabirds at each baitfish-fed 
farm observed (F6, 14= 0.161, p = 0.652, NS). 
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A comparison of the weight of baitfish (Figure 5.25: kg) consumed by seabirds at each baitfish-fed 

farm observed (F6, 14= 1.3, p= 0.331, NS). 
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5.8.3.6.2 Pellets – Amount of Feed Consumed 
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Figure 5.26: A comparison of the percentage of pellets lost to seabirds at each pellet fed farm 
observed (F5, 18= 5.1, p <0.01). 

 
The average percentage of pellets consumed by seabirds was significantly different between 
the six pellet-fed seacages (Figure 5.26). Seacage 7 had the highest feed consumption and 
seacages 3 and 4 also had a relatively high percentage of feed taken. Seacages 2, 8 and 13 all 
had a relatively small amount of feed consumed. However, the weight of feed consumed at 
these seacages was not significantly different (Figure 5.27). 
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Figure 5.27: A comparison of the weight of pellets lost to seabirds at each pellet-fed cage observed 
(F5, 18 = 2.1, p = 0.107). 
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5.8.3.6.3 Seabird Numbers at Different Seacages 
 
Feeding silver gull numbers were high at seacages 3 (pellet), 5 and 10 (both baitfish). They 
were moderate at seacages 1, 2, 4, 8, 13 (pellet) and 9, 11, 12 (baitfish) and low at seacage 7 
(pellet) (Figure 5.28). Silver gull numbers outside the cage were highest at seacage 4, and 
also high at seacage 3 (both pellet), and were relatively similar for the rest of the seacages. 
While the difference in number between seacages and the difference between baitfish and 
pellet fed seacages was not found to be significantly different, the difference in number 
between feeding silver gulls and those outside was significant. There was therefore overall a 
significantly larger number of silver gulls outside the seacages than inside.  
 
 

Feeding

Outside Cage

0

100

200

1 2 3 4 5 7 8 9 10 11 12 13

N
um

be
r

300

 o
f S

ilv

400

500

600

er
 G

ul
ls

Cage Number

 

Figure 5.28: Mean (± sd) number of silver gulls at each tuna seacage in the study lease. (Pellet 
cages= 1, 2, 3, 4, 7, 8, 13; Baitfish cages= 5, 8, 10, 11, 12, 13). Effect of feed type (F1, 1 = 
223.6, p = 0.412, NS), effect of location (inside or outside seacage) (F1, 1 = 11.07, p < 
0.001), effect of cage number (F1, 11 = 0.962, p = 0.489, NS). 

Feeding Pacific gull numbers were relatively constant between seacages (Figure 5.29). The 
numbers outside of the cages were highest at seacages 2, 3, 4, (pellet) and 10 (baitfish), and 
relatively invariable for other seacages, except seacage 5, where their numbers were very 
low. While, feed type and cage number were not found to significantly influence the 
number of Pacific gulls, the location of the Pacific gulls (inside or outside the seacage) did 
significantly influence their numbers. There was therefore a significantly larger number of 
Pacific gulls outside the seacage than inside.  
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Figure 5.29: Mean (± sd)number of Pacific gulls at each tuna seacage in the study lease. (Pellet 
cages= 1, 2, 3, 4, 7, 8, 13; Baitfish cages= 5, 8, 10, 11, 12, 13). Effect of feed type (F1, 

1=0.755, p = 0.390, NS), effect of location (inside or outside seacage) (F1, 1=12.6, p 

 
ho  

0). 

<0.001), effect of cage number (F1, 11 = 1.29, p = 0.262, NS). 

S rt-tailed shearwaters had large numbers outside the seacages, but they were rarely ever
observed inside the cages. There were similar numbers feeding at all seacages (Figure 5.
Their numbers outside the seacages were highest for cages 5, 7 (pellet), 11 (baitfish) and 13 
(baitfish and pellet).  However, there were insufficient data to analyse these differences.  
 
Feeding crested tern numbers were highest at the baitfish seacages (9, 10, 11). Their 
numbers outside the tuna seacages were highest at cage 13 (pellet and baitfish) (Figure 5.1). 
There were insufficient data to analyse these differences. Nonetheless, the number of 
crested terns in the tuna lease was very small compared to the other three bird species. 
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Figure 5.30: Mean (± sd) number of short-tailed shearwaters at each tuna seacage in the stud
(Pellet cages= 1, 2, 3, 4, 7, 8, 13; Baitfish cages= 5, 8, 10, 11, 12, 13). 
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Figure 5.31: Mean (± sd) number of crested terns at each tuna seacage in the study lease (Pellet 
cages= 1, 2, 3, 4, 7, 8, 13; Baitfish cages= 5, 8, 10, 11, 12, 13). 

 
5.8.3.7  Economic Cost to the Industry 
The owners of the study farm own approximately 7% (David Ellis TBOASA, pers. comm.) 
of the tuna quota. They therefore feed out approximately 7% of the 50,000 tonnes of tuna 
feed (baitfish and pellets), which is approximately 3,500 tonnes. From the data presented 
here, approximately 2% (assuming 2/3 of the feed is baitfish (2.3% consumed) and

 (1% consumed)) of this 3,500 tonnes of tuna feed was consumed by seabirds in 

were fed using three methods and pellets with one. When the 

 1/3 is 
ellets

ove the baitfish. Shovelled baitfish is highly visible to seabirds, as is the 

p
2003, which is around 70 tonnes. If it is assumed that tuna feed cost around $1000 a tonne 
that year, this loss equates to approximately a $70,000 economic loss per year to the owners 
of the study farm through feed consumption by seabirds.  
 
5.8.4 Discussion 

t the study farm, baitfish A
different feeding methods were compared, it was obvious that feeding frozen blocks was 
the best method (of those observed) to reduce feed consumption by seabirds as no feed 
was lost this way. However, pneumatically distributing baitfish resulted in a greater amount 
of this feed type being consumed (11.6%). Shovelling baitfish also resulted in a relatively 
large amount of baitfish being consumed (5.3%), but pneumatically distributing pellets 
resulted in only a 1% loss to seabirds. Feeding frozen blocks involves placing frozen 25 kg 
blocks of baitfish into a feed cage, which is inaccessible to the seabirds above. When the 
blocks thaw, baitfish are released underneath the water. This means that non-diving birds 
have no access to them, and it is hard for diving birds to see them from above as the feed 
age is abc

pneumatically distributed feed. The shovelled baitfish were also easy to access by birds as 
they usually floated for a short time once they hit the water. Pneumatically distributed 
baitfish were also easily accessible, but as the baitfish were distributed further across the 
seacage and they were distributed higher into the air, it probably made them even easier to 
access than the shovelled baitfish. Pneumatically distributed pellets were also easy to access 
and visualise by seabirds, however, they were not the preferred feed type by birds. 
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Overall, baitfish was consumed in a higher percentage and weight than pellets. This may 
have occurred as there was more baitfish available than pellets. However, when presented 

ith both types of feed fed out by the same method simultaneously, a higher percentage of 

rd to handle 
d swallow. Therefore, only the bigger birds would be able to successfully handle the 

 the cages than feeding inside, probably as there is 
nly limited space inside the seacage. However, short-tailed shearwaters were in 

They may only use the tuna farms as a 
ed source if other ‘natural’ feed is not in abundance. 

 at the tuna seacages that consumed the largest amount of 
oximately 85% of the baitfish and 55% of the pellets 

lls consumed approximately 45% of the pellets scavenged and 10% of 

ng each day at the study seacages. This equates to 
proximately 13,000 silver gulls frequenting the study tuna seacages, and nearby seacages, 

 (Coulson & Coulson, 1998). Short-tailed shearwaters and 

w
baitfish was eaten than pellets. Furthermore, assuming that baitfish is 70% water and 
pellets 40% water, the dry weight of baitfish consumed per farm (12.5 kg (30% of weight 
eaten)) was still larger than the dry weight of pellets consumed (2.31 kg (60% of what was 
eaten)). Therefore, baitfish were still consumed in a much larger proportion than pellets. 
This may be because seabirds prefer baitfish as it is closer to their ‘natural’ feed. Baitfish is 
also probably easier to swallow than pellets, being lubricated with the mucous layer that 
covers the surface of the fishes scales and skin and being about 70% water. On the other 
hand, pellets are quite large and dry (about 40% water), and are most likely ha
an
pellet (in particular Pacific gulls). 
 
Silver gulls were by far the most prevalent species at both farm types, having similar 
numbers feeding at seacages of both feed types. However, there were more silver gulls 
outside pellet-fed cages than baitfish-fed cages. This may have been because Pacific gulls 
were displacing the silver gulls from the pellet-fed cages, but this is not evident in the data. 
All species were more abundant outside
o
unexpectedly high numbers outside the tuna cages and were hardly ever seen inside the 
seacages. This may be because these shearwaters were feeding on naturally occurring wild 
fish around the cages, that may have been attracted there due to excess tuna feed in the 
water. However, shearwaters were not present all the time, suggesting that they are not 
reliant on tuna farms and do forage for natural feed. 
fe
 
Silver gulls were also the seabirds

oth feed types. They consumed apprb
scavenged. Pacific gu
the baitfish, even though their numbers were significantly smaller than silver gulls. Short-
tailed shearwaters and crested terns consumed only small amounts of baitfish, and an even 
smaller amount of pellets.  
 
There was an average of 400-600 silver gulls at each seacage at the study lease, and 
although some do follow the feed boat from cage to cage, there is only so much they can 
eat. There was also a 20-30 silver gull turnover per minute (counted from the study farms, 
but this also included silver gulls travelling to other tuna farms close by), and with an 
average feeding event taking around 20 minutes (pers. obsv.) (shovelling baitfish and 
distributing pellets) and 13 seacages being fed, twice a day, this means that there is around 
520 minutes of feeding occurri
ap
each day. 
 
The results from this study indicate that a large proportion of the Port Lincoln silver gull 
population frequents the tuna farms and relies on them for a major feed resource. Pacific 
gulls are also present, but in smaller numbers. However, the amount consumed by these 
Pacific gulls is likely to have an influence on the reproductive output of these seabirds also. 
Further research is therefore required to analyse this, as the largest number of Pacific gulls 
seen at the study tuna seacages was 300. This is a substantial number of Pacific gulls to 
frequent one feeding place
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crested terns also occur, but have little influence on the amounts consumed from these 

 the seabirds. This could be achieved by erecting bird netting 
ver the seacages, especially the baitfish seacages, as even though it may cost about $5000 

ormously over the past 60 years and this is attributed to their opportunistic use of human 

nnett and Pierotti, 1989). 

farms.  
 
The $70,000 loss per year to scavenging seabirds from the study farm, if typical of the 
industry, warrants some action by tuna farmers to reduce this loss. If this is extrapolated to 
the whole industry it would equate to around a $1 million dollar loss to the industry 
(assuming the study farm was of average size). However, this estimate should be treated 
with caution, as not all the tuna companies use the same method of baitfish feeding as the 
study farm. Some companies use a siphoning method, while others use only frozen block. 
Therefore further research into all the feeding methods used to distribute food in the tuna 
industry and their effectiveness in reducing seabird consumption is necessary. 
 
The best way for the owners of the study farm to reduce the loss of scavenged feed is to 
make the feed inaccessible to
o
to net each seacage, this would pay for itself twice over in the first year, assuming it does 
not cause other logistical problems. Changing the feeding method of baitfish to frozen 
block would also significantly reduce the amount taken. However, with this method, diving 
birds still have some access to the feed 
 
In conclusion, silver gulls are the main seabird species of concern consuming tuna feed at 
the tuna seacages. Baitfish feed is preferred by seabirds over pellet feed in most cases. The 
study farm lost about 2.3% of baitfish and 1% of pellets to seabirds with the feeding 
methods then in use. If they were to use all frozen blocks of baitfish, they would reduce the 
amount of feed consumed by birds to close to zero. 
 
5.9 The Impacts of Tuna Feed on the Reproductive and Population 
Dynamics of Silver Gulls  
 
5.9.1 Introduction 

The dramatic increase in gull numbers throughout the world over the last century has been 
associated with an increase in food availability derived from human activity (Bosch et al. 
1994; Coulson and Coulson, 1998). This is largely human refuse, but also includes fisheries 
discards, fish processing works, abattoirs and aquaculture facilities (Coulson and Coulson, 
1998; Furness, 1996; Oro, 1999). In Australia, silver gull numbers have increased 
en
derived food (Smith and Carlile, 1993). This increase in population size may be caused by 
increased reproductive success (increased recruitment), including higher fecundity, 
increased hatching success and increased chick survival, together with increased body 
condition and reduced mortality.  
 
It is well known that food supply affects reproduction and population dynamics in seabirds 
(Oro et al. 1999). Fish availability has been found to be a crucial determinant of high 
reproductive performance in many species of seabirds, including gulls (Bosch et al. 1994; 
Annett and Pierotti, 1989; Annett and Pierotti, 1999). Fish are excellent sources of protein 
and thus are very important for egg formation (Oro, 1996), particularly the quantity of egg 
albumen, which is a crucial nutritional factor for developing chick embryos (Wood, 1991). 
Fish are also vital food for seabird chicks because they can be easily swallowed, unlike most 
human refuse, and contain the required high levels of digestible calcium and protein 
(A
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In areas where fish derived from human activity (e.g. fisheries discards, aquaculture), are 
not readily available, western gulls have been shown to feed on human refuse until the 
breeding season and then switch to fish they catch themselves (Annett and Pierotti, 1989; 
Annett and Pierotti, 1999). Similar switches to fish from other foods during the breeding 
season have been observed in other species of gulls (Annett and Pierotti, 1989). Fish prey 
are a ‘risk-prone’ foraging source, with usually a short round trip, but a high variance in trip 
time compared to human refuse which may have a long round trip, but low variance 

nnett and Pierotti, 1989). However, fish are a higher quality feed for chicks than garbage 
ntly breeding success, breeding lifespan, clutch size, hatchling production and 

fetime fledging production are strongly dependent on the amount of fish caught by 

sh 

own to significantly 

 rearing), female body condition has been shown to 

 the lesser black-backed gull populations in the Ebro Delta (NE Spain), 
trawling moratorium during egg production and laying resulted in a three week delayed 

n's Gull only), a decrease in egg size, a decrease in modal clutch size 
and decreased hatching success and hatchling weight (Oro, 1996; Oro et al. 1996). 

ith the 

ily available for breeding success (Oro, 1996; Oro et al. 1995; Oro 

gulls decreased by 46%, and for Audouin’s gull by 48% 

ggs are also a determining factor in breeding 
ccess. 

 be crucial for over-winter survival of both adult and 

ation size (Blaber et al. 1995). Availability of fisheries discards has 
so been found to affect body condition and recruitment rates of seabirds. When trawl 

ion of non-breeding 

(A
and conseque
li
breeding pairs (Annett and Pierotti, 1999). Thus western gulls that fed on fish had a higher 
reproductive output than gulls that continued to feed on garbage and did not switch to fi
(Annett and Pierotti, 1999).  
 
A readily available supply of fish through fisheries discards has been sh
influence the timing of egg laying, egg volume and size, clutch size, nest desertion, hatching 
success and overall breeding success in many species of gulls (Oro, 1996; Oro et al. 1995; 
Oro et al. 1996; Oro et al. 1999). Where trawling moratoriums have overlapped with egg 
production and egg laying (not chick
decrease (Oro et al. 1999) and this in turn affects the reproductive output of the female. For 
Audouin's gull and
a 
laying period (Audoui

However, these effects were exacerbated if the trawling moratorium overlapped w
chick-rearing period rather than egg production and laying. Chick rearing is probably the 
most vital stage in determining the breeding success of gulls and it is vital to have a supply 
of good quality food read
et al. 1996). When fisheries discards were not available during chick rearing, the overall 
breeding success for yellow-legged 
(Oro et al. 1995, 1996). Reproductive success was higher for these gulls in the years when 
discards were not available during egg production, but were available during chick rearing 
(Oro, 1996; Oro et al. 1996). Therefore, high quality food is more important during chick 
rearing than egg production, but high quality e
su
  
Resource availability during winter can
juvenile seabirds (Martinez-Abrain, 2002). This is also the case for immature birds learning 
to forage, as they are less successful at gaining food than adults (Garthe et al. 1996). A large 
increase in the populations of crested terns in the south-eastern Gulf of Carpentaria in 
Australia is thought to be due to the availability of trawl discards when the juveniles are 
learning to forage (Blaber et al. 1995). This ‘extra’ feed reduces juvenile mortality rates, and 
herefore increases popult

al
discards were unavailable (trawling moratorium), the body condit
black-backed gulls and herring gulls deteriorated, but increased again when trawling 
resumed (Huppop and Wurm, 2000). The availability of good quality food, such as fisheries 
discards, supports more seabirds, hence adult recruitment into breeding colonies increases, 
which further increases reproductive output (Oro et al. 1996; Huppop and Wurm, 2000). 
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At the tuna farm leases near Port Lincoln there are opportunities for seabirds, particularly 
silver gulls, to forage for high quality baitfish-feed and pellet-feed. The tuna farming season 
(February-September/October) coincides with most of the silver gull breeding season 
(April-November) and hence could have a profound effect on their reproductive success. 
All breeding silver gulls have access to this feed, not just the older, more experienced birds, 
and hence the reproductive success of the population should be higher than populations 
with little human-derived food. This research aims to determine whether the consumption 

 tuna feed by silver gulls effects their reproductive success and population growth. 

• Determining any differences in the timing of breeding for the silver gulls in these 
two areas. 

 
5.9.1.2  Hypotheses 

• The silver gull population in the Port Lincoln area has increased over time. 

• The clutch size of the Port Lincoln silver gulls will be larger than those from a 
reference site. 

• The egg weight of the Port Lincoln silver gulls will be heavier than those from a 
reference site. 

• The breeding season of the Port Lincoln silver gulls will be synchronised with the 
tuna season and will therefore be different to other breeding gulls in South 
Australia. 

 
5.9.2 Materials And Methods 

ite 
ll breeding sites of the silver gull in the vicinity of Port Lincoln and at potential reference 
tes had to be located. NPWS and SARDI staff knew several islands in the Sir Joseph 

r islands were checked. The 
s found in the 

of
 
5.9.1.1 Aims 
 

• Assessing the population size of silver gulls in the Port Lincoln area over the last 
decade. 

• Determining whether the clutch size of silver gulls in the Port Lincoln area is 
greater than at a reference site, with little human-derived food. 

• Determining whether the egg weight of silver gulls in the Port Lincoln area, with 
access to tuna feed, is different to the egg weight of a reference site, with little 
human-derived food. 

5.9.2.1  Locating the Breeding S
A
si
Banks Group on which silver gulls breed and these and othe

s sufficiently far from human activities waonly reference site that wa
Coorong National Park. 
 

5.9.2.2  Assessing Clutch Size, Egg Weight and Population Size 
Once the breeding sites were located, arrangements were made to visit these islands. The 
purpose of the visits to each island was to record clutch sizes and egg weights, the number 
of nests and the size of the population of breeding silver gulls. The breeding sites visited 
were Winceby Island (23/4/03), Rabbit Island (23/4/03), Donington Island (2/5/03) and 
Sibsey Island (8/5/03). These islands were all in the vicinity of the tuna farms (Figure 5.1).  
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Every third nest encountered was marked with a fluorescent pink marker which had the 
date and nest number recorded on it with black, permanent marker (Figure 5.32), and its 
location was also recorded with a GPS. For each marked nest, the clutch size was noted 

d each egg in the nest was weighed. If chicks were present, they were also noted and 

ds are approximately 45 km from Meningie 
d hence could be considered a “control” site because there is little chance of the silver 

ived food. The population was small, mainly ate naturally 

 site. 

an
weighed with a Salter portable electronic balance. Nests with just chicks in them were 
ignored. Forty nests were selected on Winceby Island, 42 nests were selected on Donington 
Island and 150 nests were selected on Sibsey Island. 
  
The reference sites for this study were Fat Cattle and Woods Well Islands in the Coorong 
National Park, visited on 4/9/03. These islan
an
gulls accessing human-der
occurring food, and had little reliance on the small local dump and fishing discards (pers. 
comm. Coorong NPWS). The silver gull populations on these islands were small and hence 
the clutch size and egg weight of every nest were recorded.  
 
Time and financial constraints meant each site was only visited once, but with generally 
large sample sizes and at a similar stage in the breeding cycle, it is reasonable to assume that 
the observed variability in clutch size was an accurate reflection of differential reproductive 
success at each
 

 
 

Figure 5.32: A marked silver gull nest. 

 
 
5.9.2.3 The Breeding Sites in the Vicinity of Tuna Farms 

Winceby Island 

closest tuna farms (Figure 5.1). It is a 30 ha granite island with a
 gently to 10 m (Robinson et al. 1996). Previously, 24 species of birds were 

e island, but not silver gulls which are thus recent newcomers (Robinson 
tant because Winceby Island has been zone

5.9.2.3.1 

43 km 
om the  calcarenite cap 
at rises

et 
d a ‘Restricted 

Winceby Island is the most northerly island in the Sir Joseph Banks Group of Islands 
(Robinson et al. 1996). It lies approximately 80 km north-east of Port Lincoln and 
fr
th
recorded on th
al. 1996). Their arrival is impor
Access Zone’ due to its importance as a seabird breeding area (Robinson et al. 1996). In 
2003, the silver gull breeding colony was beside a breeding colony of black-faced 
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cormorants and pied cormorants on the north-west of the island. The island was accessed 
on 23 April during the breeding site survey. Breeding silver gulls and their nests were 
counted by viewing the colony from the boat.  
 
It was unknown whether the silver gulls on Winceby Island were feeding at the tuna farms, 
which were a minimum of 43 km away, and hence whether this site could be used as an 
experimental site. However, regurgitations next to cormorant nests showed signs of 
pilchards (back bones, heads), which was possibly derived from tuna feed. Thus it was 
considered an experimental site for this project (silver gulls were also flying a similar 
distance from Sibsey Island to Port Lincoln). 
 
5.9.2.3.2 Rabbit Island 
Rabbit Island lies approximately 29 km north-north-east of Port Lincoln and about 4km 
from the nearest tuna farm (Figure 5.1). It is a 20 ha, 10 m granite island classed as 

iologically disturbed’ because it was mined for guano, is covered in boxthorn and had 
birds live 

nington Island/Reef 
onington Island/Reef is about 17 km east-north-east of Port Lincoln, 0.5km north-

earest 
a small, 3m high granite outcrop that provides a roost and nest 

site for comm luding silver gulls (Rob ing silver 
gulls surrounde 2003 and were surveyed on 2 May. As the island was so 
small, every nes and the number of silver gulls was estimated by circling the 
island in the boat

.9.2.3.4 Sibsey Island 
ibsey Island is about 54 km NE of Port Lincoln and 17 km from the nearest tuna farm 
igure 5.1). It is a 30 ha granite island that rises steeply to 25 m and has about 27 species 

of seabirds including silver gulls, though in the mid-1990s their breeding colony was small 
(Robinson et al. 1996). In 2003 there was a large breeding colony on the NNW of the 
island, facing the tuna farms and the mainland.  
 
Sibsey Island was the main study site and the number of nests was estimated by counting 
all the nests in two representative 250 m2 areas and extrapolating to the total area of nests 
that was calculated from GPS readings of the boundaries.  
 
5.9.2.4  Data analysis 
 
The data from the nests studied on the Coorong Islands, Fat Cattle Island and Woods Well 
Island, were combined, as Woods Well Island only had a sample size of three nests. 
 
 
5.9.3 Results 

Surveys in late April and early May found breeding silver gulls on Winceby, Sibsey and 
onington Island, where they had been breeding for at least two months, as many nearly 

‘b
resident rabbits (Robinson et al. 1996). Nevertheless, about 13 species of sea
and/or breed on the island, including one of the major breeding colonies of silver gulls 
since 1996 (Robinson et al. 1996; Farlam, unpublished data). However, a survey on 23 April 
found no nesting silver gulls but there were signs of nesting starting with some eggs and 
dead chicks.  
 
5.9.2.3.3 Do
D
north-east of Cape Donington (Robinson  et al. 1996) and about 3 km from the n
tuna farm (Figure 5.1). It is 

on coastal birds, inc inson  et al. 1996). Breed
d the island in 
t   was counted
. 

 
5
S
(F

5.9.3.1 Timing of Breeding  

D
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fledged chicks were found. In contrast, Rabbit Island had no nesting silver gulls, even 
though this was the main breeding site for the past five years (Farlam, unpublished data). 
Attempts in May to find reference breeding sites unaffected by human activities found that 
the silver gulls were not breeding anywhere else in South Australia. They were not even 
breeding at Outer Harbour in Adelaide, where a relatively large colony of silver gulls lives 
and breeds, feeding on refuse from the Wingfield dump. In early July (July 1-3), silver gulls 
were still breeding on Sibsey Island when a sample of gulls were banded, although the 
breeding population had decreased. At this time, there were still no silver gulls breeding 
anywhere else in the state, but they started breeding at Outer Harbour in late July/early 

ugust. Reference sites were eventually found in early September at Fat Cattle and Woods 
ell Islands in the Coorong. These gulls had only been breeding for about a month as 

there were no chicks present. Interestingly, silver gulls commenced breeding on Rabbit 
Island at approximately the same time they started breeding elsewhere in the state 
(July/August).  
 
5.9.3.2 Number of Silver Gulls Around Port Lincoln Over the Last Decade 
Sibsey Island was the predominant nesting site for silver gulls, with 7,238 breeding pairs 
(Table 5.2), which differs from the findings of earlier research that found most silver gulls 
in the Port Lincoln region bred on Rabbit Island (Figure 5.42). By 2002, the breeding 
colony covered most of Rabbit Island, but in 2003 the gulls mainly bred on other islands 
and only started breeding on Rabbit Island in small numbers four months later in late July 
(Figure 5.33). 
 
Table 5.2: Numbers of breeding pairs of silver gulls at breeding sites in the Port Lincoln area.  
 

Breeding Site (Island) Number of Breeding Pairs

A
W

 
Winceby Island 1000 

Donington Island 150 
Sibsey Island 7,238 
Rabbit Island 2000 

Total 10,388 
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Figure 5.33: Number of breeding pairs of silver gulls on Rabbit Island 1982-2003. Data from Farlam, 
(unpublished data) and this study.  
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The silver gull population around Port Lincoln has increased substantially since 1999, when 
the earliest population data were recorded, and the population doubled between 2000 and 
2003 (Figure 5.34). The 2003 estimate of the breeding population of silver gulls within 
50km of Port Lincoln includes gulls breeding on Rabbit Island, where breeding was delayed 
for four months. These Rabbit Island gulls were assumed to be a different population 
because silver gulls are thought to have a high fidelity to their nesting colonies. If this 
assumption was flawed and the Rabbit Island gulls had bred earlier on other islands the 
number of breeding pairs in 2003 would fall from 10,388 pairs to 8,388 pairs. The extent of 
multiple clutching in the silver gulls at Port Lincoln is unknown. 
 
 

0

2000

4000

6000

10000

12000

1998 1999 2000 2001 2002 2003 2004

8000

 

: Numbers of breeding pairs of silver gulls in the Port Lincoln areaFigure 5.34  1999-2003. Data from 
Farlam (unpublished data) and own research.  
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ere seen on the study tuna farms and they also frequent the mainland because several 
anded birds were observed in Port Lincoln. 

 

 
 

 

5.9.3.3  Evidence that the Sibsey Island Si er Gulls were Accessing the Tuna Farms 
y tuna farm was the closest farm to Sibsey Island (see Figure 5.1), and the islan

he farm. It was thus possible to count the number of silver gulls moving 
ibsey Island and the farms. This was done by using two hand he  co

 number of silver gulls flying past the boat 1) from the tuna farms towards Sibsey 
d 2) from Sibsey Island to the tuna farms. This was done for seve

intervals)(N=13) over 3 days (19/6, 24/6, 10/7). A mean of 30.6 silver gulls/
02) flew from the farms to Sibsey Island and 20.5 gulls/min (SD=14.58) flew

 tuna (Figure 5.35). Furthermore, silver gulls banded on Sibsey Island 

lv
The st
can be seen from t
between S ld
count the
Is

(S
the farms from Sibsey Island. This difference in migration to and from the study farms wa
because the gulls were also moving to other farm leases. 
 
While measuring clutch size and egg weights on Sibsey Island (Figure 5.44), I notice
every nest surveyed had many, small fish backbones that appeared to be from sardines; the 
main baitfish fed to
w
b
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Figure 5.35: One of many ‘baitfish like’ backbones found near the silver gull nests on Sibsey Island. 

 
 
5.9.3.4 Clutch Size 
The mean and

an at the re

 
able 5.3: region (in the 

 

Clutch Size Data oln 

 modal clutch size was about one egg greater in the vicinity of tuna farms 
ference site in the Coorong (Table 5.3), and the difference in mean size was 

Descriptive statistics for clutch size of silver gulls from the Port Lincoln 
vicinity of the t na farms) and the refere

 nce Port Linc

th
highly significant (F1, 294= 85.4, p <0.001). 

T
u nce site in the Coorong.  

Refere
N 63 233 
Mean 1.41 2.35 
Median 1 2 
Mode 1 3 
Standard Deviation .61 0.73 0
Maximum 3 3 
Minimum 1 1 
 

 

of Port Lincoln. However, the 2 Coorong sites were pooled together due to a very small 
mple size for Woods Well Island (n=3). The largest mean clutch size was on Winceby 
land and the sm at Cattle Island (T e  o  

 were significantl he ng (F3, 292= 

 
Clutch sizes were measured at two islands in the Coorong and three islands in the vicinity 

sa
Is allest was on F

nds
abl  5.4). T

er
he clutches n Sibsey,

 I s Winceby and Donington Isla y larg  than t Cooro sland
30.9, p = <0.001). 
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Table 5.4: Descriptive statistics of clutch size for the three breeding sites in the vicinity of Port 
Lincoln and the reference sites in the Coorong National Park.  

 

    ClutchSizes   

Breeding Island N Range Mean Std.Dev. 

Sibsey Island (Port Lincoln area) 151 1-3 2.34 0.7 

Donington Island (Port Lincoln area) 42 1-3 2.17 0.82 

Winceby Island (Port Lincoln area) 40 1-3 2.55 0.68 

Coorong Islands (Fat Cattle and Woods Well) 63 1-3 1.41 0.63 
 
 
5.9.3.5 Egg Weight 
The mean (F1, 571= 5.2, p <0.05) and median egg weights were higher at the reference site 
than at the Port Lincoln islands, but there was no difference in modal egg weights (Table 
5.5). However, the mean egg weight for each breeding site was different (F1, 569= 9.5, p 
<0.001), with the heaviest eggs were on Winceby Island near Port Lincoln and the lightest 
eggs on Sibsey Island (Table 5.6). There was no significant difference between the mean 
egg weights on Sibsey and Donington Islands. In contrast, the mean egg weights for 
Winceby Island and the Coorong Islands were significantly different to the mean egg 
weights at Sibsey and Donington Island.  
 
 
Table 5.5: A comparison of egg weights in the vicinity of Port Lincoln and reference sites in the 

Coorong N.P. 

 
 EggWeights (g) 

  Coorong Port Lincoln 

Mean 40.0 38.8 

Median 41 39 

Mode 40 40 

Range 29-50 20-55 

St. Dev. 4.03 4.23 

N 86 487 

 
 
 
Table 5.6: Descriptive statistics of egg weight for the 3 experimental breeding sites and two 

reference sites.  
 

    EggWeight (g)  
Breeding Island N Range Mean Std.Dev. 

Sibsey Island (Port Lincoln area) 309 27-48 38.23 3.83 
Donington Island (Port Lincoln area) 81 20-46 38.87 4.16 
Winceby Island (Port Lincoln area) 97 24-55 40.64 5.04 
Coorong Islands (Fat Cattle and Woods Well) 86 29-50 39.95 4.03 
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5.9.4 Discussion 

Over the last century, the populations of some opportunistic gulls have rapidly expanded 
ue to their ability to exploit predictable feed derivd ed from human activities such as 

 2003) been privatised and new management practices have been applied 

13 farms being fed twice a day, there are thus about 520 minutes of feeding 

red to gulls at the reference site. A diet high in fish has 

ach 

fisheries discards, refuse, aquaculture facilities, abattoirs and fish factories (Bosch et al, 
1994; Coulson and Coulson, 1998; Furness, 1996; Oro, 1999). In Australia, silver gulls have 
increased in numbers dramatically over the last century. This increase is due to the feed 
availability increasing their reproductive output through better female body condition and 
increased clutch size, egg weight, hatching success and chick survival (Annett & Pierotti, 
1989; Annett & Pierotti, 1999; Oro, 1996; Oro et al, 1996). 
 
In Port Lincoln, silver gulls have been increasing for the past decade and the number of 
breeding birds has doubled from 10,200 in 2000 to 20,776 in 2003. This increase could not 
occur without high quality feed being available to increase reproductive output and 
decrease mortality due to starvation.  This extra food is potentially the feed used in the 
southern bluefin tuna farms. The refuse depot was also a feed source for gulls but has 
ecently (Januaryr

to reduce the amount of waste available to birds (Collex, pers. comm.). In any case, the 
number of silver gulls reportedly observed at the refuse depot by the Collex staff was much 
smaller before tuna harvest (~ 1000) than during and after harvest (~5500). There was an 
average of 400-600 silver gulls at each seacage at the study lease, although some do follow 
the boat from cage to cage. There was also a 20-30 silver gull turnover per minute, so the 
mean turnover time for all silver gulls at a cage would be about 17 minutes. With an 
average feeding event (shovelling baitfish and distributing pellets) taking around 20 minutes 
pers. obs.) and (

occurring each day at the study farms, which equates to approximately 13,000 silver gull 
visits to the study tuna farms each day.  
 
Fish and fish-derived products have also been shown to increase reproductive success in 
gulls when compared to gulls that only feed on municipal garbage (Annett & Pierotti, 1989, 
1999). Therefore it is unlikely that garbage alone would have had the effect on the silver 
gull reproductive output that has been observed for the Port Lincoln gulls. This is 
supported by an increase in breeding gulls on Rabbit Island in 1998, which mirrors the 
farms moving from inside Boston Island to the outside nearer Rabbit Island in 1997. The 
farms have recently moved further offshore which may explain why the gulls shifted their 
main breeding colony from Rabbit Island to Sibsey Island in 2003. Other evidence includes 
the numerous ‘sardine-like’ backbones found near most silver gull nests on Sibsey Island. 
Silver gulls banded on Sibsey Island were also seen on the study tuna farms. Some of these 
banded gulls have also been observed in Port Lincoln. 
 
The mean, modal and median clutch size of silver gulls breeding near tuna farms were all 
larger than for gulls breeding at the Coorong reference sites distant from human activities. 
This indicates that the food supply for the Port Lincoln gulls was ample and of high 
enough quality for them to be able to increase their mean clutch size by one egg and their 

odal clutch size by two compam
been shown to have similar effects in other species of gulls (Annett and Pierotti, 1989 & 
1999). Interestingly, the mean egg weight was less at the breeding sites near the tuna farms 
than at the reference sites. Perhaps this is because the clutch size was higher and the gulls 
were expending more energy in producing more eggs, but less energy was expended in each 
egg. However, the disadvantage of a slightly smaller egg size is likely to be compensated for 
by the more readily available food during the chick rearing period. At the reference site, the 
mean clutch size was one egg less and apparently more resources were expended on e

  



 192

egg produced. Other factors that influence breeding success, such as hatching rate, chick 
t is critical 

 determining the breeding success of the silver gulls. 

d, of fish or products containing fish (such as pellets), 

uns from February to 
eptember/October each year. This hypothesis is clearly supported by the results of the 

o the tuna farms moving further offshore, however, this is 
robably unlikely because there are still tuna farms within 4 km of Rabbit Island. The move 

e as gulls started breeding elsewhere in the 
ate. The gulls that started breeding late on Rabbit Island may have been the gulls that 

ailability of a large amount of high quality food at the tuna farms has 
otentially enabled the silver gull population of Port Lincoln to increase their reproductive 

survival and fledging success, need to be studied to determine whether egg weigh
in
 
Further evidence that the availability of tuna feed was influencing reproduction in silver 
gulls was that in 2003, breeding near Port Lincoln started 4-5 months earlier than at any 
site in South Australia. Breeding probably started in early March, as when the Port Lincoln 
islands were visited in late April there were many nearly fledged chicks. Other breeding 
colonies in the state, including those that also have access to artificial feed, did not start 
breeding until late July or early August. This was later than usual as they generally start 
breeding in May or June (Higgins & Davies, 1996). This delay may have been caused by 
numerous factors such as the current drought or El Nino. Whatever the cause, it clearly 
had no effect on the breeding season near Port Lincoln. This suggests the breeding gulls 
are consuming high quality foo
because gulls are known to delay their laying period if fish is not available (Higgins & 
Davies, 1996).  
 
The silver gulls near Port Lincoln have also lengthened their breeding season. The breeding 
season was from May to September in 1987-89 and extended to April-November in 2000, 
and possibly started earlier (Farlam, unpublished data). The same breeding season was 
observed in 2003. Farlam, (unpublished data) hypothesised that this lengthened breeding 
season was influenced by the tuna farming season, which r
S
present study.  
 
The primary breeding site of the Port Lincoln silver gulls shifted from Rabbit Island to 
Sibsey Island in 2003. This shift may be due to numerous factors or a combination of 
factors. The move may be due t
p
may be due to the fact that the breeding colony outgrew Rabbit Island. It is only a small 
island and in 2002, silver gulls nested over most of the island (Farlam, unpublished data) 
and consequently they may have moved to a larger island closer to the tuna farms. There 
also may have been some unidentified disturbance that resulted in the silver gulls 
abandoning their nests which would explain the abandoned eggs and dead chicks found on 
Rabbit Island in late April. It appeared that the gulls had started to breed but then 
abandoned the island. Silver gulls did not start breeding again on Rabbit Island until late 
July or early August, which is about the same tim
st
failed early in the year. Alternatively, they may be younger inexperienced birds as they are 
known to start breeding later than older, more experienced birds (Smith, 1995; Smith and 
Carlile, 1992). These gulls may have been unable to establish a preferred site on Sibsey 
Island, though this is unlikely on such a large island. All this speculation emphasises how 
little is known about the breeding dynamics of the silver gull and the need for further 
research on marked populations. 
 
In conclusion, the av
p
output to the extent that they have doubled their population from 10,200 breeding birds in 
2000 to 20,776 breeding birds in 2003. The combined effects of a large initial population, 
larger clutch sizes and a prolonged breeding season means that the population will further 
increase provided the gulls can continue to scavenge enough food from the tuna farms. 
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5.10 Social Impacts of Increased Scavenging Seabird Numbers 

95). 

frequently considered a general nuisance because of their noise, defecation and 
arassment of people (Belant, 1997).  They foul picnic and restaurant tables, pavements, 

cars and fountains (Smith, 1995). They may harass tourists, steal food from 

, eggs and chicks from other birds and hence large numbers of gulls 

toparasitism or predation (Coulson and Coulson, 1988; Smith, 1992). In 
ueensland, gulls raid tern colonies for food and affect breeding success; particularly since 

gull numbers have increased due to tourism (Smith, 1992). In Sydney, gulls congregate near 
th, 1995). In South Australia, 

vere habitat changes for other species (Smith, 1992, 1995). For 
ar Sydney, Kikuyu grass may have been introduced by gulls 

he largest in this group, is now almost entirely covered 
, 1995). The thick runners make an almost impenetrable barrier 

st there such as the short-tailed shearwater (Puffinus 
ers (Puffinus Pacificus) and little penguins (Eudyptula minor) 

n found entangled in grass runners at the entrance to their burrows 

roblems within Australia have been at airports, where collisions 
ith aircraft can cause serious damage or crashes (Smith, 1995). Gulls are mainly a problem 

 
5.10.1 Introduction 

The rise in gull populations close to human centres associated with the increase in food 
availability derived from human activities has engendered a range of management and 
ecological problems. The populations of silver gulls in Australia have increased enormously 
over the last 60 years (Smith and Carlile, 1993) to the extent that they have been classed as 
a pest by the NSW National Parks and Wildlife Service (Smith, 1995). A number of 
concerns have arisen as a result of enlarged populations of silver gulls due to 
anthropogenic food sources Australia wide (Smith, 1995). These concerns include silver 
gulls becoming a pest and a nuisance, their effects on other native species, and human 

ealth and safety (Smith, 19h
 
Gulls have been associated with the spread of bacteria that cause enteric human diseases 
such as Escherichia coli and Salmonella spp. (Belant, 1997). Contamination of public water 
supplies by gull faeces has been considered a major source of disease transmission, but 
gulls disperse pathogens rather than being the primary source (Belant, 1997). Gulls may 
transport bacteria and other pathogens from refuse dumps and/or sewage works to water 
reservoirs. Gull faeces have also been implicated in accelerated nutrient loading, which may 
also lead to growth of bacteria and other pathogens (Smith, 1992). 
 

Gulls are 
h
park benches, 
patrons at outdoor eating establishments, nest on roofs and compete for food with farm 
and zoo animals (Belant, 1997). 
 
Silver gulls steal food
may have localised adverse effects on other species of birds, through competition for 
nesting space, klep
Q

little tern colonies and consume the contents of the nest (Smi
gulls steal eggs from banded stilts breeding in Lake Torrens (Smith, 1995) and Lake Eyre, 
thereby significantly reducing breeding success. 
 
Silver gulls can also cause se
example, at the Five Islands ne
as nesting material, and Big Island, t
by this grass (Smith, 1992
for burrowing species that ne
tenuirostris), wedge-tailed shearwat
and shearwaters are ofte
(Smith, 1992, 1995). 
 
Gulls can pose a serious threat to aviation and in the USA alone may cause about US$40 
million damage annually to civilian aircraft through damage by air strikes (Belant, 1997). 
Historically, most gull p
w
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to aviation when the airport is in close proximity to waste depots (Smith, 1992) and gull 

 
d thus there is little tuna feed until the following February. Thus, large numbers of gulls 

ay search for food at the local dump, or harass tourists or 

ons, very little is known about where the silver gulls disperse at 
e end of the tuna season and in particular whether there is an influx of gulls into Port 

ver gulls will increase in Port Lincoln following the end of 
e tuna harvest. 

1. the town foreshore 

e on the same day. However there was a 
 of counts done for each site, and this is why a monthly average 

flight paths cross the runway (Smith, 1995). 
 
All these problems may be intensified at Port Lincoln from October to February because 
seagulls congregate around the town outside the tuna season (February to 
September/October). The tuna are all harvested by October, apart for some broodstock,
an
no longer have a food source and must forage elsewhere. This may lead to a large influx of 
silver gulls into Port Lincoln searching for alternative food sources. It is known that gulls 
rapidly react to changing food sources. For example, herring gulls and greater black-backed 
gulls migrate within days of their regular food sources disappearing during a month-long 
Christmas break in North Sea fishing, but they rapidly return when fishing resumes 
(Huppop & Wurm 2000). 
 
Silver gulls in Port Lincoln m
people eating outside as well as raiding rubbish bins. They may steal the food of farm 
animals or pelleted feed at abalone and kingfish farms. They may also feed on the eggs and 
chicks of other birds and this can have serious ecological consequences because the tuna 
harvest occurs in spring and the gulls are thus seeking new food sources when many birds 
are nesting. This is particularly important for the Port Lincoln area where there are many 
important breeding colonies of vulnerable seabirds such as little terns and crested terns.  
Despite all these speculati
th
Lincoln.  
 
5.10.1.1 Aims 
The aim of this study was to assess whether the numbers of silver gulls increased around 
Port Lincoln after the tuna harvest.  
 
5.10.1.2 Hypothesis 
The numbers of scavenging sil
th
 

5.10.2 Materials And Methods 

During the tuna season and near the end of the tuna harvest the numbers of silver gulls 
were monitored from the following places around Port Lincoln:  
 

2. the town refuse depot 

3. the town wharf 

4. the marina loading berth 

5. oil wharf beach 

6. fish factories near the town 

here possible, counts for each site were donW
disproportionate number
was taken for each site.  
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5.10.2.1 The Port Lincoln Foreshore 
The Port Lincoln foreshore is the main beach in Port Lincoln and is adjacent to the main 
shopping precinct. It is about 3 km long and is a popular area for picnics, beach activities 
and is adjacent to many pubs, cafés and eateries all with alfresco dining to enjoy the view. 
The town jetty is on this beach and it is popular for recreational fishing. Thus, there is 

uch artificial food available all along the bea
 

re counte nd h w e e 
foreshore which took 20-25 minutes. This was done from July to October, with 2-4 counts 

ed for each mont total 13 counts) ith an average calculated for each month). It 
t possible for eac count to be a tly the sa ver the 4 nths of 

counts re made at 0 am, t 10-11 a d four 
n 2 pm and 6 pm.  

2 The Refuse Depot 
ot is open very day excep undays and public holidays, and household 

red on wee days. Port Linco
is site is a large source of human refuse. Seabirds were counted by walking around the 

about 10 minutes. A total of four counts were done (2 for September, 2 for 
etween 10 am and 1 pm and one count 

 

 the 
area and it is used for loading grain and fertilizer boats. It is also popular for recreational 
fishing. There is usually some spilt grain, fish and bait available as food for gulls. Seabirds 
were counted by walking the length of the wharf and the surrounding area which took 5-10 
minutes. A total of four counts were performed (1 for August, 2 for September and 1 for 
October). Of these counts, two counts were made between 7 am and 9 am and another 
two between 3 pm and 5 pm.  
 
5.10.2.4 The Marina Loading Berth 
The Marina loading berth is also used for loading and unloading tuna and fishing boats, 
especially the smaller boats. It is also popular for recreational fishing and there is usually 
some fish and bait available as food for gulls. Seabirds were counted a total of five times (2 
for August, 2 for September, 1 for October) between 2 pm and 6 pm by walking along the 
loading berth which took about two minutes.  
 

his beach is next to the oil loading/unloading wharf, which is about one kilometre from 
e town wharf. There is a large rubbish bin at this beach, which is usually overflowing and 

eople usually park in the car park to eat and drink. Seabirds were counted by walking 
along the beach, and also counting the number of seabirds on the jetty, which took five 
minutes. A total of 5 counts were performed (1 for August, 2 for September, 2 for 
October0. Of these counts, two of the observations were made between 7 am and 9 am 
and three were made between 2 pm and 5 pm.  
 
5.10.2.6 Fish Factories 
The fish factories are on the road leading to the refuse depot. They process tuna, abalone 
and wild-caught fish. There are also a few fertilizer factories that use the fish waste to make 

m ch. 

Seabirds we d with a ha eld counter by alking along the ntire length of th

perform h (  (w
was no h t exac me time. O  mo
observations six 
betwee

we  about 7:3 three abou m an

 
5.10.2.
The refuse dep

fuse is delive
 e
k

t S
ln has a population of about 13,500 and hence re

th
site which took 
October) with one count for each month made b
for each month made between 3 pm and 5 pm. The counts were averaged for each month
to get a monthly average. 
 
5.10.2.3 The Town Wharf 
The town wharf is a loading wharf and berth for many of the tuna and fishing boats in

5.10.2.5 Oil Wharf Beach 
T
th
p
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fertilizer. There is potentially fish waste available to gulls from all of these operations. 
Seabirds were counted while driving to the refuse depot and took about two minutes. A 
total of four counts were performed (2 for September, 2 for October). Of these, two 
counts were made between 10 am and 1 pm and two were made between 3 pm and 5 pm.   
 

Dates Observed  
July August September October 

Foreshore 14th, 16th 19th, 22nd, 25th, 
29th 

12th, 16th, 22nd 1st, 5th, 9th, 12th

Dump - - 16th, 24th 5th, 22nd 
Wharf - 26th 12th, 17th 9th 
Marina Loading 
Berth 

- 14th, 27th 12th, 24th 12th 

Oil Wharf 
Beach 

- 25th 17th, 24th 3rd, 14th 

- 16th, 24th 5th, 22nd Fish Factories - 
 

5.10.3 Results 

5.10.3.1 Seabird numbers 
The number of silver gulls in Port Lincoln increased during the study period at most sites, 
especially where artificial feed was readily available, such as at the refuse depot, the 
foreshore and the fish factories (Figure 5.36). The biggest increase in numbers was seen at 
the refuse depot near the end of tuna harvest in September and October (Figure 5.37). 
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Figure 5.36:  Silver gull numbers at sites around Port Lincoln from July to October. 
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Figure 5.37:  Silver gulls at the refuse depot. 
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Figure 5.38: Pacific gull numbers at sites around Port Lincoln from July to October.  

 
Pacific gull numbers differed between sites in the town (Figure 5.38). They decreased at the 
oreshore from July to August. They were constant at Oil f Wharf beach and increased at the 

Wharf and the refuse depot near the end of tuna harvest. However, their numbers were not 
large at any of the sites. 
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Figure 5.39: Crested tern numbers at sites around Port Lincoln from July to October. 

 
Crested tern numbers were either very small or non-existent at sites around the town. They 
were only observed at the two beaches, the foreshore and oil wharf beach (Figure 5.39). 
Their numbers increased slightly at the foreshore near the end of tuna harvest, but 
decreased in September at oil wharf beach and then increased again in October.  
 

aced 
ormorants and pied cormorants were observed at the sites near water. Pelicans were 
bserved at the refuse depot. 

s 

 

hese large numbers of silver gulls are also likely to be causing accelerated nutrient loading 

Short-tailed shearwaters were not observed anywhere in the town. Both black-f
c
o
 
5.10.3.2 Observed Problems with the Influx of Silver Gulls into Port Lincoln 
On all counts performed at the foreshore, silver gulls were observed scavenging for scrap

ers stop suddenly to avoid them. Further traffic 
isturbances were caused by silver gulls scavenging freshly caught pilchards in brine from

when people were eating. Up to 200 gulls have been observed surrounding some people at 
the foreshore on numerous occasions. They harassed people for food and defecated on 
park benches, footpaths, cars and roofs. They fed on scraps on the road in front of 
approaching cars and consequently many have been run over and there have been near 
accidents (I have observed three) when driv
d
open bins on a truck transporting them from the boat to a freezer. When the truck started 
at traffic lights pilchards were spilt onto the road and gulls swooped onto them and would 
not move for cars (this has been seen on two occasions). 
 
There was an extremely large number of silver gulls observed at the refuse depot. These 
birds are likely to forage in other parts of the town and therefore are potential vectors for 
enteric diseases.  
 
There have also been reports in the past of silver gulls scavenging pelleted feed from 
domestic animals around Port Lincoln especially expensive pelleted horse feed. They have 
also been reported to scavenge pelleted feed at abalone farms. 
 
T
to the marine systems with their faeces.  
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5.10.3.3 Other Problems 
Silvers gulls were observed pecking the head of a cape barren goose chick that had 
wandered from its nest into the silver gull breeding colony on Sibsey Island. The chick 
subsequently died (Figure 5.0). Silvers gulls are likely to attack other birds, pushing them 
out of their nesting area, and to eat the eggs and chicks of other birds. 
 
 

 
 

igure 5.40: F Cape Barren Goose chick that was pecked to death by silver gulls on Sibsey Island. 

er of g  

 
 
 
5.10.4 Discussion 

Over the last century, expanding gull numbers in urban areas have caused a variety of 
management and ecological problems. Silver gulls have increased exponentially all over 
Australia and have caused many concerns about their potential impacts (Smith, 1992, 
1995). In Port Lincoln, silver gulls have access to large artificial sources of food, and have 
rapidly multiplied, causing many problems. 
 
The numb ulls in the town increases markedly after the tuna harvest starts, when less
feed is being fed to the tuna. When the tuna feed becomes less abundant and eventually 
unavailable, the gulls must find an alternate food source. This decline in tuna feed usually 
occurs in September/October, but during the year studied, low tuna prices prolonged the 
harvest and hence many gulls could continue feeding at the tuna leases and did not need to 
move to the town. Nevertheless, there was an influx of gulls in spring especially at the 
refuse depot where about 5,500 gulls were foraging in October. The number of silver gulls 
also increased at other sites around town where anthropogenic food sources were available 
such as the town foreshore where people go for picnics and ‘fish ‘n chips on the beach’. 
From the numbers of silver gulls observed in the town in October (near the end of tuna 
harvest for this year), there was probably about 7,000 to 8,000 silver gulls in the town of 
Port Lincoln at any one time.  
 
A potentially large environmental problem around Port Lincoln is the impact of hungry 
silver gulls preying on the eggs and chicks of other birds. Unfortunately, the end of the 
tuna harvest coincides with spring and early summer, when other seabirds such as little 

  



 200

terns and crested terns are starting to breed, and their eggs and nestlings are a likely target 
for hungry gulls. More research is needed to ascertain the impact of this predation on local 
populations of birds and to determine if it is more of a problem near seasonal tuna leases 
than in areas with artificially large gull populations that have less seasonal food supplies. 
 
In conclusion, my research indicates there is a seasonal influx of silver gulls into Port 

aitfish over pellets, not just because baitfish was more abundant, 

ly distributing pellets, or if the baitfish was distributed in a way that 

Lincoln, particularly to places where artificial feed is readily available such as the refuse 
depot and the foreshore. This increase in scavenging gulls brings with it management, 
health, safety and ecological problems the scale of which requires further research. 
 
5.11 General Discussion and Future Research 
 
5.11.1 General Discussion 

 
5.11.1.1 Implications of Scavenging Seabirds to the Industry 
 
Seabirds scavenged approximately 2.3% of the baitfish and 1% of the pellets fed to the 
tuna on the study farms. As the owners of the study farms own about 7% of the tuna 
quota, in 2003 they lost approximately 70 tonnes of tuna feed a year to seabirds at an 
expense of about $70,000. If this is extrapolated to the whole industry it would equate to 
around a $1 million dollar loss to the industry. However, this assumption is unwise as not 
all the tuna companies use the same method of baitfish feeding as is used on the study 
farms.  
 
Silver gulls consumed the majority of tuna feed scavenged by seabirds. They consumed 
approximately 85% of the baitfish and 55% of the pellets taken by birds. After silver gulls, 
Pacific gulls were the seabird that consumed the second largest quantity of tuna feed. 
However, they consumed more pellets than baitfish, consuming only around 8% of the 
baitfish and 45% of the pellets consumed. Short-tailed shearwaters and crested terns 
together consumed around 7% of the baitfish taken and less than 1% of pellets. Thus, 

ost seabirds preferred bm
but for other reasons. These are most likely that the baitfish more closely matches the 
natural feed of these seabirds and is easier to swallow as it is lubricated. In contrast the 
pellets are dry, large (~4 cm long x 3 cm diameter) and would be hard to handle and 
swallow. 
 
This study indicates that shovelling and pneumatically distributing baitfish results in a 
relatively large proportion of this feed type being scavenged by seabirds. In contrast, 
feeding frozen blocks of baitfish resulted in no observed losses to seabirds (however, the 
losses to diving birds, such as cormorants, could not be established) and pneumatically 
distributing pellets resulted in a small loss (section 5.3.3.4). These results indicate that the 
best feeding methods to reduce the amount of feed scavenged by seabirds is to feed frozen 
blocks of baitfish or pneumatically feed pellets. However, the same number of problematic 
scavenging birds was observed at pellet farms as at baitfish farms. If the industry was to 
witch to pneumaticals

made it unavailable, it is likely that these birds would adapt to feeding on pellets and 
therefore more would be consumed. Due to the opportunistic nature of the silver gull, and 
the fact that they have been observed switching between feed types when others become 
unavailable (for example, it was reported that silver gulls switch to earthworms when refuse 
became unavailable (Coulson & Coulson, 1998; Smith, 1992; 1995; Smith & Carlile, 1993)), 
it is likely they would adapt to pellets. Although it was not significant, there was an increase 
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in percentage of pellets consumed over the three months pellet feeding was observed (near 
the end of the season) (section 5.3.3.6.1), when baitfish was becoming less available, which 
may indicate that this adaptation is possible. Other feeding methods such as shovelling 
pellets and siphoning baitfish need to be analysed to fully understand how much feed is 
scavenged by seabirds over the whole industry. 
 
As seabirds may adapt to feeding on pellets, and because frozen blocks could still be 
accessed by diving birds and some baitfish may be required to be shovelled to induce the 
tuna to feed, then making the feed unavailable to the seabirds is vital to reduce the amount 
of feed scavenged by seabirds. This could be achieved by erecting bird netting over the 

rms, especially the baitfish farms, as even though it may cost about $5000 to net each 
  There may, however, be other 

ce the 

pensated for by the readily available food during the chick 
 

fa
seacage, this would pay for itself twice over in the first year.
issues with such an approach, such as entanglements or restriction of operator access to the 
cages. 
 
5.11.1.2 Effect of the Feed Source on the Reproductive Output and Population 

Dynamics of Silver Gulls 
Banded silver gulls were observed at the tuna farms during their breeding season and 
pilchard frames were observed near every nest observed on the main silver gull breeding 
colony near these farms. Silver gulls were also found to be breeding 4-5 months earlier at 
Port Lincoln than any other breeding site in S.A. The other silver gulls in South Australia 
did have a delayed breeding season this year, possibly caused by the drought, a colder 
winter or El Nino, but whatever affected these gulls, it appeared to have no effect on the 
Port Lincoln gulls. These gulls appear to have synchronised their breeding season with the 
tuna season and have moved their breeding colonies accordingly (Farlam, unpublished 
data). All of this circumstantial evidence, coupled with the fact that approximately 70 
tonnes of tuna feed is consumed by seabirds on the study farms, of which about 60 tonnes 
is consumed by silver gulls, suggests that the Port Lincoln silver gulls rely heavily on the 

na farms as a feed source. This large availability of feed is likely to influentu
reproductive output of these silver gulls and this is what the second part of this research 
endeavoured to find out. 
 
As predicted, the favourable conditions around Port Lincoln have had a large impact on 
the reproductive output of the silver gulls. On average, the Port Lincoln gulls had one 
more egg than gulls breeding at the reference site at the Coorong, which is ecologically 
significant. However, the mean egg weight of the Port Lincoln gulls was less than those at 
the reference site. This is probably because the extra energy for the Port Lincoln gulls is 
put into clutch size, not egg weight. In any case, the disadvantage of a slightly smaller egg 

eight would most likely be comw
rearing stage, which is the most important stage in terms of overall breeding success (Oro,
1996; Oro et al. 1995, 1996). This increased reproductive output is evident from the linear 
increase in silver gull numbers over the last five years. The numbers of breeding pairs have 
substantially increased from nearly 3,500 in 1999 to nearly 10,500 in 2003. The number of 
non-breeding silver gulls is unknown, but is likely to be high as it includes chicks, fledglings 
and immature birds.  
 
A similar, but scaled down, effect could be occurring for the other seabirds in the Port 
Lincoln area that have been observed feeding at the tuna seacages. Pacific gulls start 
breeding in about August, near the end of the tuna season, but the availability of high 
quality food during egg production may influence female body condition and therefore 
clutch size, egg size, hatching success and hatchling size. They may also have synchronised 
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their breeding season with the tuna season as a substantial number of Pacific gulls were 
observed at the tuna farms. Short-tailed shearwaters and cormorant chicks are just hatching 
when the tuna season starts (February), so the availability of high quality food may 
influence chick survival, fledging success and juvenile mortality. Crested terns may breed 
either from September to December, when the lack of tuna farms means they could not 

fluence the breeding birds, except for perhaps egg production; or they breed from March 

lems are likely to increase without 

acerbating these problems would 
nt and timing, so that the food supply of scavenging gulls was 
the population reached a sustainable equilibrium. Otherwise, 

coln. 

ade unviable by egg pricking in a 
s no follow up data on its 
lished data). In any case, the 

number of breeding gulls increased from 1999 to 2000 (section 5.4.3.2). Pricking eggs is 
p l, which gulls may detect and 

ny culling method 
further 

t 

a problem during and after the tuna harvest. Their 
ain feed source is diminished and then disappears completely so they have two choices; 
ey can either forage for natural feed or invade the town, seeking out artificial feed.  It was 

tunistic and scavenging nature of these gulls there 
to town. Although there were limitations in our data because the birds 

ere not counted at regular times at each site and there were few observations, there is 

in Po ial feed was evident such as the refuse 
depot and the foreshore. Unsurprisingly, the largest numbers of silver gulls were observed 
at the refuse depot, but there were probably only 7,000 to 8,000 silver gulls in the town of 

in
to June when tuna feed could affect the entire breeding cycle in the same way as silver gulls 
(pers. comm. NPWS; Trounsen & Trounsen, 1989). However, the specific breeding 
seasons for these seabirds around Port Lincoln is unknown, as is the effect of tuna feed on 
their reproductive output and population dynamics. 
 
5.11.1.3 Potential Methods for Controlling the Problem 

This research has shown there is an inflated population of silver gulls around Port Lincoln 
that are of economic concern to the tuna industry, a social problem in Port Lincoln, and a 

otential ecological problem for other birds. These probp
management and control strategies. There is no quick fix. Culling the gulls may decrease 
the population in the short term, but if the food is still readily available, they will eventually 
increase to pre-cull numbers. If the tuna farmers were to feed all their baitfish as frozen 
blocks, it would effectively prevent all the feed scavenging by silver gulls, but many gulls 
might starve. This might be considered unacceptable by the public, but could be offset by 
an effective publicity campaign showing the negative environmental, social and economic 

pacts of the exponential increase in gulls. To avoid exim
require careful manageme
gradually reduced until 
thousands of gulls would have to find other food sources in and around Port Lin
Thus, the problem needs a collaborative and well-planned strategy in which the tuna 
industry gradually change their feeding methods while NPWS vigorously cull gulls until the 
population is reduced to the few thousand pairs that occurred before tuna farming. 
  
On Rabbit Island in June 1999, all silver gull eggs were m
joint effort by NPWS and TBOASA, however, there wa
effectiveness in reducing the population size (Farlam, unpub

robably not effective because the egg contents leak and smel
respond to by laying another egg (Smith, 1995; Smith & Carlile; 1993). A
needs to be repeated for many seasons to be effective (Belant, 1997). Clearly 
research is required to assess the most effective management strategies, feeding regimes a
tuna farms, and culling regimes. 
 
5.11.1.4 Do Scavenging Seabirds Search for Other Sources of Artificial Feed When 

Tuna Feed is Unavailable?  
Silver gulls reliant on tuna feed become 
m
th
hypothesised, that due to the oppor
would be an influx in
w
nonetheless an evident trend. Near the end of tuna harvest, the number of gulls increased 

rt Lincoln, particularly at sites where artific
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Port Lincoln at any one time, which is not even half of the estimated breeding population 
ver gulls in the Port Lincoln area. Therefore, where do the majority ofof sil  these silver 

but co

The 
breeding season of most birds, both seabirds and terrestrial birds, some of them 

consu
Smith, 1995; Smith & Carlile, 1993). They can substantially decrease the breeding success 

bandi e, these silver gulls may travel 

signif been observed to consume 

5.11.2

• ve output of Pacific gulls, 
a. 

•  devices to silver gulls to assess  

 whether they breed more than once per season. 

• consumed by seabirds for other feed-delivery 

• 

5.12 

 the 

gulls go after tuna harvest?  The dispersal routes and summertime feeding locations of 
these silver gulls is unknown. These birds may be foraging for natural feed, such as fish, 

uld also be preying upon other bird species.  
 

October efflux of large numbers of hungry silver gulls coincides with the main 

endangered or threatened (such as the banded stilt, fairy tern, little tern and crested tern). 
Silver gulls are notoriously brazen and aggressive consumers – usually scavenging carrion, 
but quite capable of taking the eggs and live chicks of other bird species. There have been 
numerous reports of the detrimental impact of silver gulls on other bird species, 

ming the eggs and chicks of endangered species such as the Little Tern (Egan, 1990; 

of these species, which is of a great ecological concern.  
 
This ecological impact may not just be localised to Port Lincoln, with 95% of banded silver 
gulls from South Australian breeding colonies travelling up to 460 km from the 

ng/breeding colony (Ottaway et al., 1985). Therefor
quite a distance to their summertime feeding sites, and may even travel to ecologically 

icant breeding sites such as Lake Eyre, where they have 
banded stilt eggs and chicks (Robinson & Minton, 1989). 
 

 Future Research 

Further research into the interactions between seabirds and tuna farms could include: 

Assessing the population sizes and reproducti
cormorants, crested terns and short-tailed shearwaters in the Port Lincoln are

• Determining the ecological impact of the enlarged silver gull population on other 
birds, especially vulnerable or threatened species. 

Fitting radio tracking

i. dispersal routes and summertime feeding locations. 
ii.
iii. whether they return to Port Lincoln in successive seasons. 

• Assessing the nuisance-value of the silver gull in affecting human activities. 

Assessing the amount of feed 
methods. 

Using underwater cameras to assess if cormorants take any of the defrosting fish 
fed as frozen blocks of baitfish. 
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Chapter 6  Oceanographic conditions in the offshore southern 
ing zone, near Port Lincoln SA 

an lead to detrimental effects for the captive fish and the surrounding environment.  

 significant increase in average chlorophyll-a concentrations through 

bluefin tuna farm
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This chapter is based on an honours thesis by Bierman, with minor editorial changes.  The 
original citation is: 
Bierman P (2005). Oceanographic conditions in the offshore Southern Bluefin Tuna 
farming zone, near Pt Lincoln SA.  Honours thesis, School of Chemistry, Physics & Earth 
Sciences, Flinders University of South Australia.  
 
6.1 Executive Summary 
 
While it is unavoidable that intensive open sea-cage aquaculture operations will release 
wastes into the surrounding environment, it is the fate of these wastes, and the ability of 
the environment to assimilate them, that is of importance. Locations with better flushing 
will allow for the distribution of wastes over a larger area, while sheltered locations may 
result in an accumulation of wastes. Such an accumulation may increase concentrations of 
nutrients in the water column and can lead to eutrophication or growth of phytoplankton, 

hich cw
 
The aim of this report was to assess the oceanographic conditions in and around the SBT 
farming zone near Port Lincoln in Spencer Gulf. This involved determining whether there 
was any significant difference in oceanographic conditions, nutrients and phytoplankton 
between near the beginning and near the end of the farming season. A further aim was to 
observe whether the pens and the presence of fish could result in any changes to the 
nutrients or phytoplankton and to find out if the farming process is resulting in an 
accumulation of nutrients.  
 
It was observed that in winter the waters of the offshore SBT farming zone were cooler, 
fresher and denser than they were in summer. This is a signature of the wintertime density 
driven exchange circulation across the mouth of Spencer Gulf, which includes inflow of 
low salinity ocean water on the western side of Spencer Gulf. Concentrations of 
chlorophyll-a were seen to increase in areas where the greatest number of pens were 
located both before fish were present inside the pens and while there were fish in the pens, 
indicating that the structures alone may contribute to a localised increase in primary 
productivity by providing a framework to which photosynthetic organisms may attach.  

owever, there was noH
the season, hence the high number of fish in the area apparently does not result in an 
increase in primary productivity on a regional scale. Similarly the nutrient concentrations do 
not increase despite the presence of fish and the associated farming processes. These 
results suggest the region is well flushed and this is likely to be driven by the gulf-scale 
circulation that develops in May each year.  There was little evidence of stratification in the 
water column in either summer or winter, suggesting that the waters are well mixed, and 
that the system is oceanographically dynamic. 
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6.2 Background 
6.2.1 Spencer Gulf 

The farming of SBT takes place in the waters offshore from Boston Island, near the 
township of Port Lincoln, in the lower Spencer Gulf of South Australia. Spencer Gulf is a 
triangular shaped negative (inverse) estuary located between approximately 33-35ºS and 
136-137ºE (Figure 6.1a). The triangular shaped gulf is closed in the north, but open to the 
continental shelf in the south. Bounded by Eyre Peninsula to the west and Yorke Peninsula 
to the east, Spencer Gulf experiences only limited connection to the shelf waters. The gulf 
is 325 km long from the head to the entrance with a mean width of 60 km and a width at 
the entrance of 80 km (Nunes Vas et al 1990). The mean water depth is 22 m but reaches a 
maximum of 50 m at the mouth. The semi-arid Mediterranean climate of hot-dry summers 
and cool-wet winters combined with the lack of fresh water input from rivers and the 
negative precipitation – evaporation balance leads to a salinity in the gulf that is greater 
than on the shelf. The salinity maximum is located at the head and can be as high as 49 ppt 
in late summer, but drops to 43 ppt in late winter (Nunes Vas et al 1990). Salinity decreases 
with distance from the head and drops to 36-37 ppt near the shelf. Maximum salinities 
occur in summer due to high evaporation and low fresh water input. Water temperature 
also varies between seasons. In summer the mean water temperatures are in the order of 

 et al 1990). The gulf waters experience a 
ter seasonal temperature variation than the shelf due to the shallow water depth, 

be processes
ater. 

 late summer both the salinity and temperature within the gulf are high, but in autumn 

munication between the shelf and the gulf forms in 
ovember each year and persists until May. The maximum temperature gradient that 

a temperature difference of 4ºC between the gulf and the 
an the shelf in summer (Petrusevics 1993). A density 

24ºC, while in winter it drops to 12ºC (Nunes Vas
grea
warmer than the shelf in summer but cooler than the shelf in winter. The high evaporation 
leads to a loss of fresh water but there is no year to year salinity increase, hence there must 

 acting to remove saline water from the gulf and replace it with fresher shelf 
w
 
In
the water temperature decreases whilst the salinity remains high. The cooler saline water 
becomes denser and a density gradient develops between the water in the gulf and on the 
shelf. This instability enables the gulf water to flow out of the gulf along the seafloor under 
an inflow of fresher shelf water (Lennon et al 1987) (Figure 6.1b). The current flows out 
along the central channel within the gulf where the depth is greater, but exits the gulf on 
the eastern side due to the Coriolis Effect. Once out of the gulf the current crosses over 
Investigator Strait and flows down the west coast of Kangaroo Island. It flows down the 
shelf in the Du Couedic canyon to a depth of 250 m, where it finds its own density level 
(Lennon et al 1987). At the mouth of the gulf, the current is 50 km wide but narrows to 20 
km near Cape Border on Kangaroo Island (Lennon et al 1987). The average speed of this 
flow has been estimated at 0.1 m s-1 and hence the current would take 3 months to remove 
the salt accumulated over summer (Lennon et al 1987). Accompanying this outflow of high 
salinity water on the eastern side of Spencer Gulf must be an inflow of lower salinity ocean 
water on the western side of the gulf to conserve volume. This circulation does not begin 
until winter, when the sea surface temperature (SST) front that exists across the mouth in 
summer breaks down. 
 

he SST front that limits the comT
N
occurs is 0.8 ºC/km producing 

elf, with the gulf warmer thsh
minimum at the front suggests the presence of a convergence zone with mixing between 
the gulf water and shelf water and between shelf water and ocean water, but no direct 
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mixing between gulf and ocean water (Petrusevics 1993). Hence the SST front prevents the 
large scale circulation in Spencer Gulf until the breakdown of the front in May.  

 
(a)   

 (b) the outflow of the high 
et al 1987).      

and 0.05 ppt 
exchange periods for the bay have been calculated, using actual wind and 
9 days in summer but just 4 to 5 days in winter (Bond 1992). This 

issimilarity may be attributed to the seasonal variations within the entire Spencer Gulf 

(b) 
Figure 6.1: (a) Map of Spencer Gulf, South Australia (Noye 1984) and

salinity water during winter that generates the gulf scale circulation (Lennon 

 
6.2.2 Boston Bay  

 
In the south west of Spencer Gulf, near to the mouth, is Boston Bay. This shallow bay is 
approximately 15 km long, 6 km wide and up to 15 m deep. It is bounded by lower Eyre 
Peninsula with the township of Port Lincoln to the west and Boston Island to the east. 
Boston Island is 5 km long and 2 km wide and limits exchange to the bay to the 4 km wide 
channels to the north and south of the island. For the majority of the time the winds in the 
region are gentle breezes of less than 10 knots (~5 m s-1) mostly from the southeast in 
summer and from the west in winter (Bond 1992). The region rarely experiences gale force 
winds, 34 – 40 knots, but when they do occur they are predominantly from the northwest 
and occur during spring (Bond 1992). Within the bay currents are relatively weak, less than 
5 cm s-1 for the majority of the time and slightly weaker in the west, close to the coast, than 
in the east near the island. The currents are greatest in the south channel entrance to the 
bay, but still less than 12.5 cm s-1 for the majority of the time (Bond 1992). Waters within 
he bay are well mixed with surface to bottom variations of less than 0.5 ºC t

(Bond 1992). The 
tide data, to be 2
d
limiting exchange during summer. 
 
 
6.3  Aims and Objectives 
 
The purpose of this report is to assess the oceanographic conditions in and around the 
SBT farming zone, offshore from Boston Island, that influence nutrient dispersal. 
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Comparisons between the conditions in summer, before the SBT farming season, and 
winter, during the season, will show what affect, if any, the aquaculture activities have on 
the nutrient regime. Comparisons between measurements taken throughout the region and 
measurements taken nearby to a pen will give an indication of the effect of these structures 
and the fish within. Measurements of temperature, salinity and density will give an 
indication of stratification or mixing throughout the water column. Turbidity 
measurements along with current speed and direction will indicate whether sediment 
resuspension may be occurring. Measurements of chlorophyll-a will show the significance 
of primary productivity and whether it is being altered by the presence of the aquaculture 
operations, while nutrient concentrations will show whether nutrients are accumulating in 

e water column or being dispersed by the currents.  

6.4.1 Site Description  

 
The majority of SBT leases are currently located directly east from Boston Island, with 
some further north offshore from Point Boston. They are spread over an area that extends 
from 34º 34.2`S to 34º 43.2`S and from 135º 56.2`E to 136º 4.8`E. Hence the study area 
includes this and the surrounding waters (Figure 6.2). The coastline to the west of the study 
area, or the eastern side of Eyre Peninsula, is varied consisting of numerous bays and 
points incorporating both sandy beaches and rocky shores with a number of small islands 
spread throughout the region. From the north of the area following the coast southward 
exists Point Bolingbroke, Peake Bay, Peake Point, Louth Bay, Louth Island, Rabbit Island, 
Point Boston, Boston Bay, Boston Island, Proper Bay, Spalding Cove and Cape 
Donington. The east of the study area is the lower Spencer Gulf and the Sir Joseph Banks 
group of islands, which includes more than 17 individual islands. Water depths in the area 
range from 18 m up to 24 m with the greatest depths towards the south east.  
 

 
In order operties of the region it was necessary to obtain in 

u measurements of temperature, salinity, current speed and current direction. To obtain a 
iption of the area, a large grid was established consisting of 

4 stations starting in Boston Bay and extending from Cape Donington in the south to 

th
 
Some of the questions that this report will attempt to address include:  

• Is there a significant difference in the oceanographic conditions between summer 
and winter?  

• Are there any changes in nutrient regimes and primary productivity between the 
two seasons?  

• Do the pens and the presence of fish within these pens affect the nutrients and 
primary productivity?  

• Is there any accumulation of nutrients within the water column or are currents 
sufficient to disperse wastes?    

.4  Methods 6
 

6.4.2 Field Work 

to assess the oceanographic pr
sit
background summertime descr
4
Point Bolingbroke in the north and as far east as Sibsey Island (Figure 6.2a). The main 
section of this grid consisted of equally spaced stations separated by 2 minutes of longitude 
and 2 minutes of latitude, ~ 3.05 km in the east/west direction and ~ 3.71 km in the 
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north/south direction, covering a total area of 340 km2. To assess the conditions during 
winter, a smaller grid was established immediately east of Boston Island where the majority 
of lease sites are located (Figure 6.2b). This grid consisted of 20 equally spaced stations 
separated by 1 minute of longitude and 1 minute of latitude, ~ 1.53 km in the east/west 
direction and ~ 1.86 km in the north/south direction, covering an area of 34 km2. The 
large grid was surveyed at the beginning of the SBT farming season, between the 7th and 
the 11th of March 2005, whilst the small grid was surveyed towards the end of the farming 
season, between the 28th of June and the 1st of July 2005. Also in both March and June 
additional stations were sampled over a small area surrounding a single pen, which in 
March contained no fish.  
 

At each station, water samples were collected from both the surface, using an open bucket, 
and near the seafloor, with a Nansen bottle, and 250 mL of this water was filtered through 
0.45 µm filter paper using a hand pump to remove all organic matter from the sample for 
the determination of chlorophyll-a. The filtered water was transferred to a 250 mL black 
sample bottle and kept on ice until the return to land, while the filters were folded in half 
and wrapped in foil and also iced. Once back on shore, within 8 hours of collecting the 
samples, the bottles were frozen at -20ºC and the filters at -80ºC. Measurements of 
temperature, conductivity, pressure, turbidity, current speed and current direction were 
obtained at different depths between the surface and the seafloor using a recording current 
meter. The first measurement was taken 1 m below the surface, with subsequent 
measurements taken at approximately 2 m intervals, with the actual depth determined from 
measurements of the pressure. Along with these measurements, recordings of the precise 
location of the boat were taken to later correct for any drift of the boat during sampling.  
 

  
(b) 

Figure 6.2: (a) The location of sampling stations in reference to the coastline and the SBT leases in 
March and (b) the sampling stations in June. The positions of the moorings are 
indicated by the blue star in (b). 

 

(a) 

 
6.4.3 Chlorophyll-a Analysis 

 
The abundance of phytoplankton and hence the primary productivity within a body of 
water can be estimated using the concentration of chlorophyll-a [Ca]. Chlorophyll-a is a 
nitrogen containing plant pigment that is a necessary part of the conversion of sunlight into 
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energy in photosynthesis. High concentrations of chlorophyll-a will indicate high primary 
productivity and a large presence of phytoplankton, thus possibly indicating an algal bloom.  
 
Determining [Ca] involved measuring the fluorescence of the Ca pigments at 665 nm due to 
stimulation at 440 nm using a fluorometer. Initially the filters were dissolved in 5 mL of 
90% acetone in a 10 mL centrifuge tube using a vortexer for ~ 2 minutes. Tubes were 
placed in a bucket of ice and stored in a freezer for 24 hours. After this time the centrifuge 

bes were removed from the ice and the vortexer was again used to evenly mix the tu
solution. The tubes were placed in the centrifuge and centrifuged for 10 minutes at 2000 
rpm to remove solid particles from the solution that may interfere with the fluorescence. 
After allowing the fluorometer to warm up for ~ 10 to 15 minutes, a blank solution, 
consisting of a clean filter dissolved in acetone, was placed in the clear cuvette and placed 
inside the fluorometer. The reading from this test was subtracted from the results of the 
samples. Samples were pipetted into the cuvette, which was placed in the fluorometer for a 
few minutes until a stable reading was observed. Between each sample the cuvette was 
rinsed with 90% acetone and the outside was cleaned with a tissue. At regular intervals 
another blank was tested to record the offset for the readings. After all the samples were 
tested the blank was subtracted, then the fluorescence readings were converted into 

concentrations of Ca. This was done using the equation SF
V
V

S
FC E

a **][ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛=  (µg L-1), 

S

here F is the fluorometer reading, S is the slope (2.1457 when the fluorometer is set to a 
5 for high range and 0.05385 for medium range), VE is the extracted 

olume (0.005 L), VS is the sample volume (0.250 L) and SF is the scaling factor (1.088, 

utrients present in the water column are utilised by phytoplankton and are necessary for 

 
of the limiting nutrient is increased this may lead to an increased growth of phytoplankton, 

ossibly m. Thus it is n y to monitor the concentrations of nutrients 
available in the water.     

pl iltered on t were sto black sample
frozen until they could be analysed using a µchem MP nutrient analyser by Systea. This 

tic ch alyser tested th es fo NH3), phosphate 
 nitrit O re r  the 

 thaw a  temperature. Once d
k sample p n the a ler. T

gents. Af ac l densi asu
onochromatic light source and a silicon detector. The OD of a pure water solution, or 

dophenol blue (Lau et al 2003). Trisodium citrate and 
DTA are added to the reaction to avoid the precipitation of alkaline hydroxides, while 
itroprusside acts as a catalyst. The indophenol is then measured using a wavelength of 630 

nm. In the test for phosphate, the orthophosphate present in the sample water reacts with 

w
very high range, 0.262
v
based on a stock solution). 
 
6.4.4 Nutrient Analysis 

 
N
growth. Often when concentrations of a nutrient are low, the growth of phytoplankton is 
limited by that nutrient, usually nitrogen in the marine environment. When the availability

and p  an algal bloo ecessar

 
Water sam es collected and f  the boa red in  bottles and 

automa emical an e water sampl r ammonia (
(PO4),
allowed to

e (NO2) and nitrate (N
t room

3). Samples we
efrosted, the wa

emoved from
ter was transferred from the 

freezer and 

blac  bottle to a 100 mL sam le bottles i utomatic samp he analyser 
drew ~25 mL of the sample from the sample 
rea

bottle into th
e the optica

e cell where it mixed with the 
ty, OD, was meter the reactions took pl red using a 

m
blank, was subtracted and the result converted into a concentration in μg L-1.  
 
The test for ammonia follows Berthelot’s reaction, where ammonia and phenol in the 
presence of chlorine react to form in
E
n
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molybdate in an acid medium to form phosphomolybdate. This intermediate product then 
reacts with ascorbic acid, with an antimony catalyst, to form molybdenum blue which is 
measured at 880 nm. Nitrite present in the sample reacts with sulphanilamide and N-(1-
naphtyl) ethylendiamine in acid medium to give diazonium salt, which is measured at 550 
nm. Finally nitrates present in the sample are reduced to nitrite in a copper cadmium 
column, in a buffered medium, and then tested as nitrites (SYSTEA µchem MP user 
manual).  
 
Various problems occurred with the analysis of these nutrients. After the March water 
samples were collected, but before they could be analysed, the freezer broke down causing 
all the samples to defrost. The samples remained in a fridge at 1 – 2 ºC for a period of ~2 
ays. As the instrument for testing the samples was unavailable for use at this time, the 

given in Table

able 6.1: The range, resolution and accuracy of the parameters measured by the RCM-9 Mk II 

Param Accuracy 

d
samples were refrozen. It is unknown what effect this problem had on the nutrient 
concentrations within the water. The processes used by the analyser rely upon prepared 
reagents, a calibration solution and a buffer solution for the reactions. Though due care 
was taken in the preparation of these solutions and readings were blanked and calibrated 
every time a solution was changed it is still possible that this also impacted upon the 
concentrations. A number of unexplained anomalies resulted in concentration values that 
were well beyond reasonable values and hence these were excluded from the results. This 
explains the low number of nutrient concentrations compared to the number of samples 
taken.    
 
6.4.5 CTD Analysis 

 
Oceanographic properties such as current speed, current direction, temperature, 
conductivity, pressure and turbidity were measured using an RCM-9 Mk II, a recording 
current meter by Aanderaa. The range, resolution and accuracy of these parameters are 

 6.1.  
 
T

(Aanderaa Instruments 2000). 

eter Sensor Type Range Resolution 

Current Speed Doppler Current Sensor 0 – 300 cm s-1 0.3 cm s-1 ± 0.15 cm s-1 

Current Direction Magnetic Compass 0 – 360 º 0.35 º ± 5 º to ± 7.5 º 

Temperature Thermistor 9.81 – 36.66 ºC 0.1 % of range ± 0.05 ºC 

Conductivity Inductive cell 0 – 74 mS cm-1 0.1 % of range ± 0.8 % of range 

Press ge ure Silicon piezoresistive bridge 0 – 700 kPa 0.1 % of range ± 0.25 % of ran

Turbid le ity Optical Back-scatter sensor 0 – 100 NTU 0.1 % of full scale ± 2 % of full sca

 
From the range of conductivities, the salinity range was calculated to be 0.01 – 57.42 ppt (at 
20ºC and 10 kPa) with an accuracy of ± 0.08 ppt and a resolution of 0.043 ppt. The range 
for density values was found to be between 993.5 and 1044.3 kg m-3, from the extremes of 
the temperature and salinity range.   
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The measurements of conductivity were recorded in mS cm-1 and converted into salinity in 
ppt using the temperature and pressure following the method given in Fofonoff & Millard 

983). Densities were calculated from the salinity, temperature and pressure using 
TLAB. The actual depths of the measurements were 

alculated from the pressure measures using the equation 

(1
SEAWATER version 3.0 in MA

g
PP

Depth
.

0

ρ
−

=c  (m), where P is 

e pressure in Pascals, ρ  th is the density in kg m-3, g is the acceleration due to gravity (~9.8 
atmospheric pressure. As the atmospheric pressure at the time of 

0 was calculated by assuming the 
rst measurements of each profile occurred at 1 m below the surface.  

e 
llected. These u and v components of the boat’s motion were added to the components 

al current speed components. Finally the actual current 
speed was calculated as the square root of the sum of these corrected components squared, 

m s-2) and P0 is the 
measurements was not known with sufficient precision, P
fi
 

Current speeds were recorded in cm s-1 and the direction was recorded in degrees from 
magnetic north. The motion of the boat affected these measurements, and to correct for 
this, the current speed and direction firstly had to be broken down into the north/south 
and east/west components. This was done using the relationships v = V*COS(α) and u = 
V*SIN(α), where v is positive in the northward direction and u is positive in the eastward 
direction. The GPS coordinates of the boat’s location were recorded at the start and end of 
the profile, in degrees and minutes to 3 decimal places, and the displacement of the boat in 
the north/south and east/west directions were determined from these coordinates. The 
displacement of the boat in each direction was converted from minutes of latitude and 
longitude into centimetres using the relationship that 1 minute of latitude equals ~1.86 km 
and 1 minute of longitude (at ~34º 40`S) equals ~1.53 km. The displacement was 

nverted into a speed, in cm s-1, using the period of time over which measurements werco
oc

of current speed to get the actu

22 vuV += , and the actual current direction was calculated using the inverse tangent 
function of the ratio of the corrected u component to the corrected v component.  
 

This process of correcting for the drift of the boat assumed that the boat was moving at a 
constant speed and in the same direction over the period of the profile.  
 

6.4.6 Moorings  

 
To measure variation in the currents within the SBT farming zone over a period of time, 

 moorings were deployed and measuremen f current speed and direction were 
moorings was 

ghts connected by a 40 m ground line. The 
strument was connected to a buoy attached to one weight to hold the instrument 1 m 
ove the seafloor. The second weight was connected to a surface buoy used to retrieve the 

mooring. One instrument used was an RCM-9 Mk II; the same as the instrument used in 
the CTD profiles. This mooring recorded current speed, current direction, temperature, 
conductivity and turbidity every 5 minutes for a period of 42 days from June 29th to August 
9th 2005. The second instrument was the S4, which measured current speed and direction 
every half second for a period of 5 minutes once every 6 hours between the 1st of July and 
the 6th of August 2005. The moorings were located approximately 370 m apart within the 
SBT farming zone at approximately 34º 40.928 S and 136º 02.026 E (Figure 6.2b). 
Problems were encounted with the salinity and turbidity measurements from the RCM-9 as 

two ts o
recorded between late June and early August. The construction of both 
similar, consisting of two 30 kg bottom wei
in
ab
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a result of fouling. The fouling of the sensors resulted in an increase in turbidity 
measurements over time accompanied by a decrease in salinity measurements.  
 

6.5  Results & Discussion 
 
6.5.1 March 

 
6.5.2 Temperature 

 
In March, measurements of water temperature were recorded from the sea surface and 

 All of the temperature measurements fell 
een 19.5 ºC and 21.0 ºC with an average val f 20.1 ºC. This small range indicates 

 
surface w th the 

mosphere. Figure 6.3 shows how the surface and seafloor temperatures varied with 
cation indicating that there was very little spatial variation with only small areas where 

ere slightly warmer or cooler. Figure 6.4 shows an example of a typical 
depth-averaged temperature measurements for 

e large grid. The majority of the temperature profiles show an almost constant 

seafloor and at various depths in between.
betw ue o
that the water temperatures in the region during this time of year were uniform. The

ater was slightly warmer than near the seafloor as a result of contact wi
at
lo
temperatures w
vertical profile and the distribution of the 
th
temperature with depth, while a smaller number of locations show slight increases in 
temperature at the very surface or bottom of the profile, but these resulted in temperature 
to bottom differences of no more than 0.5ºC.      
   
 

(a) (b) 
Figure 6.3: (a) Surface and (b) bottom temperature (ºC) variations in March 2005.    
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(b) 

Figure 6.4: (a) A typical temperature profile showing the small variation between the surface and 
seafloor and (b) the distribution of depth-averaged temperature measurements.     

 
 
6.5.3 Salinity  

 
Salinities observed during March range from 36.63 ppt to 37.22 ppt with an average value 
of 36.89 ppt. Salinity measurements show spatial variation near both the surface and the 
seafloor, with an increase in salinity towards the south-east where the depth of water is 
greatest. This variation is more evident near the seafloor where salinity in the south-east is 
0.2 ppt greater than average. The majority of profiles of salinity with depth show no 
difference in salinity between the surface and the seafloor. Figure 6.5 shows the spatial 
variation in surface and bottom salinity, while Figure 6.6 shows an example of the near 
uniform salinity profiles and the distribution of depth-averaged salinity measurements.  
    
 

(a) (b) 
Figure 6.5: (a) Surface and (b) bottom salinity variations in March 2005.  1 psu = 1 ppt. 
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(a) (b) 
Figure 6.6: (a) An example of a near uniform salinity profile and (b) the distribution of depth-

averaged salinity measurements.  1 psu = 1 ppt. 

.5.4 Density 

pected 

owards the south of the study area. Figure 6.8 shows an example of a density 

 

 
6

 
Density measurements were calculated from the temperature and salinity data. Densities 
ranged between 1025.8 kg m-3 and 1026.5 kg m-3 with an average value of 1026.2 kg m-3. 
The lateral variations in density are similar to those in salinity, with the denser water located 
in the south east where the water is deepest and the salinity greatest. This is as ex
with salinity a controlling factor in the density structure when temperatures are nearly 
constant. Like the temperature and salinity, density shows very little variation through the 
profiles with only a slight increase towards the seafloor, indicating a well mixed body of 
water. Figure 6.7 shows the surface and bottom density plots showing only minor increases 
in density t
profile showing only a minimal surface to bottom density increase and the distribution of 
depth-averaged density measurements. 
 
 

(a) (b) 
Figure 6.7: (a) Surface and (b) bottom density variations in March 2005.  Units are variations from 

1000kg m-3. 
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(a) (b) 
Figure 6.8: (a) A typical density profile and (b) the distribution of depth-averaged density 

measurements in March 2005.       

   
.5.5 Current Speed & Direction 

easurements of current speed and direction were

6

 
M  taken at the same locations as the other 
variables. The current speeds observed range between 0.30 cm s-1 and 33.7 cm s-1 with an 
average speed of 12.7 cm s-1. The distribution of speed measurements is such that the 
majority of data points are located at the lower end of the range, as indicated by the 
positive skewness value of 0.50. The current direction varied through the full 360º.  
 
Measurements of current speed with depth were made both within and just outside an 
unstocked pen. These measurements indicate only a minor reduction of speed within the 
pen compared with outside, from a depth-averaged speed of 10.6 cm s-1 outside to 9.97 cm 
s-1 inside.  
 
The majority of current speed profiles show an almost constant speed with depth, with 
only small variations of up to 10 cm s-1 within the profile as a result of turbulence and 
mixing. When considering the current speed near the surface and near the seafloor 
separately, it can be seen that surface currents are on average slightly greater than currents 

ar the sene
remains con

afloor, an average of 12.2 cm s-1 compared to 9.98 cm s-1. The current direction 
stant with depth for the majority of locations also. Figure 6.6 shows a typical 

current speed profile and current direction profile.  
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(a) (b) 
Figure 6.9: le a

March 2005.  
(a) A typical current speed profi nd (b) current direction profile observed during 

n was slightly greater, 1.34 NTU, compared with the average turbidity near 
e seafloor over the large grid, 1.10 NTU. Figure 6.11 shows the distribution of the depth-

averaged turbidity measurements in March and the distribution of surface and seafloor 
turbidity indicating the difference in the range of measurements between the surface and 
seafloor.    
  

 
 
6.5.6 Turbidity 

 
Turbidity measurements during March ranged between a minimum turbidity of 0 NTU and 
a maximum turbidity of 4 NTU, with an average value around 0.8 NTU. Surface turbidity 
values were very low averaging 0.6 NTU, while bottom turbidity values were only slightly 
higher with an average of 1.2 NTU. Both surface and bottom turbidity values are greatest 
in the west, but this observation is more evident in the surface values. No correlation could 
be observed between turbidity values and water depth, nor could a relationship be 
observed between the turbidity near the seafloor and the current speed at that depth. 
Figure 6.10 shows the increase of surface turbidity towards the coastline and the increase in 
turbidity towards the seafloor. Average turbidity near the seafloor around the selected 
unstocked pe
th

(a) (b) 
Figure 6.10: (a) The variation in surface turbidity with location and (b) the increase in turbidity with 

depth in March 2005. 
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(b) 
Figure 6.11: (a) The distribution of depth-averaged turbidity measurements and (b) of surface and 

seafloor turbidity, in March 2005. 

 

mes are on the order of 1 day in favourable 

6.5.7 Chlorophyll-a 

 
Measurements of chlorophyll-a concentrations during Marc
1.94 µg L-1, with an average value of 0.73 µg L
similar for the surface and near-seafloor mea
surface was greater than near the seafloor; 0.85 µg L
an increased concentration of chlorophyll-a
(Figure 6.12). This corresponds to water directly o

ority of SBT leases are located. Two main 

slow wate
inimal decrease in current speed me

specially given that phytoplankton doubling ti

h ranged from 0.23 µg L-1 up to 
-1. Although the range of values was very 

surements, the average concentration at the 
-1 compared to 0.59 µg L-1. There was 

 towards the south west of the study area 
ffshore from Boston Island where the 
rs could lead to higher chlorophyll-a in 

 

asured inside the pen suggests that this is unlikely, 

maj facto
this area: proximity to land and proximity to SBT pens. These aquaculture structures may

r flow and create conditions more favourable to plankton growth, although the 
m
e
conditions.   
 

 
(a) (b) 
Figure 6.12: (a) The surface and (b) near seafloor chlorophyll-a concentrations (µg L-1) in March 

2005. 

    

A number of chlorophyll-a concentrations were determined over a small scale surrounding 
e selected unstocked pen. It was observed that the concentrations around the pen lie 

within a smaller range than those from the large grid, but have an average that is greater at 
th
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0.92 µg L-1 compared to 0.63 µg L-1

variation is observed around the pen. Surface 
1.20 µg L-1 and 0.52 µg L-1, while over the oth
averages are 0.65 µg L-1 and 0.60 µg L-1

chlorophyll-a concentrations determined in March. 
over the large grid and from around the pen. 
values for the grid lie over the same range, 
the pen form two distinct peaks s
seafloor. The higher chlorophyll-a concentration
structures might influence chlorophyll-a

ing of photosynthetic organisms upon t
these results are due to the sampled pen being si
shore.    

 of the other stations. Also a greater surface to seafloor 
and near seafloor averages near the pen are 
r stations of the grid the surface and seafloor 

, respectively. Figure 6.13 shows the distribution of 
It shows the concentrations determined 

It can be seen that the surface and seafloor 
but the surface and seafloor values from around 

howing the variation between the surface and the 
s nearby to the pen suggests that these 

 levels, despite being empty at this time of year, by 
uctures.  However, it is also likely that 

tuated in more nutrient rich waters close to 
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Figure 6.13: (a) The distribution of chlorophyll-a concentrations from the surface and near the 

seafloor from across the grid in March and (b) near the pen. 

 that is close to normal while the nitrite shows the 
zero with a decreasing number of values at higher 

concentrations. Figure 6.14 shows the distribution of surface and bottom ammonia, 
phosphate, nitrite and nitrate. No patterns can be observed for the spatial variation of 
ammonia, nitrite and nitrate, but phosphate appears to be greatest on the perimeter of the 
study area with minimum values in the centre. As mentioned, a number of errors occurred 
in determining nutrient concentrations which places much uncertainty in the results 
presented here. 
 

 
 
6.5.8 Nutrients 

 
In March, measurements of ammonia, phosphate, nitrite and nitrate were made at the sea 
surface and near the seafloor. It was seen that the average ammonia at the surface was 
slightly lower than the average ammonia at the seafloor; 17 µg L-1compared to 21 µg L-1. 
The phosphate, nitrite and nitrate showed no variation between the sea surface and 
seafloor, with mean concentrations of approximately 14, 4 and 25 µg L-1 respectively. Both 
ammonia and nitrate show large ranges of values (Figure 6.14), but the low number of 
measurements at the higher end of the scale indicates that these values may be outliers as a 
result of problems encountered in the analysis process and may not be representative of 
actual conditions in the system. The range of phosphate and nitrite is less (Figure 6.14) and 
phosphate values form a distribution

eatest number of values close to gr
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Figure 6.14: The distribution of nutrient concentrations in March 2005: (a) ammonia, (b) 
phosphate, (c) nitrite and (d) nitrate.  1 ppb = 1µg L-1. 

 
6.5.9 June 

 
Temperature  

value of 15.1 ºC. The majority of mea l towards the warmer end of the range 
ith fewer measurements occurring closer to the minimum value, as shown by the negative 

02. Surface temperatures were slightly warmer than at the bottom with an 
erage of 15.2 ºC compared to 14.7 ºC. Figure 6.15 shows the surface and bottom 

6.5.10 

 
Water temperatures observed during June ranged from 13.9 ºC to 15.4 ºC with an average 

surements fel
w
skewness of -2.
av
variations in temperature, while Figure 6.16 shows a temperature profile from a station 
located near the centre of the grid and the distribution of depth-averaged temperature 
values. The profile shows the difference between surface and bottom temperatures evident 
in the centre of the grid. Other profiles in shallower waters further to the east show almost 
no drop in temperature. The contour plots show a clear increase in temperature with 
distance from the coast, probably due to shallower water depths towards the south east of 

e smaller area monitored in June.    th
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(a) (b) 
Figure 6.15: (a) Surface and (b) near seafloor temperature variations observed in June 2005. 
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Figure 6.16: (a) A typical temperature profile and (b) the distribution of depth-averaged 
temperature measurements from June 2005.    

 
6.5.11 Salinity 

 
Salinity measurements in June ranged from 35.62 ppt to 36.18 ppt with an average salinity 
of 36.03 ppt. Average surface salinity was 36.08 ppt, which is very similar to the average 
bottom salinity of 36.03 ppt. Figure 6.17 shows the spatial distribution of salinity near the 
surface and seafloor and Figure 6.18 shows one of the salinity profiles and the distribution 
of depth-averaged salinity values. There is very little variation in salinity on the surface, on 
the bottom or at any depth down the profile.    
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(a) (b) 
Figure 6.17: (a) Surface and (b) bottom salinity variations in June 2005.  1 psu = 1 ppt. 
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Figure 6.18: (a) A typical salinity profile and (b) the

 
.5.12 Density 

e betwe
f 1026.9 kg m-3. As expected, the surface density a

mperature that results from this. The profiles show the slight increase in density between 

 distribution of depth-averaged salinity values in 

en 1026.6 and 1027.2 kg m-3 with an average 
verage was slightly less than the average 

and the increase in water 

June 2005. 1 psu = 1 ppt.    

6

 
Density values observed in June rang
o
bottom density; 1026.8 kg m-3 compared with 1027.0 kg m-3. Figure 6.19 shows the density 
variations observed in June and Figure 6.20 shows a density profile and the distribution of 
depth-averaged density. Very little spatial variation was seen in the surface densities with 
only a minor increase towards the south-west, but the bottom density appears to decrease 
towards the south-east. This is a result of decreased water depth 
te
the surface and the bottom, but this difference is again very small, indicating that the water 
body is well mixed.     
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(a) (b) 
 Figure 6.19: (a) Surface and (b) seafloor density variation in June 2005.  
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Figure 6.20: (a) A typical density profile and (b) the distribution of depth-averaged density 

measurements from June 2005.   

 
 
6.5.13 Current Speed & Direction 

 
Current speeds experienced during June range from a minimum value of 0.22 cm s-1 up to a 
maximum speed of 22.3 cm s-1, with an average of 5.97 cm s-1. The distribution of current 
speed measurements was skewed such that the majority of values occurred towards the 
slower end of the range, as indicated by the positive skewness value of 1.38. The direction 
of the currents varied throughout the possible range of 0 – 360º.  
 

Current speed profiles show an almost constan eed with depth, only varying by up to 10 
r 

ow a large variation in current direction with depth. The direction of the currents varies 
across the entire range of 0 – 360º with no pattern that can be observed.  

t sp
cm s-1 in any given profile. Average current speeds near the surface were greater than nea
the seafloor; 11.6 cm s-1 compared to 4.80 cm s-1. The majority of current direction profiles 
sh
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6.5.14 

 

 and 

e 

 d

6.5.15 

.88 µ  

 and around the pen. It shows the difference in 
rface and seafloor chlorophyll-a variations between the grid and the stocked pen.     

 
 

Turbidity 

The turbidity of the water in June ranged from 0 NTU up to 4 NTU, with an average of 
0.5 NTU. The turbidity at the sea surface over the grid was low averaging just 0.46 NTU, 
whilst the turbidity near the seafloor was slightly higher at 1.02 NTU. A few outliers above 
1 NTU occurred, but there was no correlation between the turbidity measurements
current speeds near the seafloor. Both the surface and bottom average turbidity 
measurements from near the stocked pen were lower than the average over the larger grid, 
with surface and near seafloor values of 0.36 and 0.49 NTU respectively. Also the increas
in turbidity towards the seafloor was less evident in the profiles nearby to the pen than it 

uring March.        

Ch

es for June ranged between 0.44 and 2.40 µg L-1 with an average value of 
g L-1. Again, chlorophyll-a at the sea surface was greater than near the sea floor with

was
 

lorophyll-a  

 
Chlorophyll-a valu
0
an average value of 1.07 µg L-1 compared to 0.70 µg L-1. The average chlorophyll-a 
concentrations from around the stocked pen were almost identical with the average 
concentrations from the rest of the area. However, the average surface concentration near 
the pen was actually slightly less than the average for the rest of the surface measurements, 
while the average bottom concentration was slightly greater than the average for the rest of 
the bottom measurements. Figure 6.21 shows the surface and near seafloor variations in 
chlorophyll-a concentration in June. It can be seen that there is a slight increase towards the 
north of the study area in both the surface and seafloor measurements. Again this area of 
greater chlorophyll-a concentration corresponds to where the greatest number of pens are 
located, but whether this is due to influences of the pens, proximity to land, or other 
factors, is debateable at this stage. Figure 6.22 shows the distribution of chlorophyll-a 

easurements from over the large gridm
su

(a) (b) 
Figure 6.21: (a) Surface and (b) seafloor chlorophyll-a variations in June 2005.    
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(a) (b) 
Figure 6.22: (a) The distribution of chlorophyll-a concentrations from the surface and seafloor for 

the grid and (b) near the stocked pen, in June 2005.   

 
6.5.16 Nutrients 

 
Measurements of ammonia, phosphate, nitrite and nitrate in

 

 June showed no observable 
oor. Average concentrations during June for 

-1, respectively. Insufficient 
 spatial variation in ammonia, nitrite or 

increase in concentration towards the 
Figure 6.23.  Figure 6.22 shows 

 
 with determining 

ite this, it can be seen that no significant 
nd the seafloor and that no dominant 

variations from the sea surface to the seafl
ammonia, phosphate, nitrite and nitrate were 9, 15, 5 and 4 µg L
data were available to indicate any patterns of

te, but phosphate measurements did indic n

and nitrate. The low number of values is 
utrient concentrations mentioned earlier. Desp

n the surface a
oncentration exists for either nutrient.  

nitra ate a
north both at the surface and near the seafloor as shown in 
the distribution of the surface and seafloor concentrations of ammonia, phosphate, nitrite

due to problems associated
n
difference exists in the ranges betwee
c
 

(a) (b) 
Figure 6.23: (a) Spatial variation of phosphate on the surface and (b) near the seafloor in June 2005.  
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Figure 6.24: Distribution of nutrients at the surface and on the seafloor in June 2005: (a) ammonia, 

(b) phosphate, (c) nitrite and (d) nitrate.  1 ppb = 1 µg L-1. 

 
6.5.17 March – June Comparisons 

 
The main difference that can be observed between the measurements of temperature, 
salinity and density taken in March and in June is the magnitude of the values. On average 
the water within the SBT farming zone in June was cooler by 5.03 ºC, fresher by 0.86 ppt 
and hence denser by 0.62 kg m-3. This difference is highlighted in Figure 6.25; a TS diagram 
displaying all temperature and salinity measurements from March and June. It is the 
decrease in salinity in winter that provides evidence of the effects of the gulf scale 
circulation in the region.  
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Figure 6.25: TS diagram of all measurements from March and June. 

 
Six of the twenty stations surveyed in June were at the same location as a station surveyed 
in March. This enabled comparisons of the same locations between seasons to be made. 
Profiles of temperature, salinity and density at these locations are similar between the 
months, with the only difference being the decrease in temperature and salinity and the 
increase in density.  

re is an increase in chlorophyll-a concentrations of 0.16 µg L-1 on average from March 
ough this is likely to be due to the June sampling locations being in the area 

 
µg L-1 w entration increased by 0.11 µg L-1. Overall, the 

asonal increase in chlorophyll-a is small, and stocking of the pens and the farming 

gional effect was observed in phosphate concentrations in June, the average 
tion does not increase during the season indicating that there is no accumulation 

of nutrients as a result of the farming practices on a regional scale.    
 

 

 
The
to June, alth
with highest concentrations in March. The average surface concentration increased by 0.22

hile the average bottom conc
se
processes appear not to have a significant effect on these levels. If the 6 sampling stations 
that coincide are considered, an inverse trend is observed. It is seen that 5 of the 6 
locations show a decrease in surface chlorophyll-a from March to June and 4 of the 6 show 
a decrease in bottom chlorophyll-a also. The measurements taken around the pen show a 
decrease in surface chlorophyll-a, but a slight increase in chlorophyll-a near the seafloor.  
 
Concentrations of phosphate, ammonia, nitrite and nitrate do not increase from the 
beginning to the end of the farming season, when all the pens were stocked to full capacity 
therefore possibly resulting in large amounts of waste being produced. The average 
concentrations of ammonia and nitrate decrease from the beginning to the end of the 
farming season while phosphate and nitrate remain almost the same. Although a small 
re
concentra
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6.5.18 Moorings 

 
Current speeds as measured by the RCM-9 current meter ranged from 0 to 24.6 cm s-1 with 
an average speed over the 42 day period of 8.17 cm s-1. The components of the current 
indicate an average northward component of 0.89 cm s-1 and an average eastward 
component of 0.43 cm s-1. These averaged components together result in an average 
current direction of 25.8º. By combining the two average components we have a net 
current of 0.99 cm s-1. Multiplying this value by the period of just over 41 days it is seen 
that there is an overall displacement of 35.5 km towards NNE. This current is equivalent to 
a water transport of 855 m day-1, and results in a flushing time for the SBT farming zone of 
approximately 17 days. It is possibly this flushing that explains why both nutrient and 

rophyll-a concentrations do not increase throughout the season despite some possible 
ects being observed near the pens. T is northwards flow along with the lower 

 
Figure 6.2 l 
of water over the period of almost 42 days from late June to early August.  

chlo
localized eff h
salinity values in winter, corroborates the presence of the gulf scale circulation in winter.

6 shows the current speeds measured and the predicted displacement of a parce
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Figure 6.26: (a) The current speeds measured and (b) the net displacement for the mooring location 

calculated for the 42 day period.  

  
The RCM-9 current meter also measured temperature, salinity and turbidity over the same 
period. Temperatures between 13.6 ºC and 15.3 ºC were recorded with an average of 14.5 
ºC. Salinity ranged between 34.8 and 36.4 ppt, with an average of 35.9 ppt. Turbidity 
ranged from 0 up to 25 NTU, with an average value of 2.95 NTU. The turbidity 
measurements are shown in Figure 6.27 for the first 18 days of July. Also shown is the 
current speed measured by the S4 current meter over the same period. It can be seen that 
there are 3 intervals where the turbidity appears to be elevated above average levels. These 
are between the 2nd and 7th of July, between the 11th and 14th of July and 17th to 18th of July. 

f  
Interestingly, these high turbidity values appear to bracket a period of high current speed, 
when they would be expected to coincide with it i  currents act to stir up the seabed and
resuspend sediments.  
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Figure 6.27: (a) Turbidity measured by the RCM-9 current meter in the first 19 days of 

measurements and (b) current speeds measured over the same period by the S4 current 
meter.  

 
Both turbidity and salinity  show a significant anomaly on the 19/7/2005 with a sudden 
drop in salinity and rise in turbidity. For a period of approximately 6 hours on the 19th the 
salinity was 0.86 ppt lower than the average. At the same time that salinity suddenly 
increased back up to and even slightly higher than its average value, the turbidity increased 
significantly for a period of just 20 minutes, indicating possible interference by marine 
organisms on the sensors.  
 
Figure 6.28 shows the temperature and salinity measured by the RCM-9 current meter for 
the first 17 days of July. Temperature over this period shows the daily cycle of heating and 
cooling, but it also shows a slight decrease over the time period, but this is as expected for 
the time of year with cooling of the atmosphere. The salinity over the same period shows a 
decrease with time; a drop of over 0.2 ppt over the 17 days. The decrease in salinity is 
expected with the wintertime flushing of the gulf, however fouling of the sensors could 
have also contributed to this pattern.  
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Figure 6.28: Temperature and salinity between 1st to 18th of July 2005 as recorded by the RCM-9 

he purpose of this report was to assess the oceanographic conditions in and around the 
g zone, offshore from Boston Island, and to understand the distribution of 

nutrients and primary productivity of the region. This was done by observing the changes 

current meter.  1 psu = 1 ppt. 

 
6.6 Conclusion 
 
T
SBT farmin
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in temperature, salinity, density, tu
region and between the s s er
there are any significant changes in oceanographic conditions between March and June, 
whether there are any changes to the nutrients and primary productivity of the region 
between the two seasons, and whether there is any accu lation of nutrients or increase in 
pr d lu
area is sufficient to disper
 
In , the water within the SBT farming zone was cooler, fresher and denser than it was 
du M  This is a signature of the wintertime density-driven ex  circulation 
across the m
the west sid
ea  the gulf. The inflow current had a flow speed of 1 cm  result in a 
displacement of almost 1 km per day towards the north.  
 
C w
increase near the coastline around th
These higher levels of chlorophyll-a could eries of factors, including land 
runoff, shallower waters or the presence of SBT pens. Also, measurements taken towards 
th  of the farming season show greatest concentrations where the greatest number of 
pens are located. The a tly
season thoug o
impact that do ctivity on a regional scale.  
 
A similar pattern is observed for the availability of nutrients, with no detectable increase 
du t a at nutrient m rements were 
inconclusive as a result of complications in the analysis process. It does appear unlikely,
however, tha c
the associated farming processes, such as the input of feed, that undoubtedly results in 
waste products. Phosphate concentrations are seen to be higher in areas where pens are 
located but the average concentration for the region is no higher than before the farming 
season began.   
 
Si no significant increase in primary productivity or accumu of nutrients 
throughout the season, this suggests that the region is well flushed. This is likely to be 
driven by the gulf-scale circulation that develops after May each year following the 
breakdown of the SST front across the mouth of Spencer Gulf.  
 
The farming season begins before the breakdown of the SST front and hence before the 
large scale circulation that is responsible 
accumulatio f n ients es o ur in e pe d be ee c  t
studies will need to focus on taking regular measurements of nutrient centrations 
during this period to better understand the system.  
 

ere was no attempt h
e r ase nut ts f  the mpl d iption of 
u s and primary production in the SBT aquaculture zone it would be necessary to 

es in the sediments also. 
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ppen

.2: ro , ammonia, phosphate, nitrite, nitrate and nt speed m ed in both
June a t speed, tem ture, salinity rbidity me  over 41 d m late Ju gu

 

Parameter Month Location of 
M  

Number of 
measurements 

Average Min Max Standard 
De n 

Skewness Kurtosis 

6.7 A dix 
 

Table 6 Summary of the temperature, salinity, density, turbidity, chlo
nd en

phyll-a  curre easur  
March and in  the curr pera and tu asured ays fro ne to early Au st 2005.  

easurements viatio
Temperature  March All Grid 732 21.01  19.51  21.01 0.23 0.32 0.69 

( ºC)  Surface 44 20.22   19.63  21.01 0.30 0.71 1.33 
  Seafloor 44 20.05   19.51  20.50 0.23 -0.04 -0.21 
 Ju e  n All Grid 358 15.05  13.85  15.42 0.31 -2.02 4.06 
  Surface 20 15.19  14.92  15.39  0.12 -0.30 -0.43 
  Seafloor 20 14.65   13.85  15.42 0.54 0.11 -1.64 

Salinity March All Grid 732 36.89 36.63 37.21 0.13 0.61 -0.62 
(ppt)  Surface 44 36.85 36.68 37.20 0.12 1.07 0.99 

  Seafloor 44 36.92 36.64 37.19 0.13 0.37 -0.79 
 Ju e 358 30.81 n  All Grid 36.10 35.72 36.26 0.04 -3.60 
  Surface 20 36.12 36.06 36.22 0.05 0.41 -0.85 
  Seafloor 20 36.14 36.08 36.26 0.04 1.09 1.28 

De ity Ma ch 732 1  1   ns r All Grid 026.2 025.8 1026.5 0.10 -0.05 0.10 
( ) 1026.1 1025.8 1026.4 0.12 kg m-3  Surface 44 -0.14 0.08 

  Seafloor 44 1026.3 1026.1 1026.5 0.08 0.41 -0.80 
 June All Grid 358 10 .9 10 .7 1 3 26 26 027. 0.01 1.72 3.22 
  Surface 20 1026.9 1026.8 1027.0 0.05 0.87 0.66 
  Sea oor 20 1027.1 1026.9 1027.3 0.14 -0.137 -1.55 fl

Turbidity March All Grid 732 0.78 4.17 0.36 0.31 2.53 21.28 
(NTU)  Grid Surface 44 0.59 0.98 0.36 0.23 0.36 -1.62 

 1.10 0.36 4.17 3.33 15.05  Grid Seafloor 44 0.61 
  All Pen 366 0.79 0   .36 2.42 0.31 1.25 2.87 
  P e 0.46 0.36 0.88 en Surfac 22 0.16 1.60 1.95 
  P or 1.34 0.57 2.42 en Seaflo 22 0.45 0.43 0.16 

Parameter Month L f 
Me nts 

Nu  of 
measurements 

Av ge  Max St d 
De n 

Skocation o
asureme

mber era Min andar
viatio

ewness Kurtosis 

T y Ju e 358 0.56 0.36  45.62 urbidit n  All Grid 4.38 0.34 4.58 
(N U) T  G e 0.46 0.36 0  rid Surfac 20 .88 0.21 1.62 0.70 

  G or 1.  0  4.38 12.89 rid Seaflo 20 02 .36 0.87 3.30 
  All Pen 152 0.43 0   .36 0.98 0.18 2.13 2.59 
  P e 0.36 0.36 0.36  en Surfac 0.36 0.00   
  P or 0.49  0  0.24 en Seaflo 0. 63 .88 0.49 1.44 0.00 
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Chlorophyll-a March All 133 0.72 0.23 1.94 0.37 0.97 0.23 
(µg L-1)  A  ll Surface 69 0.85 0.23 1.92 0.41 0.27 -1.08 

  A r ll Seafloo 64 0.59 0.25 1.94 0.27 2.36 8.80 
  All Grid 88 0.63 0.23 1.94 0.34 1.80 4.06 

  S d urface Gri 44 0.56 0.23 1.92 0.36 1.58 2.80 
  Seaflo r Grid 44 0.60 0.25 1.94 0.31 2.14 6.81 o
  All Pen 45 0.92 0  .44 1.52 0.37 -0.04 -1.77 
  Surface Pen 25 1.20 0.50 1.52 0.23 -1.89 3.97 
  Se en afloor P 20 0.57 0 4 .4 0.98 0.15 2.10 4.10 
 June All 55 0.88 0.44 2.40 0.34 2.09 7.25 
  All Surface 28 1.07 0.63 2.40 0.36 2.20 6.44 
  A r ll Seafloo 27 0.69 0.44 0.98 0.16 -0.07 -1.13 
  All Grid 40 0.88 0.44 2.40 0.38 1.97 5.47 
  Surface Grid 20 1.10 0.42 1.76 3.84 0.63 2.40 
  Seafloor Grid 20 0.66 0.44 0.98 0.16 0.35 -.89 
  All Pen 15 0.89 0.55 1.10 0.14 -0.81 1.14 
  Surface Pen 8 0.99 0.89 1.10 0.08 0.39 -1.18 
  Seafloor Pen 7 0.79 0.55 0.95 0.13 -1.01 2.01 

NH3 March Surface 24 17 0 62 18.50 1.41 1.10 
(ppb)  Seafloor 22 21 0 64 22.42 1.37 1.78 

 June Surface 7 9 1 14 4.11 -1.07 1.93 
  Seafloor 11 9 1 25 6.88 1.16 2.13 
          

          
Parameter Month Location of 

Measurements 
Number of 

measurements 
Average Min Max Standard 

Deviation 
Skewness Kurtosis 

PO4 March Surface 44 14 3 30 6.35 0.61 0.10 
(ppb)  Seafloor 43 13 1 27 5.09 0.50 0.78 

 June Surface 18 15 6 23 5.24 -0.29 -1.20 
  Seafloor 19 14 2 21 5.87 -0.42 -1.07 

NO2 March Surface 44 4 0 38 6.74 3.56 15.29 
(ppb)  Seafloor 43 4 0 21 5.03 1.68 2.72 

 June Surface 13 5 0 8 1.91 -1.21 3.89 
  Seafloor 13 5 0 8 2.07 -1.09 1.90 

NO3 March Surface 42 24 4 82 19.15 1.04 0.80 
(ppb)  Seafloor 40 26 1 72 17.80 0.66 -0.21 

 June Surface 10 3 1 7 2.06 1.10 1.30 
  Seafloor 14 5 0 11 3.00 0.80 0.70 
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Current Speed March All Grid 732 12.67 0.30 33.67 7.07 0.50 -0.41 
(cm s-1)  S ce 44 12 2.19 0.55 -0.45 urfa .21 21.20 6.78 

  oor 44 9. 0 9. 0.01 -0.16 Seafl  97 .75 1 65 4.79 
 ne rid 58 5. 0 2. 3.63 1 2.56 Ju  All G 3  97 .21 2 29 .37 
 -0.47  Surface 20 11.60 3.12 22.29 5.34 0.51 
 -0.51  Seafloor 20 4.80 2.18 9.62 2.19 0.64 

Moorings          
Current Sp . 05 eed  June-August RCM-9 11912 8.16 0 24.63 4.40 0.63 8 17E-

(cm s-1) 1.36  S4 – 5 min avg. 144 10.07 4.82 23.24 3.91 1.26 
 0.81  S4 – All 36937 10.10 0 45.80 6.09 0.92 

Temperatu
ºC) 

-0.50 re ( June-August RCM-9 11911 14.50 13.63 16.31 0.33 0.38 

Salinity (p -0.33 pt) June-August RCM-9 11911 36.94 34.80 36.35 0.40 -1.15 
Turbidity (N 3.93 TU) June-August RCM-9 11911 2.95 0.05 25.20 3.82 2.17 
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Chapter 7 Carrying capacity modelling  
 
Greg Collings, Anthony Cheshire and Jason Tanner 
 
SARDI Aquatic Sciences, PO Box 120, Henley Beach SA 5022 & Aquafin CRC 
 
Note: The models described here were originally developed as part of a project for PIRSA 
Aquaculture, and subsequently further developed for SBT through funding from Aquafin 
CRC. 
 
7.1 Executive Summary 
 
To help predict the pattern of benthic impacts around a tuna pontoon, and in particular to 
examine the potential for impacts of neighbouring pontoons to overlap, as well as broader 
scale pelagic impacts, two models of what can loosely be termed ‘carrying capacity’ were 
developed. While the models have not been fully calibrated and validated, and therefore 
cannot provide an absolute estimate of deposition loads, they do provide a useful 
qualitative picture of the pattern of carbon deposition and nutrient inputs which are likely 
to occur based on stocking densities, feeding rates and current flows.  In the short term, 
this information can be used by farm operators to examine the likely consequences of 
ifferent pontoon arrangements within a lease, and it can help structure monitoring 

maximal impact, even if the numeric estimate of 
erified.  They can also be used to guide increases in production in 

d at the scale of entire zones (i.e. an area of several leases).  By 

d
programs as it predicts the positions of 
loading is not currently v
an adaptive management framework.  In the longer term, the models will provide a 
framework to direct future research and assist in the integration and synthesis of field 
results and the identification of gaps in current knowledge. 
 
Model 1 predicts the increase in dissolved nutrients and is based on the mass balance 
models provided by Beveridge (1987).  The model relies on the knowledge of the level of 
input of nutrients, the geometry of the aquaculture area and the flushing regime of the area.  
Predictions are provide
comparison with published guidelines for water quality (in this case the 
ANZECC/ARMCANZ (2000) water quality guidelines), it is possible to suggest the 
amount of production that may be supported without breaching these levels. 
 
Model 2, “Farmér”, is a simulation of the increased carbon loading to the seabed caused by 
finfish farming.  From estimates of feeding rates and chemical composition of food and 
fish, the path of carbon in both faecal material and uneaten food is simulated to the 
seafloor to estimate the pattern of organic deposition on the seabed. This involves two 
components of movement in the water column– a current induced movement (advection) 
and diffusion independent of water motion (dispersion).  The magnitude of both effects is 
determined, at least in part, by the time taken to sink to the seafloor.  Once deposited, the 
carbon can either accumulate over the period of the simulation, or it can be utilised at least 
in part by the benthos, depending on the options selected.  The resultant output is a two 
dimensional surface plot of loading across the area of the seabed covered by the waste 
materials.  Currently, the model is set up to operate at the lease scale, although a single 
pontoon can also be simulated, as could interactions between 2 neighbouring leases.   
 
 
 
7.2 Introduction 
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“Carrying capacity” has multiple definitions in the ecological literature. In terms of 
traditional population ecology, it refers to the number of organisms of a given species that 
can be supported by the level of resources available (Fernandes et al. 2001).  This definition 
does not take into account detrimental effects to the environment, except insomuch as they 

egatively feed back on the organisms of interest. Aquaculture operations necessarily 

ients 

.2.1 The overall modelling approach 

n
involve a waste stream that has the potential to impact on the surrounding environment 
(Gowen et al. 1994).  These changes to the surrounding environment may result in 
conditions that are deleterious to the fish being raised or have an unacceptable effect on 
the natural biota (Pearson and Black 2001; Read et al. 2001).  Thus the “environmental 
carrying capacity”, also known as assimilative capacity, represents the level of production 
that can be maintained without a loss of habitat quality that is unacceptable because of an 
effect on stock or other biota (Fernandes et al. 2001).   
 
Carrying capacity is not determined by a single variable, but rather by any one of a suite of 
potential factors operating at different scales (Silvert 1992).  At the most localised of scales, 
the stocking rate of the fish within a pontoon will have ramifications on oxygen levels in 
the immediate water column (Silvert and Cromey 2001) and the likelihood of disease 
transmission.  At a larger, but still quite local scale, organic deposition, of either uneaten 
food or faecal material, can have a profound influence on the benthos (Findlay and Watling 
1994; Silvert and Sowles 1996).  At the regional scale, the release of soluble nutr
becomes a more important issue (Silvert 1992, Silvert and Cromey 2001).   
 
7

 
The modelling strategy used here investigates carrying capacity in terms of organic 
deposition (a near-field effect) and the release of soluble nutrients (a far-field effect).  It is 
important to note that while other issues, (e.g. oxygen stress, disease transmission, 
physiological response to environmental conditions such as temperature and salinity, 
behavioural issues etc) may act to limit productivity, these effects are not within the scope 

e in production would increase 
t the scale of the 

can also be used at the scale of an individual lease, 
though this requires the assumption that nutrients from nearby leases are not dispersed 

into the lease.  The carbon deposition model sim  
seafloor around an individual pontoon or a small group of pontoons.  This model is 
esigned primarily to be used at the lease scale, allowing an examination of how deposition 

examine interactions 
gle pontoon.  The carbon 

urrent 
 restrictions to running the model at this 

less wastes 
isperse large distances before settling out, little would be gained.  Both models are based 

 processes, particularly 
ydrodynamics, in the Port Lincoln area is incomplete, and thus neither model has been 

ey predict are likely to be 
reasonably accurate, the absolute values of the .  
In the short term, this information can be used to help structure monitoring programs as it 

of the models detailed here. Such issues should be dealt with based on the cumulative 
experience of industry. 
 
Two models have been created to simulate aspects of the impact of finfish farming on the 
environment. In the first, the focus is on levels of dissolved inorganic nutrients and in the 
second, carbon deposition to the seafloor is modelled. The nutrient model is used to 
provide an estimate of the extent to which a set increas
nutrient levels in the water column.  This model is designed to be used a
farming region.  The nutrient model 
al

ulates the deposition of carbon onto the

d
from neighbouring pontoons may overlap, but it could also be used to 
between two neighbouring leases or deposition around a sin
deposition model cannot be used at the scale of the entire farming region in its c
implementation.  While there are no theoretical
larger scale, the computational effort required would be excessive, and un
d
on the best available data, but our understanding of many
h
fully calibrated or validated.  Thus, while the patterns th

 predictions should be treated with caution
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predicts the positions of maximal impact, even if the numeric estimate of loading is not 

he dissolved nutrients that were investigated in this model were nitrogen (both as nitrate 
 detailed below were 

 yellowtail kingfish and snapper.  Each run of the model 
ters that are applicable to the 

currently verified.  In the longer term, the model will provide a framework to direct future 
research and assist in the integration and synthesis of field results and the identification of 
gaps in current knowledge.   
 
In the case of dissolved nutrients, a standard mass balance model (Beveridge 1987) was 
developed to predict how increased inputs from aquaculture would increase nutrient levels 
within the water column.  Predicted nutrient levels can then be compared to a set of trigger 
values, such as those provided by ANZECC / ARMCANZ (2000), to estimate the carrying 
capacity.  Due to the uncertainties in some of the parameters of this model, it is important 
that production be increased incrementally, with the subsequent effects on nutrient levels 
being compared to model predictions to determine how well the model performs.  
 
Carbon deposition is modelled using a Gowen type model (see Gowen et al. 1994) 
developed by SARDI.  This allows a prediction of the pattern of organic deposition around 
each pontoon.  Again, due to uncertainties in some parameters, the model is more useful as 
a predictor of the qualitative pattern of carbon deposition and of the relative impact on 
different sites than it is as an indicator of the absolute rates of deposition.  This model 
cannot be used to predict the carrying capacity of a region, but can be used to assess likely 
consequences of different stocking rates and pontoon arrangements at the lease scale. 
 
7.3 Model 1: Predicting the build-up of dissolved nutrients 
 
A mass balance model of the type devised by Beveridge (1987) was utilised to predict the 
change in dissolved nutrient concentrations in the water body represented by the 
aquaculture zone.  This model was the principal tool utilised to make quantitative 
predictions of how great a nutrient increase could be expected to be associated with any 
given level of production, an approach used previously in studies of finfish aquaculture 
potential in South Australian waters (e.g. Petrusevics 1998).  
 
T
and ammonia) and phosphorus (as phosphate).  The simulations
parameterised for southern bluefin tuna (Thunnus maccoyii).  The model can also be applied 
to other finfish species including
requires the operator to develop a specific set of parame
individual site, species being farmed, and stage of growth. 
 
The central equation of this model is: 
 

FV
N s

 x 
RL )1( x −

=Δ     (7.1) 

 
here:  ΔN = the change in dissolved nutrient concentration (kg/m3)  

ents (denied to water column) (%) 

W
L = total amount of nutrient released to the environment (kg) 

rient retained by the sedimRs = proportion of nut
V = volume of water in the proposed zone (m3) 
F = the number of water body changes occurring across the period of interest 
 
Note: R  cans  be estimated as a function of flushing rate, whereby  
 

507.0x 747.01 Fs +
1R =     (7.2) 

  



 241

 
By adding the present level of the dissolved nutrient to the calculated change (ΔN), a level 
can be predicted for any given amount of farmed fish growth.  These levels can then be 
ompared with appropriate trigger values. 

he amount of nutrient lost to the environment is calculated from the amount of nitrogen 
dded in the food (in this case it is assumed tuna are fed entirely on Australian sardine – 

e similar), and the 
ount between the two represents 

ake 
ox 1 

 
 hydrodynamic 

f 
es the critical 

nores 
g 

thout knowledge of the nature 
f the water exchange, it is not possible to quantify this effect. However, it is worth noting 

model conservatively, 
king this into account effectively reduces the flushing rate to zero, and consequently, 

 
the estim racking within a 

ydrodynamic model can be used to calculate flushing rates.  This provides a much more 
is happening, but requires access to a fully calibrated 

 developed for Risk & 
to improve the current 

d to 
e 16% N) 

005) 
ood Conversion Ratio (wet weight) 1: 12 (based on 50,000 tonnes of baitfish fed annually 

rom Chapter 6) 
-1

c
 
T
a
Sardinops neopilchardus, although results for other baitfish are likely to b
am  assimilated in the growth of the fish.  The difference 
loss to the environment.  This is a very simplified first order approach, as it does not t

a dissolved form.  Binto account any feed wastage, and it assumes that all wastes are in 
demonstrates a worked example of such a calculation. 

The flushing rate is calculated from results on particle retention from a
model. The flushing time was taken (conservatively) as the time required for 100% o
particles to be flushed, assuming a linear decay rate. This calculation mak

umpass tion that the water body is properly exchanged in this tidal movement, and ig
the possibility of “plug” movement, whereby the nutrients are moved out on an outgoin
tide, and then straight back in again on the incoming tide. Wi
o
that in this respect, the model is NOT conservative, and thus underestimates accumulation. 
t assumes full exchange and no “plug” movement. To run the I

ta
carrying capacity would be reduced substantially. Such sensitivity is a clear indication that

ates must be treated with extreme caution.  Alternatively, particle t
h
accurate picture of what 
hydrodynamic model of the area of interest.  Such a model is being

esponse (FRDC 2005/059), and the results of this could be used R
model once available. 
 
General parameters used in this model are (as % of wet weight): 
Baitfish nitrogen content: 3.248% (S. neopilchardus is 20.3% protein (Ellis & Rough 2005), 
which is assumed to be 16% N) 

aitfish phosphorus content: 0.456% (Ellis & Rough 2005) B
Baitfish & SBT water content: 71% (Ellis & Rough 2005 for SBT, baitfish was assumed to 
be the same) 
BT nitrogen content: 3.584%  (22.4% protein (Ellis & Rough 2005), which is assumeS

b
SBT phosphorus content: 0.56% (Ellis & Rough 2
F
for an increase in total fish weight of 4,300 tonnes) 
Growout period of 8 months 
 
Other required site-specific parameters are: 
Average depth (20 m) 
Flushing Rate (21 turnovers/yr = 14 turnovers/8 month season, Chapter 6) 
Current level of dissolved N as ammonium (11.5 μg N l-1, calculated from Bierman – 
Chapter 6) 

urrent level of dissolved N as nitrate (3.6 μg N l-1, calculated fC
Current level of dissolved phosphorus (4.7 μg P l , calculated from Chapter 6) 
Zone area (172 km2) 
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These nutrient levels lie within the range of previously reported results for the area by 
Petrusevics and others (in SKM 2001), and Fernandes et al. (2007). 
 
 
 
 

1. Calculate the increase in loading associated with 1kg of production  
-1kg of production requires 12kg of food (FCR=12) 

2. This 12kg represents 12kg x 3.248% = 389.8g of Nitrogen 
. Of this, some is retained in the form of fish gro3

4
wth: 1kg of growth x 3.584% = 35.8g 

. This leaves 398.8g – 35.8g as lost to the environment = 354g 
a proportion is retained by sediments and not released 

= 1/(1+ 0.747 x 14.507) = .2599 (or 25.99%) 
. So the amount which is released = (1-0.2599)*354000mg =261995mg 

7. This amount is divided by the total volume of water that it can be released into (i.e. the 
standing volume x the number of flushes/growout season) So:  261995mg / 
(172000000x20m3 x 14) = 5.44x10-6mg m-3 or 5.44x10-6μg l-1 

8. The above figure represents the increase in nutrient concentration for every kg of 
production.  If  (for example) 100 tonnes (100,000kg) of production is proposed then there 
will be an increase of 105 x 0.544 x 10-5μg l-1 or 0.544μg l-1

5. Of this, 

6

. 
 
This increase can be calculated for any proposed level of increase in production, and added to 
the existing level to predict the new level under that operational regime. 
 
Box 1: Example calculation of the increased load caused by aquaculture production in a 172 km2 area of 

average depth 20 m, flushing rate of 21 yr-1, and an 8 month growout season. 

 
7.3.1 Model Assumptions 

s with any model, a number of assumptions have had to be made: 

 
ad  
is d take into account all 
other activities in the area, including existing production, and thus the results show 

itrogen and phosphorus lost to the environment was lost in soluble form.  
This is not entirely correct as several sources (Skretting Australia dietary fact sheet; 

A
 

• The area is modelled as an individual entity, and is not under the influence of any
jacent area, nor are any other inputs, other than ambient nutrients, considered.  It
assumed that the background nutrient concentrations use

pro

the effects of any increase in aquaculture production. 
 

• The proportion of nitrogen in both the feed and the fish was equal to 16% of gross 
tein.  This assumption is routinely made when calculating nitrogen content. 

 
• All baitfish fed to the fish were ingested. 

 
• All n

Cho et al. 1991) would suggest that up to 20% of the waste nitrogen is in solid form 
and would therefore not add to the dissolved nitrogen load.  However, nitrogen in 
the solid form is taken up, used by the benthic ecosystem, and utilised within the 
sediment, resulting in some proportion of this being re-released. Without 
knowledge of this figure, it was necessary to assume that eventually all of the waste 
nitrogen was converted to the soluble form in order to produce a conservative 
result.  Similar arguments would apply to phosphorus. 

 
• The lack of detailed knowledge concerning the nitrogen cycle and the processes of 

nitrification, denitrification and ammonification also led to the need to make 
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assumptions about the species of nitrogen being dealt with.  Although marine fish 
release ammonium (and associated species, e.g. urea) rather than nitrate, the 
processes indicated above will convert some proportion of this to nitra
knowledge of what this figure is, it was necessary to assume that all nitrogen 

all as nitrate when nitrate was the limiting factor.  

te.  Without 

ium, and released was released as ammonium when basing predictions on ammon

 
• It is assumed that the tidal movement of the water body results in flushing with 

complete exchange, rather than a “plug” movement of nutrients as they slosh out 
of the area and then straight back in again. 

 
7.3.2 Results 

 

Nitrate & Ammonia

Production increase (tonnes)

0 00 00
0 0

20
00

40
00

60 80
00

10 12
00

N
itr

at
e 

or
 A

m
m

on
ia

 c
on

ce
nt

ra
tio

n 
(μ

gL
-1
)

0

20

40

60

80

100
Phosphate

 (μ
gL

-1
)

120

140

Ph
tra

tio
n

100

0

20

40

60

80

os
ph

at
e 

co
nc

en

0
00

0 00 00
0

00
0 00 0 0

20 40
0

60 80 10
00

12
00

0
14

00
0

 
 

Figure 7.1: Example of the predicted concentration of ammonia, nitrate and phosphate dissolved in 
the water column as a function of production in the Port Lincoln tuna farming zone.  
Blue represents ammonia, red nitrate.  Horizontal lines indicate threshold values for 
South Australian waters as per ANZECC / ARMCANZ (2000). 

 
For SBT fed on Australian sardines at Port Lincoln, the model predicts that a production 
increase of 1000 tonnes per annum would result in an increase in water-column ammonia 
of 5.71 μgL-1N (50%), nitrate of 5.71 μgL-1N (159%) and phosphate of 1.01 μgL-1P (21%) 
(Figure 7.1).  Alternatively, a 10% increase in ammonia levels would result from a 200 
tonne increase in production, a 10% increase in nitrate from a 63 tonne increase in 
production and a 10% increase in phosphate from a 476 tonne increase in production, 
assuming that none of these released nutrients are utilised by other components of the 
cosystem.  

4300 tonnes per annum, and that there are 

ctio % 
his indicates 

 errors relating 
s or hydrodynamics.  Our knowledge of 

 & Response project (FRDC 

e
 
Given that existing production is around 
numerous other sources of nutrients in the area, these model predictions do not seem 
realistic.  Even if all the dissolved nitrogen currently present resulted from current 
produ n, it is difficult to envision increases in nitrogen levels of 50% and 159
respectively for ammonia and nitrate if an extra 1000 tonnes is produced.  T
that there are problems with the model formulation, with the most likely
either to chemical and biological cycling of nutrient
both areas is currently being extended as a part of the Risk
2005/059), and thus this model has not been pursued further here.  However, using a 
similar model, Petrusevics (in SKM 2001), calculated that carrying capacity for the region 
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was ~17,000-19,000 tonnes based on nitrate, which is not much higher than our estimate 
rusevics, our calculated carrying 

.4 Model 2: Farmér – predicting carbon loading to the seafloor 

waste stream generated by a 
arine pontoon aquaculture system is the deposition of carbon to the seabed (Ervik et al. 

997; Bergheim et al. 1991; Panchang et al. 1997).   The deposition of organic material, 
ither in the form of uneaten food or faeces, creates a biological oxygen demand, and this 

olumn which is detrimental to 
f both the farmed fish and any natural biota.  The fact that this material is 

d to be evenly distributed across the surface of the pontoon, as are faeces.  

is produces 
the most conservative estimates as decreasing fall time results in a smaller area over which 
material diffuses and therefore a greater loading to the benthos.   
 
7.4.1 Step 1: Mass Balance Calculations 

 
These calculations are based around the carbon waste stream for a single pontoon for one 
day. 

• Weightfish = stocking rate (g m-3) x area of pontoon (m2) x depth (m) 
• Weightfood = Feeding Rate (% body weight per day) x Weightfish (g) 
• Carboninput = Weightfood (g) x %Carbonfood 
• Carbonuneaten food = Carboninput  (g) x  %Food uneaten 
• Carbonrespired = O2 consumption rate (mg O2 kg-1 hr-1)  x Weightfish (g) x 16/32 x 24 

(hr day-1) 

of 12,500 tonnes.  If we use the same flushing rate as Pet
y icapacity is 17,800 tonnes, virtuall dentical to that of Petrusevics. 

 
7
 
One of the principal factors to be considered in assessing the 
m
1
e
may lead to a level of deoxygenation in the overlying water c
the health o
particulate rather than dissolved dictates that this problem is a near field, or local issue, in 
contrast to the issue of dissolved nutrients, which is a far field issue (Silvert 1994a). Thus, 
the output of the Farmér model is restricted to the area of seafloor in close proximity to an 
individual lease.  The assumption is made that leases are separated by a great enough 
distance that the carbon deposition of a given lease is not going to interact appreciably with 
that of any other lease.   
 
Farmér is a composite model that performs mass balance calculations on the carbon flow 
through the system, and then applies diffusion and current displacement functions to the 
carbon loads represented by faecal matter and uneaten food.  These two components are 
modelled separately as they are likely to have very different sinking rates.  However, they 
are treated in a similar manner.   
 
Food is assume
Both components are subject to two separate influences that affect the pattern of 
deposition. The first is a current induced movement that is defined by current speed and 
direction and the time taken to sink to the seafloor.  The second influence is a natural 
diffusion that occurs independent of the current, and in still water results in inputs from a 
point source being deposited in a circular area centred on the point of input (Figure 7.2). 
The combination of these two provides a pattern of deposition for a given time period 
over which the current is assumed to be uniform.   
 
The time step used in the model is hourly across the course of a year.  Note that the fall 
time is calculated from the bottom of the pontoon rather than the top, as the presence of the 
pontoon walls is claimed by some sources to substantially restrict water movement.  The 
assumption is thus that no material is dispersed through the sides of the pontoons, and that 
it all falls through the bottom. While this claim may be an oversimplification, th
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• WeightGainfish = Weightfood (g)/ FCR 
• CarbonGainfish = WeightGainfish (g) x %Carbonfish 
• Carbonfaeces = Carboninput (g) - Carbonuneaten food (g) - Carbonrespired  (g) - 

CarbonGainfish (g) 
 
The important end products of this process are Carbonuneaten food and Carbonfaeces.  These 
values are then converted to hourly figures by dividing by 24.  
 
 
 
7.4.2 Step 2:  Translocation of Carbon Load to Benthos 

 
The diffusion and current-aided transport of the carbon loads associated with the faeces 
and uneaten food are modelled from the bottom of the pontoon to the seafloor.  The two 
carbon loads are treated separately as they have different sinking rates, which results in 
them taking different times to reach the seafloor, and subsequently different amounts of 
time for the actions of diffusion and current movement.  For similar reasons, when sinking 
speeds are represented by a distribution of different speeds (the model will allow particles 
from each waste stream to be allocated to as many as 10 different sinking rates on a 

 
distribution  
and faeces  
distribution.  This proces rly basis to take into account the effects of 

e changing currents.  After each hourly iteration, the new distribution is mapped onto the 

e determined.  Essentially this looks like a normal curve 
attened toward the centre of the pontoon, as all points in the central area had similar 

percentage basis) rather than a single average, the fall of each of these components and its
 on the seafloor is simulated separately.  When all components of uneaten food
 have been distributed, these loadings are summed to produce an overall

s is iterated on an hou
th
existing one.   
 
The carbon load of the pontoon is uniformly distributed across the area of the pontoon.  
Diffusion is modelled via the use of a diffusion coefficient that determines the circular area 
across which the load from a point source will be distributed.  Within this circle of 
diffusion, a truncated normal distribution is used, with 99% of the load being distributed 
according to a normal distribution centred on the point of discharge (see Figure 7.2).  The 
1% that falls further away (i.e. more than 2.58 standard deviations away (Zar 1984)) is, for 
computational reasons assumed to fall without diffusion.  By superimposing the identical 
patterns of distribution for every point within the pontoon, an overall pattern of 
distribution of the pontoon could b
fl
loading, and tailing off some distance outside the area of the pontoon.  How flat and how 
far away the tailing off occurred was dependent on the coefficient of diffusion. 
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Figure 7.2 : Distr on m .  T  the circle, and 
there ht, is determined by  coefficient.  The largest proportio
of the particles fall di  down, with increasingly sm r proportions falling at 
distances further from t lease poin

 
nce the diffus n matrix has been calculated
troduced.  Current data were obtained from Bierman (Chapter 6), with the first 28 days 

nt a full spring-neap tidal cycle, and then replicated across the entire 
was necessary as there are no current data for a full year available 

 

ibution of carb
fore the heig

 released fro  a single point
 a diffusion

he width of
n 

rectly alle
he re t. 

O io  for the pontoon, the effects of currents are 
in
of data used to represe
ear. This procedure y

from the area, although this is being rectified at the time of writing, and future versions of 
the model will be able to incorporate monthly variation in currents. The 5 min current data  
ollected by Bierman (Chapter 6) were vector averaged to produce a single current speedc

and direction for each hour.  While other short sets of current data are available for the 
area, it was considered better to use a single data set and multiply up, rather than splicing 
together multiple data sets from different years and locations, and then filling in the gaps 
by multiplying some of these up.    
 
The effect of the currents was to displace the calculated diffusion matrix away from the 
pontoon by an amount and direction determined by the current magnitude and direction.  
This was repeated on an hourly basis across the growout period and the buildup of carbon 
was recorded as a surface map of the lease area and any additional area that the material 
diffused or was moved into.  A picture of the situation at the end of the growout period 
was then provided. 
 
7.4.3 Parameterisation 

 
7.4.3.1 Operational Data: 
 
SBT were fed on a diet of baitfish. 
The percentage of food not ingested was 3% (Fernandes et al. 2007 – Chapter 4)  
Food Conversion Ratio (wet weight): 12:1 (based on 50,000 tonnes of baitfish fed annually 
for an increase in total fish weight of 4,300 tonnes) 
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Proportion of Carbon in Food (wet weight basis): 11.6% (40% of DW Fernandes et al. 
2007 – Chapter 9) 
Proportion of Water in Food: 71% (Fernandes et al. 2007 – Chapter 4) 
Proportion of Carbon in Fish (wet weight basis): 8% (Silvert 1994b) 
Fish Respiration rate:  600 mg O2 kg-1 hr-1 (resting metabolic rate for SBT – Q. Fitzgibbon 
pers. com.). 
Stocking Rate: 2.7 kg/m3 (based on 2000 17 kg fish in a 40 m diameter, 10 m deep 
pontoon). For simplicity, this was assumed to be constant over time and thus will 
overestimate stocking density early in the season and underestimate it late in the season. 
Feeding Rate:  7% of body weight per day. 
Sinking Rate of feed and faeces: Table 7.1 
 
The model was run across a 243 day period, beginning January 1, with fish being stocked 
until August 30. 
 
Table 7.1:  Sinking rates for feed and faeces used in the carbon deposition model (obtained from 

Fernandes et al. 2007 – Chapter 4). 

 
Food  Faeces  

Settling rate 
(m sec-1) 

% settling Settling rate 
(m sec-1) 

% settling 

0.05 27 0.005 62 
0.08 73 0.009 8 
  0.013 16 
  0.05 14 

 
 
7.4.3.2 Assumptions 
 
Like the model dealing with dissolved nutrients, the carbon deposition model relies on 
several assumptions, and further work is necessary to ascertain their validity. 

the influence of any 
adjacent lease. With a minimum lease separation of 1 km, and assuming a water 

 adjacent lease.  
Assuming a high current speed of 20 cm sec-1 (see Figure 6.9), this would require 

settling rates <0.2 cm sec-1, which is extremely slow, and 40% of the 
minimum settling rate assumed in the model.  However, it is not unrealistic that 

 would clearly 
not add to the loading of the seafloor.  Thus the assumption that all the carbon is 
solid is a conservative one as it produces the highest values of deposition.  

• The nets surrounding the pontoon, any fouling on these and the presence of the 
fish themselves act to reduce currents within the pontoon quite markedly (Cronin 
1995).  This would act to restrict carbon within the pontoon, rather than allowing it 
to disperse through the nets.  For this reason it was assumed that the distance over 
which diffusion and current movement could occur was the distance between the 
bottom of the pontoon and the seafloor, rather than from the surface of the water.  

 
• The lease is modelled as an individual entity, and is not under 

depth of 20 m and a net height of 10 m, a particle would need to be advected 100 
m for every 1 m it sank through the water column to reach an

particle 

some fine material is transported this distance (see Fernandes et al. 2007, Chapter 
4), and with bidirectional currents, it is likely that areas of deposition would overlap 
if leases are placed directly in line with each other, as material from each lease 
would then only have to be advected 500 m. 

 carbon contained in both faecal matter and uneaten feed is assumed to be in the 
solid rather than the dissolved form.  Any carbon in the latter state

• All
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lease.  While this may be unrealistic in some areas, leases in the current tuna
farming zone are unlikely to vary by more than a few meters in depth. 

• Current speeds and directions are calculated on a depth-averaged basis (i.e. are 
assumed constant throughout the water column) rather than at different levels 
within the water column.  This is likely to be less of a problem in these open coastal 
situations than in the fjordic systems of some other countries (Silvert and Cromey 
2001). 

 
 

 demonstrates how carbon 
 an 8 month farming season. 

This would lead to a decreased area of dispersion and therefore increased density of 
deposition, so it is an assumption that provides a more conservative estimate of
seabed souring. 

• It is assumed that carbon is released uniformly on a temporal basis,  i.e. each hour,
1/24th of the daily load is released.  While there is anecdotal evidence that 
evacuation from the fish occurs less uniformly, without either verification or 
quantification, it is difficult to model this satisfactorily.  Feed can be input either a
a single daily pulse, or evenly over 24 hours. 

• Post depositional changes, whereby the sediments and benthic community recycle 
the organic matter are not taken into consideration.  Other models such as that of 
Fox (1990) (cited by Gowen et al. 1994) have modules that deal with this aspect.
Although our model does itself have a capacity for introducing the removal of 
carbon through benthic respiration, it is not well enough calibrated at present to 
use it for predictive purposes. 

• The sea floor is assumed to be a uniform depth, equal to the average depth of the 

 

 

s 

  

 

• The diffusion coefficient used has assumed that a sinking time of 400 seconds 
would result in 99% of the particulate matter falling in a normal distribution within 
a circle of diameter 80 metres.  This figure requires empirical validation.   

• No effects of temperature on fish physiology are integrated within the model. 

dic
acc ed when our data are 
poor. 

• Fish respiration rates were obtained from ongoing experimental studies of 
.) 

• Lack of quantification of the effects of scavenging of carbon by the natural biota
tates that this factor, whilst available in the model, has not been taken into
ount.  Again, this follows the precautionary principal requir

metabolism of free swimming SBT (Q. Fitzgibbon pers. com
 
All parameters detailed above are subject to change through further measurements and 
research as well as changes in the operation of leases and food technology. 
 
7.4.3.3 Output 
 
Output from the model is in the form of a surface plot of carbon loading.  A record is also 
made of total loading and the point on the map where maximum loading occurs along with 
the value of that load.  The output in all cases reflects the additional load imposed by the 
aquaculture operation.  It does not take into account background rates of deposition.  

igure 7.3 represents an example output from the model, andF
deposition changes on a monthly basis through
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Figure 7.3: An example output from the Farmér (carbon deposition) model, showing development 

of carbon deposition over time (note: there are no removal processes operating in this 
simulation).  Scale bar shows total deposition over time in g m-2. 

 
 
7.4.4 Finfish Carbon Deposition Model – Sensitivity Analysis 

 
A sensitivity analysis was performed on the finfish carbon deposition model (Farmér) to 
test the sensitivity of the model predictions of maximum carbon loading and the pattern of 
spread from finfish aquaculture pontoons to respiration rate, food conversion ratio (FCR), 
and feeding rate.  This analysis shows how carbon deposition changes with changes in 
these parameters.  Similar sensitivity analyses could be conducted for any other parameter 
desired, although the other parameters that have high uncertainty (sinking rates and 
currents) are complex and are not just introduced into the model as a single parameter.  
Thus a sensitivity analysis would have to be based on comparing different scenarios, rather 
than simply stepping through different values of a parameter.  
 
7.4.4.1 Respiration rate sensitivity analysis 
 

 
rate of 600  
have been recorded (Q. Fitzgibbon pers. com.). The sensitivity analysis involved repeated 

mulations of the carbon deposition model using a range of respiration rates. The 
spiration rates used for the sensitivity analysis were 300, 600, 750, 900, 1050 & 1200 mg 
2 kg-1 hr-1, hence, a total of 6 simulation runs were performed. 

 

The initial model simulations of carbon deposition were based on a tuna resting respiration
 mg O2 kg-1 hr-1, although rates immediately post feeding of 1200 mg O2 kg-1 hr-1

si
re
O
 



 250

 
7.4.4.2 Food Conversion Ratio (FCR) sensitivity analysis  
 
The food conversion ratio (FCR) is the amount of food fed per kg to achieve a 1 kg 
increase in fish body weight (Jover et al, 1999). Within the current model, an FCR value of 

Respiration 

 the value of respiration rate chosen (Figure 7.4).  It is 

viously the area of 
igh deposition decreases as respiration increase, and disappears when respiration is set at 

800 mg O2 kg-1 hr-1. 

12 is used. This value is calculated on the basis that approximately 50,000 tonnes of baitfish 
are fed to produce a 4,300 tonne increase in the weight of tuna. Repeated model runs were 
conducted with FCRs ranging from 9 to 25, in steps of 2 (i.e. 9 separate runs). 
 
7.4.4.3 Feeding rate sensitivity analysis  
 
To examine the effects of varying feeding rate, a sensitivity analysis was conducted of this 
parameter also.  Fernandes et al. (2007 – Chapter 4) quotes feeding rates of 1-15% of body 
weight per day, although in initial model runs we found that values at the lower end of this 
range were insufficient for fish to maintain their basal respiration rate.  The sensitivity 
analysis involved model runs with feeding rate varying from 4 to 16% of body weight, in 
2% increments (7 model runs).  

u

 

 
7.4.5 Res lts and Discussion 

7.4.5.1 
 
The model output is sensitive to
obvious that as respiration rate increase, the amount of carbon deposited on the seafloor 
decreases if the other parameters remain constant.  This decrease is due to increased 
amounts of carbon being respired as carbon dioxide.  Assuming an FCR of 12 (wet 
weight), and a feeding rate of 7% of body weight per day, respiration rates above 846 mg 
O2 kg-1 hr-1 produce a carbon deficit (i.e. the fish would lose mass if respiration rates greater 
than this were maintained).  The pattern of carbon deposition around a series of pontoons 

 very similar at the different respiration rates (Figure 7.5), obis
h

 although 
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 of 0.99. 

 
 
 

Figure 7.4: Sensitivity analysis of respiration rate on total and maximum carbon deposition 

(FCR=12, feeding rate = 7%).  The linear fit for total carbon deposited has r2=1, while 

the quadratic fit for maximum carbon loading at a point has r2
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Figure 7.5: Sensitivity analysis of respiration rate (varying from 300-800 mg O2 kg-1 hr-1) on carbon 

deposition pattern (note: there are no removal processes operating in this simulation). 
Scale bar shows total deposition over time in g m-2. 

 

 
7.4.5.2 Food Conversion Ratio 
The model was much less sensitive to FCR than it was to respiration rate (Figure 7.6).  As 
the FCR improves (gets lower), the amount of carbon assimilated by the fish increases, and 
obviously the amount deposited on the seafloor decreases.  At a respiration rate of 600 mg 
O2 kg-1 hr-1, and feeding rate of 7% of body weight per day, none of the FCRs tested 
resulted in carbon demand of the fish being greater than supply.  Again, FCR appeared to 
have little effect on the actual pattern of carbon deposition (Figure 7.7). 
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Figure 7.6: Sensitivity analysis of FCR on total and maximum carbon deposition (respiration rate 

=600 mg O2 kg-1 hr-1, feeding rate = 7%).  The quadratic fits for both total carbon 

deposited maximum carbon loading at a point have r2 of 0.99. 
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Figure 7.7: Sensitivity analysis of FCR (varying from 6-18) on carbon deposition pattern (note: there 

are no removal processes operating in this simulation). Scale bar shows total 
deposition over time in g m-2. 
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7.4.5.3 Feeding Rate 
 
The model displayed similar sensitivity to feeding rate as it did to respiration rate (Figure 
7.8).  Obviously, lower feeding rates led to lower carbon deposition.  Carbon demand by 
the fish equalled carbon supply at a feeding rate of 4.94% of fish body weight per day.  
That is, this feeding rate supplied just enough carbon to the fish for it to maintain its basal 
respiration, without any carbon being deposited as faecal material, and without any scope 
for fish growth.  At low feeding rates, the carbon spread is less than at high feeding rates 
(Figure 7.9). 
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e 7.8: Sensitivity analysis of feeding rate on total and maximum carbon deposition (respiration 
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Figur
rate =600 mg O2 kg-1 hr-1, FCR=12).  The linear fit for total carbon deposited has r =1, 

while the quadratic fit for maximum carbon loading at a point has r2 of 0.99. 
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Figure 7.9: Sensitivity analysis of feeding rate (varying from 5-10% of body weight) on carbon 

deposition pattern (note: there are no removal processes operating in this simulation). 
Scale bar shows total deposition over time in g m-2. 

 

 
The results from this simple sensitivity analysis have shown that the respiration rate and 
feeding rate must be accurately measured or estimated to yield conclusive and confident 
model predictions.  Exact knowledge of the FCR is considerably less important. The 
respiration rate used in the model of 600 mg O2 kg-1 hr-1 is that for a swimming tuna 
between 10 and 25 hours after feeding (Q. Fitzgibbon pers. com.). 
 
7.4.6 Model validation 

The results of the carbon deposition model can be compared to data on sedimentation 
rates to determine how valid the model outputs are.  Ideally, this would involve measuring 
sedimentation at a series of points whose location is known precisely in relation to the 

sition of pontoons, at a time when conditions are calm and there is no or minimal 

ites.  Assuming 
at the additional material is all faeces, and that faeces are 30% carbon (based on the 

po
turbulence, and during a period for which current measurements in the vicinity of the 
pontoon(s) being monitored are available.  While sedimentation data are available, they 
unfortunately do not meet these criteria, and thus the model can only be validated fairly 
coarsely. 
 
Fernandes et al. (2007 – Fig 5.15), show that sedimentation immediately adjacent to a 
pontoon can be between 0 and 60 g DW m-2 day-1 higher than at control s
th
figure for yellowtail kingfish used by Tanner et al. 2006, as no values for SBT are available), 
then this equates to 0-4.4 kg C m-2 8 months-1.  The base model (Fig 7.3), predicts that 
maximum carbon deposition will be 7.1 kg C m-2 8 months-1, although this will only occur 
in a very small area immediately under the cage and downcurrent of it.  If we increase the 
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respiration rate from the 600 mg O2 kg-1 hr-1 used in the base model, to 700 mg O2 kg-1 hr-1, 
then maximum carbon deposition decreases to 4 kg C m-2 8 months-1 (Fig 7.4).  Thus, the 
modelled and measured carbon deposition rates match to within the known uncertainties 
of the model and the field data. 
 
7.5 Implications of the results  

seful information on 

rspective, the model could be 

 the issue 
f water exchange when flushing rates are used, the ambient concentration of nutrients in 
e water across a farming season, and the sinking rates and diffusion coefficients of 

neaten food and faeces.  While some data are available on these factors, they are not 
omprehensive.  The sensitivity analysis of the carbon deposition model also indicates that 

 FCR is less 
portant in predicting carbon outputs.  Both models also track total inputs, assuming that 

her components such as 

els, with useful 

d the scope of these models, but worth considering, is the eventual fate of 

 
The parallel application of the two models described above has allowed a range of useful 
outcomes.  A quantification of the likely effects of differing levels of finfish aquaculture on 
dissolved nutrient concentrations is provided by model 1, although it is acknowledged that 
some of the processes being modelled are poorly understood, and hence the model results 
are unrealistic in terms of absolute values.  The model can, however, still be used to get an 
idea of the relative consequences of different management actions.  Farmér, whilst not 
used directly for the enumeration of carrying capacity, has provided u
likely patterns of carbon deposition, and with future calibration efforts and research on the 
environmental effects of different levels of deposition, is likely to become an even more 
useful tool. 
 
While the consequences of different cage placement within a lease have not been 
investigated here, one of the potential uses of Farmér is to study this question.  Thus, farm 
managers could run a series of simulations to determine how best to space cages to 
minimise overlap of their deposition zones, thus avoiding having areas of extremely high 
impact within their lease.  The model could also be used to assess potential interactions 
between 2 closely neighbouring leases.  From a regulatory pe
used to determine the location of the area of highest impact outside the lease if it was 
desired to monitor this point to detect any breaches of licensing conditions. 
 
Where possible, these models have been designed and parameterised with the 
precautionary principle in mind, i.e. where uncertainty exists, parameters are chosen to 
produce the worst possible outcome.  Areas which require particular attention are
o
th
u
c
it is important to have good estimates of respiration and feeding rate, while
im
these inputs remain in the system, and are not processed by ot
scavengers and phytoplankton. 
   
It is important to recognize the boundaries of this modelling process.  Predictions of 
arrying capacity have been made on the basis of dissolved nutrient levc

indicators of the patterns of carbon deposition also being produced.  However, other 
factors may act to dictate a carrying capacity lower than that indicated, such as microalgal 
levels or disease transmission rates.  The models used here represent the commonest issues 
impinging on the environmental carrying capacity.  However, an appreciation of other 
factors that may change the situation is necessary (Henderson et al. 2001).   
 

lso beyonA
material flushed “out” of the system.  While the model sees this material as removed, this is 
because an artificial boundary has been imposed in the form of the zone.  In reality the 
material is moved to another region, where it could potentially cause problems if the 
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ecosystem is sensitive to nutrient enrichment.  The aquaculture zone has been modelled, 
but the potential effects beyond this zone, while they may be important, have not been 
investigated.  Similarly, it is assumed that no other aquaculture zones export nutrients into 
the tuna farming zone, or that if they do, these nutrients are included in the background 
levels used, and there is no simultaneous increase in production in these zones. 
 
The results of these models should be seen, not as an endpoint of the process, but as a part 
of a cycle of improvement (Read et al. 2001; Henderson et al. 2001).  Adaptive management 
is the principle that makes use of models to make preliminary predictions that are then 

opted along with a careful monitoring strategy.  The object of this monitoring is 

use” model that will be realised with time.  
nlike proprietary models such as DEPOMOD (Cromey et al. 2000), we have developed a 

rates and the 
evelopment of a new model for better estimating the flux of nutrients from the water 

at describe the rate 

are based on field measurements made 
at two points in time, although it does fall in the range of values obtained from 

 project (FRDC 2005/059) is currently 
collecting data on nutrient levels along a transect across the farming zone on a monthly 

1) would 
suggest that up to 20% of the waste nitrogen is in solid form and would therefore not 

ad
essentially to test the predictions of the model.  In doing this, it serves two purposes – it 
acts to safeguard stock, and importantly, it is used to improve the model.  Thus it becomes 
a recursive process, with the model becoming increasingly accurate and the monitoring 
acting to test the model and indicate further areas for improvement.   
 
The immediate benefits of the creation of this modelling system are preliminary estimates 
of the environmental carrying capacity of the Port Lincoln tuna farming zone, and 
indications of the likely pattern of carbon loading around the lease area.  However, there 
are other benefits of the creation of an “in-ho
U
flexible system that can be continually re-engineered to reflect a system that we understand 
increasingly well.  This model is in place, being used for preliminary predictions, and is 
deployed in an environment that is eager to monitor its results, recalibrate and continually 
improve its output, both in terms of accuracy and function.  
 
Future directions already identified involve better estimation of sinking 
d
body in question.  Such an approach involves the use of decay curves th
at which particles are lost to the system over a tidal cycle.  The nutrients introduced each 
day then disappear from the system at a varying rate defined by the decay curve.  
 
 
 
 
7.6 Future directions for the finfish carrying capacity models  
 
7.6.1 Model 1: Predicting the build-up of dissolved nutrients 

There are several factors that need to be addressed and improved to develop a better 
estimate of likely production based on the build-up of dissolved nutrients around finfish 
pontoons. A few important points are outlined below: 
 
1. The current nutrient levels in the water column 

previous studies. The Risk & Response

basis, which will allow seasonal variation to be incorporated into future versions of the 
model. 

 
2. All nitrogen lost to the environment was lost in soluble form. This is not entirely 

correct as several sources (Skretting Australia dietary fact sheet; Cho et al. 199
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add to the dissolved nitrogen load. However, nitrogen in the solid form is taken up, 
used by the benthic ecosystem, and utilised within the sediment, resulting in some 
proportion of this being re-released. Without knowledge of this figure, it was necessary 

eqn 7.2) could be used to predict how much waste 
ended up in dissolved form versus particulate. Since this modelling was conducted, 

. The lack of detailed knowledge concerning the nitrogen cycle and the processes of 

zone is needed to allow 
an improved estimate of flushing rate.  Currently it is assumed that any nutrients 

nse project (FRDC 2005/059). 

ing up of model simulations 

ing 

, at 
in. 

vements, 
skippin to 
see the of 

 

body in he rate 
at whic d each 
day the
 

to assume that standard equations (

Fernandes et al (2007 – Fig 9.1) has produced a nitrogen budget for tuna farming, 
which indicates that 67-76% of N is eventually released in soluble form.  This figure 
compares favourably with the calculation used here, which suggested that 74% would 
be released in dissolved form. 

 
3

nitrification, denitrification and ammonification also led to the need to make 
assumptions about the chemical species of nitrogen being dealt with. Although marine 
fish release ammonium (and associated compounds such as urea) rather than nitrate, 
the processes indicated above will convert some proportion of this to nitrate. Without 
knowledge of what this figure is, it was necessary to assume that all nitrogen released 
was released as ammonium when basing predictions on ammonium, and all as nitrate 
when nitrate was the limiting factor. This is an area that needs to be further 
investigated. 

 
4. A better understanding of water movement in the tuna farming 

moved out of the zone do not return, whereas this assumption is unlikely to be correct.  
The development of a proper hydrodynamic model for the area will allow particles 
movements to eb traced and accurate flushing times to be estimated.  This is currently 
being done as a part of the Risk & Respo

 
7.6.2 Model 2: Farmér – predicting carbon loading to the seafloor 

There are many factors that need to be considered in the refining of the carbon deposition 
model. Important areas of improvements are listed below: 
 
7.6.2.1 The speed
 
Currently the speed of simulations is relatively fast if the simulation results are not regularly 
plotted while the simulation is running. If the pattern of deposition over time is be

 on screen, however, the simulationplotted s can be fairly slow.  The most likely avenue for 
speeding up the model is in the way the effects of the currents are handled.  Currently

ration, the relevant current veceach ite tor is applied to every point in the model doma
Amalgamating currents beforehand and multiplying by a matrix of current mo

g those that are zero, may provide faster simulations whilst retaining the ability 
 pattern of spread developing over time.  This is being investigated as a part 

developing a user-friendly version for industry use.  
 
7.6.2.2 Improvements to Program Function 

Future directions already identified involve better estimation of sinking rates and the 
development of a new model for better estimating the flux of nutrients from the water 

 question. Such an approach involves the use of decay curves that describe t
h particles are lost to the system over a tidal cycle. The nutrients introduce
n disappear from the system at a varying rate defined by the decay curve.   
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Adequa model has not currently been achieved and this is probably the 

al 
factors  predictions, or more 

 the 
simulat
 
The empirical measurements of falling rates of food and faeces need to be improved. 

se need 
to be re
more ratory 
measur d. The 
diffusio sult in 
99% of the particulate matter falling in a normal distribution within a circle of diameter 

.  
Additio ve 
action, 
 

he 
structur ngly.  
Temper s is 
importa

Finally,
importa
compar long-term field situations, then a greater understanding and confidence in 

 
7.7 Re

Berghei

 

Campb

Cho, C ulture 

of 

Also, it would be beneficial to develop the simulation output as a 3-D view of the cont
owing the concentration of carbon loading.  

7.6.2.3 Improvements to Calibration 

te calibration of the 
most important issue to be considered at this stage of development. There are sever

that need either a more complete data set to give better
information and knowledge is needed to further build the model structure to make

ions more realistic. 

Currently, there are two settling rates for uneaten feed and four for faeces, and the
solved in finer detail.  Use of a broader range of particle sizes is likely to result in a 
even distribution than that indicated.  More importantly, field/labo
ements of diffusion distance for each particle size/type need to be include
n coefficient used has assumed that a sinking time of 400 seconds would re

80metres. This figure requires empirical validation, although this will be difficult to achieve
nally, the model does not take into account turbulent mixing associated with wa
which has the potential to increase the dispersion of wastes. 

At this stage of the model development temperature has not been incorporated within t
e. This is an area that needs to be revised and parameterised accordi
ature is likely to influence respiration rate, which the sensitivity analysis indicate
nt for the carbon deposition model. 

 
 the results need to be validated against long-term field measurements. This is a very 
nt consideration in the model’s development. If the model predictions can be 
ed to 

model predictions can be achieved. 
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Chapter 8 Collation of data relevant to regional oceanography in the 

250 m) for the region are available 
under a data agreement with Geoscience Australia. 

A wealth of water mass analyses, current observations, tidal analyses and seasonal 

ind data) for 
discrete locations are available since 1995-1996 in digital format. Analogue data 

int Bolingbroke and Cape Donington. Recent (2005) nutrient data are 
also available from 50 stations between Port Lincoln and Sibsey Island.  

pifaunal data are available for the tuna lease areas from 1996 to 2004. 

mouth of the Spencer Gulf 
 
Sam McClatchie 
SARDI Aquatic Sciences, PO Box 120,Henley Beach SA 5022 & Aquafin CRC 
 
 
8.1 Overview of the datasets 
 

• Bathymetry data at two resolutions (1 km and 

• 
variation in temperature and salinity at the mouth of Spencer Gulf is available in 
the PhD thesis of Hahn (1986), but the data are not readily available. 

• More recent hydrographic data from well-calibrated CTD are available for several 
of the annual SARDI pilchard surveys (2001, 2002 and 2005).  

• Operational time-series tidal data (sea-level) and meteorological (w

from 1962 to 1995 may be available depending on location. Tidal data are available 
at SARDI for 6 locations and meteorological data from 5 locations.  

• Wave height data since 1998 are available from a wave-rider buoy off Cape du 
Couedic (south-west tip of Kangaroo Island). 

• Water column and sediment nutrient data are available for the area between Boston 
Island, Po

• Infaunal and e
Sediment grainsize, morphology and chemistry are available for the same area for 
2002.  

• Time-series data from Telemetry-based Environmental Monitoring systems located 
off Port Lincoln east of Boston Island collected wind speed and wind direction, 
water temperature, conductivity/salinity and dissolved oxygen for specific periods 
in 2004 and 2005. 

• There are large numbers of fragmentary datasets from localised regions and times, 
many of which are qualitative, and some of which are of dubious quality. These are 
not included in the collation.  

• Potentially useful, more comprehensive datasets have been tabulated. 
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8.2 Introduction 

g of the existing data 
ailable before commencing collection of new data.  The modelling exercise is being 

n as a part of a new Aquafin CRC project "Risk & Response: Understanding the 
ment", that started  in July 2005.   

The data that have been collected in the mouth of Spencer Gulf are substantial but their 
usefulness is limited by being disparate in both space and time. Most of the data have been 
collected for projects that are not closely linked to the goals of the current project, and so 
the sampling regimes are not ideal for current purposes. Because the data have been 
compiled over a wide range of years, using various methods, and with varying quality, it 
would not be advisable to carry out a meta-analysis that aggregates the data.  

ic dataset for the region is the thesis by 
y SARDI also 

dardized dataset, which includes oceanographic 
though caution should be 
tions for these surveys were 

 

hn 1986), there are more 
e for any season are limited 

diments, nutrients and phytoplankton. The 
ze spectra data is notable.  Species data for 

gh these can be critical for 
lumn and for understanding sedimentation to the 

years. There is an 
culture sites and 

ful time frame for detecting interannual 
ons on a decadal time plan, 

 
 

interest for any variables (sea surface temperature, SST), ocean colour, sediment, or sea 
rface roughness) on appropriate time scales (composites) at any of the available 

resolutions. There is no comprehensive effort to collect ground-truth data for satellite 
imagery, particularly with regard to interpreting nearshore ocean colour information, and 
this limits the interpretation of the imagery in nearshore regions.  
 
 
 

 
This chapter presents an overview of the oceanographic data available from the Port 
Lincoln region and surrounding areas, as well as details of how the original data may be 
obtained (if available).  The primary purpose of this collation is to provide a starting point 
for developing a linked hydrodynamic, biogeochemical and sediment model of the farming 
zone.  Developing this model will require an intensive data collection effort, and with 
limited resources, there is a clear need to develop an understandin
av
undertake
tuna farming environ
 
8.3 General observations 
 

 
The most comprehensive, integrated oceanograph
Hahn (1986). The annual sardine ichthyoplankton surveys conducted b
provide a comprehensive and stan
measurements and overlaps with the region of interest, al
exercised. The conductivity, temperature, depth (CTD) calibra
adequate for precise oceanographic measurement in the region of interest only for 2001,
2002, and 2005.   
 
8.4 Gap analysis 
 
Although there are some seasonal datasets (most notably in Ha
data from the summer than from the winter. The data availabl
to physical oceanographic and weather data, se
absence of any zooplankton data or particle si
the phytoplankton as well as the zooplankton are few, althou
interpreting impacts in the water co
benthos. Current velocity records are also limited to a few sites and 
absence of any comprehensive monitoring program for the aqua
surrounding areas that extends over a use
ariability. If this were available for even half a dozen key locati

Archive C

v
it would be extremely valuable. Although they are readily available from Distributed Active

entres there is currently no compilation of satellite imagery for the region of

su
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8.5 Bathymetry 
 
One-minute resolution bathymetry purchased from Geoscience Australia bathymetry and

pography grid (January 2002, GeoCat no. 38713) (Figure 8.1) is held at SARDI Aquatic 
 

to
Sciences. Data were re-grided using GMT (Wessel 1998) and contours plotted at 10 m 
intervals to 200 m, and 100 m intervals to 1000 m. A higher resolution dataset obtained by 
the Adelaide University School of Petroleum will soon be  available to SARDI under a data 
agreement (it may be used in reports, but cannot be re-distributed). 
 
Contact 
Dr. John Middleton 
SARDI Aquatic Sciences 
middleton.john@saugov.sa.gov.au 
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Figure 8.1: The area of interest extends from 134oE to 137 30'E, bounded to the south by the shelf 
edge (200 m contour) and to the north by latitude 34oS. Bathymetry shown here is 
contoured from 1 km resolution dataset. 
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8.6 Descriptive hydrography 
 
8.6.1 CTD survey and mooring results in Hahn (1986) 

 
Hahn's (1986) thesis results provide a rich source of information in the form of graphs and 

bles, but the data are not readily accessible. Physical oceanograta phic data collected prior to 

esis (Hahn 1986). These data are used in the water ma
nalysis.  

 
Data were collected at the mooring from January 1981 to June 1983 in a complicated se
thermistor chain and current meter deployments, tabulated in Figure 7 of the thesis. 
Chapter 6 of the thesis describes seasonal variability of currents, presents a frequency 
analysis of currents and estimates the annual mean currents. This is followed by analysis of 

the arrival of Dr. Matt Tomczak to Flinders University in 1992 were not properly archived, 
and these data are thought to have resided on unreadable magnetic tapes, that have 
subsequently been lost (M. Tomczak, personal communication). The only possibility is that 
they may have been entered into the National Oceanographic Data Centre database (M. 
Tomczak, personal communication), but we have not pursued this. The most relevant parts 
of Hahn's (1986) data come from a 5-station CTD transect across the mouth of Spencer 
Gulf, and an 8-station CTD transect normal to the first extending along the axis of the 
Gulf out onto the shelf to a mooring station in ~140 m water. Numerous CTD surveys 
were run between 1980 and 1982, with the rather complicated sampling described in 
Section 3.2.3 of the thesis (Hahn 1986). Seasonal sections of temperature, salinity and 
density from the two CTD transects mentioned above are graphed in Figures 9-21 and 

ss 

t of 

the main tidal components. The variation in temperature and salinity and the seasonal 
formation, deepening and destruction of the thermocline are described in Chapter 7. Short-
term variations in the depth of the thermocline in relation to tidal forcing are described and 
the possible influence of internal waves is discussed.  
 
Hahn's thesis l 
oceanograph
 
Contacts 
 

Dr. Matt 
ch and 

Earth 
Flinders Univ
GPO Box 2100 
Adelaide SA 5001 

described in Section 5.2 of the th
a

 is the most comprehensive presentation of the descriptive regional physica
y of the area that we have encountered.  

Tomczak,     Dr. S.D. Hahn 
School of Chemistry, Physics and   National Fisheries Resear

Sciences      Development Institute 
ersity     Korea 

Matthias.Tomczak@flinders.edu.au 
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8.6.2 SARDI annual sardine surveys: CTD data 

Data are available to describe the regional water masses and hydrographic structure near 
D 

 
g 
 

 

d 
e 

 

the southern tip of  Eyre Peninsula and the mouth of Spencer Gulf. Calibrated CT
profiles were collected in the region of interest  in February/March of 2001, 2002 and 2005 
as part of the annual sardine surveys in the eastern GAB.  

An example of the dataset is presented here for 2001. Profile data were collected alon
transects normal to the coast, at stations spaced ~9 km apart (Figure 8.2 - 8.7). At each
station, a vertical profile was obtained by lowering a calibrated Sea-Bird 19plus SEACAT 
Conductivity-Temperature-Depth profiler and fluorescence sensor. Additional sensors for 
dissolved oxygen, turbidity, and irradiance were available in 2005.  The profiler was lowered
to a depth of 70 m, or to 10 m from the bottom in waters less than 80 m deep. Profiles 
were analysed with Ocean Data View (Schlitzer 2003). Data shallower than 5 m an
questionable points based on inspection of profiles were excluded. Two zonal and on
meridional section of temperature, salinity, density and fluorescence were plotted to show 
the water column structure. Water masses were distinguished using a temperature-salinity-
fluorescence plot (Figure 8.6). 

 

 
Figure 8.2:  Summary of the CTD profiles from the 2001 pilchard survey in the region of interest 

(see Figure 8.1). The profiles show data from individual CTD casts at each station 
marked by the blue dots on the map. 
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Figure 8.3: Section along transect "g" of the 2001 pilchard survey.  Data collected 28/2/01. The four 

upper panels show the contoured sections derived from temperature, salinity, 
fluorescence and density profiles along the transect enclosed by the red box on the map. 
The profiles at bottom right show data from individual CTD casts at each station 
marked by the blue dots on the map. 

 
Figure 8.4:  Section along transect "sgc" of the 2001 pilchard survey.   Data collected 28/2/01. The 

four upper panels show the contoured sections derived from temperature, salinity, 
fluorescence and density profiles along the transect enclosed by the red box on the 
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map. The profiles at bottom right show data from individual CTD casts at each 
station marked by the blue dots on the map. 

 
Figure 8.5: Section parallel to transect "sgc" of the 2001 pilchard survey.  Data collected 27/2/01-

1/3/01. The four upper panels show the contoured sections derived from temperature, 
salinity, fluorescence and density profiles along the transect enclosed by the red box on 
the map. The profiles at bottom right show data from individual CTD casts at each 
station marked by the blue dots on the map. 
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Figure 8.6: Temperature-salinity plot of the 2001 pilchard survey for the region of interest compiled 
from all CTD profiles for the region of interest. Colour coding indicates levels of 
phytoplankton (as fluorescence). Data collected 26/2/01-18/3/01.  

 
f temperature, salinity, ternmost stations of the 
ee Figure 8.4, close to Port Lincoln.  Data collected 28/2/01. The 

 for each profile corresp  drop at the station 
 same colour symbol o

ences 

Figure 8.7:  CTD profiles o
"g" transect (s

and density for the 3 wes

coloured lines ond to the data for a CTD
marked with the n the map.  

 
 
Contact 
 

Dr. Tim Ward 
SARDI Aquatic Sci
ward.tim@saugov.sa.gov.au 

  

mailto:tides@bom.gov.au
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8.6.3 Tides (sea level) 

data 

t: Dr Jason Tanner,  
 Aquatic Sciences  

 
Available 
 
SARDI Aquatic Sciences holds sea level data from 1/1/1996 to 1/1/2001 for the locations 
Port Lincoln, Whyalla, Wallaroo, Thevenard, Pt Pirie and Pt Giles.  
 
Contac
ARDIS

(tanner.jason@saugov.sa.gov.au).   
 
Later data  are available from the National Tidal Facility – see contact details below. 
 
Historical 

 
A tide gauge located in Port Lincoln has been measuring sea level heights in digital format 

 minutes since 5-Aug-1996, apart from some periods when the tide gauge was 
e available from 1962-1996. Some earlier records prior to 

osts 
ne year of data will cost $396, 5 years  will cost $883 and the full dataset will cost $1090, 

all include GST. 
 
Contact 
 
 
The National Tidal Facility (NTF) can 
supply the 5-minute sea levels, hourly 
means or monthly means with permission 
from the Flinders Ports Corporation (FPC) 
who own the gauge. NTF Contact: 
Paul Davill 
Data Manager/Analyst 
National Tidal Centre 
Bureau of Meteorology 
PO Box 421 
Kent Town 5071 
South Australia 
Tel:  08 8366 2713 
Fax: 08 8366 2651 
E-mail: tides@bom.gov.au

every five
malfunctioning. Analogue data ar
1962 exist. 
 
C
O

 
URL: 
http://www.bom.gov.au/oceanography 

 
FPC Contact 
Greg Pearce 
HydroSurvey Australia 
(Flinders Ports Pty Ltd) 
296 St Vincent St (PO Box 19)  
Port Adelaide 
South Australia 5015 
Phone +61 8 8447 0657 
Fax      +61 8 8447 0606 
Mobile  0408 842 254 
E-mail pearce.greg@hydrosurvey.com.au 
Web  http://www.hydrosurvey.com.au 
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Predicted 

 
Tidal predictions for Port Lincoln (primary port) are available from the Australian 
Hydrographic Service. 
 
Costs 
 
Predicted tide heights prices availabl n (approx $55 per annum). 
 
Grzechnik ) presents a m  surge prediction for the Boston Bay 

gion of South Australia using wind data obtained from the Bureau of Meteorology, tide 
d current meter data from three sites in Boston Bay for the 
992. 

e on applicatio

 (2000 odel of tide and storm
re
records from Pt Lincoln an

/1period 10/8/1992 to 16/9
 

ontact C
hydro.licensing@defence.gov.au 
http://www.hydro.gov.au/prodserv/tides/tidal_products/tidal_products.htm 
 
 
 

  



 271

8.7 Meteorological Data 
ARDI held data  

ourly of average wind speed and direction over 10 min prior to report time (starts 
urly but changes to hourly). 

S
 
H
reporting half ho
 

Station ID Location Years Available 

18115 Neptune Is 1995-2005 

18191 Coles Pt 1992-2005 

22049 Stenhouse Bay 1996-2005 

22801 Cape Borda 2002-2005 

18192 North Shields(Pt Lincoln) 1992-2005 

 
Contact: Dr Jason Tanner,  
SARDI Aquatic Sciences  
(tanner.jason@saugov.sa.gov.au).   
 
Later data, and data from other stations, are available from the Bureau of Meteorology – 

e contact details below. 
 

data and the preparation of five files in csv 
rmat is $30. 

ices  

limate.sa@bom.gov.au 
ttp://www.bom.gov.au

se

Costs 
The approx cost of the extraction of these 
fo
 
Contact 
 

Peter Clemett  
Technical Officer  
Climate & Consultative Serv
Bureau of Meteorology  
Adelaide S.A.  
c
h  

 in the middle of 
e Port Lincoln harbour. 

he records can be supplied in most formats (e.g. excel, text comma delimited). The cost 
epends on data required.  One year of data will cost $396, 5 years  will cost $883 and the 

full dataset will cost $1090, all include GST. 
 
Contact 
Greg Pearce (FPC). Contact details as in previous (Tidal) section. 

 
 
Additional sources 
Flinders Ports has been recording wind speed and direction from a beacon
th
 
Costs 
T
d
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8.8 Wave Height 
 
Available data 
 
The Waverider buoy uses electrical sensors to ch time a 

ata to on is used 
y. 

the observ
This value relates 

ge wave 
hen 

The only buoy in the southern Spencer Gulf ar
west tip of Kangaroo Island), which has been in operation since 1998. 
 

Costs 
 

Costs for preparation of data on application. 
 
Contact 
 

Paul Lainio 
Manager Public, Marine and Special Weather Se
Bureau of Meteorology, Adelaide 

elephone : (08) 8366 2640 
Facsimile : (08) 8366 2651 
p.lainio@bom.gov.au

measure the vertical movement ea
wave passes beneath it, relaying the d

f Meteorolog
a ground station where the informati

by the Bureau o
 
An important calculation from ed data is the "significant wave height", which is 
the average height of the highest one-third of the waves observed. 
mathematically to what an experienced fisherm
height to be, given that human observers apparentl

an standing on his vessel would jud
y often note only the bigger waves w

making an estimation of wave height. 
 
Wave periods in seconds are also recorded. 
 

ea of interest is at Cape du Couedic (south-

rvices 

T

 
 
 
Additional source 
The waverider buoy is partly funded by the SA Dept of Environment and Heritage (DEH), 
Coastal Protection Section.  Dr. Murray Townsend (from DEH) has been supplied with 
some waverider data. Non-SA government staff will be charged for data. 
 
Contact: 
 

Townsend.Murray@saugov.sa.gov.au 
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8.9 Water column/ sediment nutrients and other data 

ke and Cape Donington). 
 

Water column: 
 

• dissolved organic carbon 
• ammonia 
• oxidized nitrogen (nitrate/nitrite) 
• total nitrogen and phosphate 
• suspended matter 
• particulate organic carbon and phosphorus 
• plankton abundance, diversity and planktonic 

pigments 
• dry matter/carbon/nitrogen sedimentation 

rates.  
 

Water column data are  available for March, May, 
July and November 2004 

 

Sediments: 
 

• inorganic and organic carbon 
• nitrogen and their stable isotopes 
• total phosphorus 
• mineral grain size 
• extractable ammonia 
• planktonic pigments 
• infaunal biomass and abundance 
• ammonia and phosphate in sediment 

porewaters 
• ammonia, nitrate/nitrite and phosphate fluxes 

from the sediments as well as oxygen 
consumption.  

 
2002 (October), 2003 (January, May, July and 
November) and 2004 (March, May, July and 
November):  
Infaunal biomass and abundance, mineral grain size 
 
2002 (October), 2003 (January) and 2004 (March, May, 
July and November): Inorganic and organic carbon, 
nitrogen and their stable isotopes 
 
2004 (March, May, July and November): 
Extractable ammonia, planktonic pigments, ammonia 
and total phosphorus in sediment porewaters, 
ammonia, nitrate/nitrite and phosphate fluxes from the 
sediments as well as oxygen consumption.  

 
Available data - Coverage 
The offshore tuna farming zone (roughly the area between Boston Island, Point 
Bolingbro
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 grid of roughly 50 stations (Figure 8.8) was covered between Port Lincoln and Sibsey 
phate in surface and bottom waters, 

More recent data (as of 17 March 2005) 
A
Island and data collected on ammonia, nitrate and phos
as well as current speeds and direction, temperature, salinity and turbidity (water column 
profiles). 
 
 

 
 

Figure 8.8:  Station locations for sampling of nutrients at surface and bottom, current speed and 

PO Box 120

SA 5022 

direction, and profiles of temperature, salinity and turbidity. 

 
Contact 
Dr. Milena Fernandes (Aquatic Sciences) 

 
Henley Beach 

Fernandes.milena@saugov.sa.gov.au 
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research task is to 
sess the feasibility of using a range of standard in situ water quality monitoring probes 

racy of the system and data is still being evaluated as part 

s 

system consists of wind monitoring 
 

direction.  

etry systems, both situated within the SBT aquaculture-

g zone 

BTW System was located at (34o 41.986'S, 135o 59.462'E) in the Western section 
  

ust 2004, and then from March to September 
2005 

• Data from SBTE – wind data from May to September 2005 and water quality data 
from June to July  2005 

 
Contact 
 

Dr Maylene Loo (Aquatic Sciences) 
PO Box 120 
Henley Beach 
SA 5022 
loo.maylene@saugov.sa.gov.au

8.10 Additional SARDI-held data. 
 
8.10.1 Telemetry based environmental monitoring 

The development of the “SBT telemetry-based environmental monitoring system” is a 
component of the present research project and report: The aim of this 
as
linked to a data logger and telemetry system to provide real-time/near real-time data to 
researchers involved in this and possibly other projects. The project and system are not 
intended to provide any form of early warning of environmental problems to the tuna 
industry. The robustness and accu
of the feasibility study. 
 
The SBT Environmental Data website is a restricted access site and the use of this site i
monitored. The site allows only authorised SBT industry members and research scientists 
working within the SBT Aquaculture Subprogram to view current and archived wind 
conditions and water quality data. 
 

Introduction to systems 
Each SBT telemetry-based environmental monitoring 
equipment and two multi-parameter water quality probes, connected to a data logger and
telemetry system.  

• Wind data parameters include wind speed and 

• Water quality parameters include water temperature, dissolved oxygen and salinity. 

 
Location of systems 
In 2005 there were two telem
farming zone off Pt Lincoln, South Australia.  

• SBTE System was located at (34o 39.566'S, 136o 05.705'E) in the Eastern section of 
the tuna farmin

• S
of the tuna farming zone.

Available data 
 

• Data from SBTW – from June to Aug
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8.10.2 Tuna Environmental Monitoring Program 

Clarke et al. (1999) reports on sites located at or near the tuna farms in Boston Bay, Pt 
Lincoln between 1996 and 1998. Area includes Boston Bay, Port Lincoln and the area east 
of Boston Island from Rabbit Island in the north to Taylor Island in the south. 15 
parameters were measured on a 6 weekly basis at 12 sites over 4 regions. 
 

1. itorin of trie an p sic rameters including silica, 
a nia, al lda nitrogen, filtered reactive phosphorus, total 
, r yll-a hlo hy , c d ivi rbidity, suspended solids 

and total dissolved solids. 

2. Phytoplankton composition and abundance monitoring from water samples 
collected as for the water quality analyses. 

3. Benthic monitoring of sediment particle size, sediment organic content, infauna, 
waste feed, undulations and organic detritus with increasing distance from the 

 
Clarke et al. (2000) is a follow on report to Clarke et al.  
reporting of environmental parameters in 1999/ 2000. 
 

1. r s mmonia, t  K ahl nitrogen, total phosphorus and filtered 
 at 39 es  B

chlor yl  and dominant phytoplankton taxa were 
identified. 

Water temperatures, dissolved oxygen, pH levels, salinity and turbidity were 
measured at all 39 sites. 

Benthic monitoring of se art  si lour, sediment organic content, 
infauna, waste feed, undulations and organic detritus with increasing distance from 

ntoo

 
Contact 
 

S en Clarke (Aqua ciences) 
PO Box 120, Henley Beach 
SA 5022 
clarke.steven@saugov.sa.gov.au
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mmary of the a  type, region, and date with contacts for 

  

 
Table 8-1:  Su vailable data by access. 

Source Type Locations Dates Accessibility Contact 
Bathymetry 1 km resolution SG & Shelf composited GeoScience Australia SARDI Sam McClatchie 
Bathymetry 250 m resolution SG & Shelf composited GeoScience Australia Uni. Adelaide/ SARDI Sam McClatchie 
Tidal sea level 
Tidal sea level 

redicted tidal se

6 Spencer Gulf ports Jan 1996-Jan 2001 lity 
6 Spencer Gulf ports - National tidal Facility commercial Hydrosurvey Australia 

a level ort Lincoln ustralian 
ice 

mmercial Australian Hydrographic Service 

National tidal Faci SARDI Jason Tanner 

P P - A
Hydrographic Serv

co

Wave height Cape de Coudic, Kangaroo Is. 1998- present  Wave rider buoy Commercial Bureau of Meteorology 
Meteorological 5 Spencer Gulf and Kangaroo Is.   of Commercial Bureau of Meteorology 

locations 
- Bureau

Meteorology 
CTD, fluorescence 
CTD, fluorescence 
 
CTD, fluor, oxygen 

SG & Shelf Feb/ Mar 2001 
Feb/ Mar 2002 
 
Feb/ Mar 2005 

Ward et al.  SARDI database  
 

Tim Ward 
 

CTD 
hermistor chain 

Mouth SG, onto shelf Seasonal 1980-82 Hahn czak 
40 m outside SG n 1981- June 83 

urrent meter 40 m outside SG n 1981- June 83 

1986 Inaccessible Matt Tom
T
C

1
1

Ja
Ja

 
 

 
 

 
 

Tides (sealevel) Port Lincoln, 
Whyalla, Wallaroo, Thevenard, 
Pt Pirie and Pt Giles 

1/1/1996 to 1/1/2001  
 

National Tidal 
Facility 

SARDI files 
 

Jason Tanner 

Nutrients, currents, temperature, 
salinity, turbidity 

Tuna farming zones March 2005 to present Unpublished SARDI files Milena Fernandes 

 Port Lincoln to Sibsey Is.     
Surface winds, temperature, 
salinity dissolved oxygen 

easternTuna farming zone June - August 2004March to 
September 2005  

Loo & Cheshire 2003 SARDI files Maylene Loo 

Surface winds, temperature, 
salinity dissolved oxygen 

westernTuna farming zone May to September 2005 and 
water quality data from June to 
July  2005 

 SARDI files Maylene Loo 

Water quality, phytoplankton, 
sediment, epifaunal, infaunal 

Port Lincoln area 
(TEMP program) 

1996-1998 Clarke et al. 1999, 
Clarke et al. 2000 
8.3.1.2  

SARDI files 1996-2000 Steven Clarke, 2001-
present Maylene Loo 
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Table 8-1 continued:  Summary of the available data by type, region, and date with contacts for access. 
Epibenthic, infaunal Port Linco a 

(TEMP pr ) 
004 Ma  et a

20 oo 
20

SARDI files ke ln are
ogram

2001-2 digan
02/3, L
04/5 

l. 
et al. 

Steven Clar

Sedi
che

ment grainsize, morph
mistry 

ology, Tuna farming zone 2002 Fernandes et al. 2006 SARDI files Milena Fernandes 

Current velocity, sediment and 
water quality, (qualitative benthic 
flora and fauna) 

Rabbit, Boston, & Taylor Islands Post May 1996 Hone et al. 1997a SARDI files Steven Clarke 

      
Current speed and direction, sea 
level height, temperature 

Taylor & Rabbit Is.  21 Oct-26 Nov 1996 Nielsen & Bennet 
1997 

Flinders University Matt Tomczak 

 
Wate
phyt
abun
 

 
a, 
 & 

Boston Bay 

 

 
1995 

 

 
Paxinos e
and in pr

 

 
 SARDI files 

 

 
Rosemar
 

 

r quality, Chlorophyll 
oplankton composition
dance 

t al. 1996,
ep 

y Paxinos 

Winds, waves, swell, currents, 
water quality 

Potential aquaculture sites 1998 Petrusevics et al. 
1998 

Oceanique 
Perspectives 

Peter Petrusevics 
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Chapter 9 . Conclusions 
 
9.1 Benefits and Adoption 
 
 
The most tangible direct benefit to the tuna industry of this project to date has been the 
provision of near real-time environmental information from the farming zone, which is 
used by some operators to help plan their operations.  This information has also been 
useful for other projects, including the Aquafin projects 2003/226 “Net fouling 
management to enhance water quality and southern bluefin tuna performance” and 

y form to allow operators 
 examine the potential consequences of pen locations.  The software is currently being 

ill be provided to interested industry members at a short 
orkshop to introduce them to the application of the model and teach them how to use it.  

uaculture: Spatial impacts and carrying capacity – 
rther developing, refining and validating exisiting models of environmental effects of 

lture zones as they are developed and/or 

ected to come on-line in the next few years.  This report has formed the 
arting point of a current PhD project to use remote sensing to assess spatial and temporal 

eir feed losses, which could be substantial for some 

he original application identified that 90% of the benefits of this project would be to the 
ies 

eneficiaries for such things as ecotourism and aesthetic enjoyment.  This is likely to be a 

2005/059 “Risk and response - understanding the tuna farming environment”. 
 
At the November 2005 SBT steering committee meeting, it was requested that the waste 
deposition model be made available to industry in a user friendl
to
modified to allow this, and w
w
The models were also the basis of a subsequent FRDC/PIRSA Aquaculture project  
2003/222: “Innovative solutions for aq
fu
finfish farming”.  The refined models are used by PIRSA Aquaculture to help establish 
initial maximum stocking levels for aquacu
revised. 
 
In a broader context, the tuna industry will benefit from this work in a number of ways.  
The risk assessment exercise has documented the major perceived environmental concerns 
associated with the industry, and has provided a literature review of the major issues 
identified, which will assist industry in either addressing real concerns, or refuting spurious 
concerns.  The remote sensing report has identified a number of options for the use of 
remote sensing in management, as well as highlighting several potentially useful systems 
that are exp
st
variation in water quality around the farming zone.  The work on seabirds has highlighted 
ways in which industry can reduce th
operators, and the chapter on oceanography highlights that the tuna industry is not causing 
elevated nutrient or chlorophyll levels on a regional scale.  The regional analysis of the 
Tuna Environmental Monitoring Program data also indicates that there are no broad 
benthic impacts occurring in the region, although the analysis is sensitive enough to pick up 
subtle natural gradients in infaunal composition.  While there is an indication of a broad 
scale change over time in this analysis, without control sites at extended distances from the 
tuna farming zone, these changes cannot be reliably ascribed to tuna farming. 
 
T
commercial sector in South Australia, with the remaining 10% being to non-fisher
b
fairly accurate representation of the actual flow of benefits.  While the primary beneficiary 
in the commercial sector will be the tuna industry, the results of the work also have the 
potential to be useful for other marine finfish sectors in South Australia, as well as 
Australia more broadly. 
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9.2 Further Development 

s noted above, the waste deposition model is currently being further developed, primarily 

r scenario analyses to be 

t 

 and/or modelling the impact of tuna 

 
From a research perspective, the further development of the work presented here will be 
largely addressed by the new Aquafin project 2005/059  “Risk and response - 
understanding the tuna farming environment”.  This project will develop an integrated 
hydrodynamic, biogeochemical and sediment model, which will greatly aid our 
understanding of how tuna farming and the environment interact.  Risk & Response will 
directly address issues raised in most of the chapters of this report, with the exception of 
that on seabirds, which are currently being addressed as part of a Flinders University PhD 
project, which has been adopted by the Aquafin CRC. 
 
A
through the inclusion of a user-friendly interface, to allow industry members to use it to 
assess the likely consequences of pen spacing within their leases. 
 
9.3 Planned Outcomes 
 
This project has contributed to a number of the outcomes in the Aquafin CRC’s 
Commonwealth agreement, as follows: 
 

• An ability to predict the environmental impact of cage aquaculture at the system-
wide (eg. estuary) scale 

The modeling described in chapter 7 provides preliminary predictive ability in relation to 
region-wide increases in nutrients associated with tuna farming.  While the model seems to 
produce high estimates of nutrient loads, from a management perpective this produces 
conservative results if it is used for setting maximum stocking levels.  In being 
conservative, however, it still allows for industry expansion from the current situation.  
Perhaps more importantly, the project has helped set the scene for the current project 
2005/059  “Risk and Response - understanding the tuna farming environment”, which 
hould provide much greater predictive ability, and allow fos

conducted. 
 

• Improved monitoring of the environmental performance of cage aquaculture 
operations  

he integrated analysis of the tuna environmental monitoring program data indicates thaT
the current monitoring is capable of detecting relatively subtle changes in infaunal 
assemblages related to natural changes in sediment composition.  This result gives us 
confidence that this monitoring program is also adequate to detect subtle effects of 
aquaculture on the benthic environment at the compliance points.  Given that it has not 
done so, we can be confident that such effects are at most minimal.  This result also 
indicates that the current monitoring program does not need to be altered to improve its 
ability to detect impacts. 
 
In addition, the planned outcomes for the project have all been met as described below. 
 

1. A system for quantitatively assessing
farming activities at regional scales will provide greater certainty in planning 
and thereby help to secure tenure for aquaculture industries in marine 
environments.  It will also allow for impacts related to aquaculture to be 
placed in context with other environmental impacts (sewage outfalls, 
stormwater etc). 
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t composition and hydrodynamics.  That these variations can be 
etected gives confidence to the assertion that farming has not affected the benthos at this 

mation of this result would require sampling at regional control sites, 
ell away from the tuna farming zone.  Sampling of water quality and chlorophyll levels 

lity of farmed stock. 

tuna farming could be 

uts from the farms.  In 
addition, the oceanographic component of the project indicates relatively high current 

 
This project has demonstrated that a multivariate analysis of the data currently being 
collected for license-based monitoring of the tuna industry can be used successfully to 
detect regional-scale variations in the benthos.  While no effects due to tuna farming were 
distinguished in this analysis, there were clear geographic differences related to natural 
variations in sedimen
d
scale.  Further confir
w
throughout the tuna farming zone has also indicated that there are no obvious changes 
associated with the onset of the farming season. 
 

2. Regional monitoring and modelling will assist in determining the carrying 
capacity of farm environments by indicating the most appropriate number of 
farms that a region can accommodate.  This will reduce risks associated 
with environmental decline and thus enhance the health, survivorship and 
qua

 
As discussed above, the regional scale analysis of the Tuna Environmental Monitoring 
Program (TEMP) data, as well as the water quality sampling conducted, suggest that the 
current stocking levels and practises are sustainable, as no signal of 
seen in infaunal assemblage structure, water quality, or chlorophyll levels within the zone.  
Given the well known sensitivity of infauna to organic loading to the benthos, the ability of 
the multivariate analysis of the TEMP data to detect natural geographic variation in 
assemblage structure indicates that this information can be usefully utilised as a core 
component of a regional scale monitoring program.  The project has also provided an 
important lead-in to the Aquafin project 2005/059  “Risk and response - understanding the 
tuna farming environment”, which will deliver an integrated hydrodynamic, biogeochemical 
and sediment model that will allow a much greater understanding of where nutrient inputs 
from farming go, and how they cycle through the environment. 
 

3. Knowledge of the regional scale impacts of the tuna industry will assist in 
the protection of sensitive ecosystems such as seagrass beds and macroalgal 
communities.  This will ensure the continuation of natural fish stocks that 
are reliant on these systems for food and shelter. 

 
While seagrass and macroalgal assemblages were not investigated as a part of this project, 
the lack of a detectable regional-scale effect on infauna and phytoplankton (the latter 
measured as water column chlorophyll a) suggests that there would be little effect on these 
groups.  Seagrasses and macroalgae only occur further from tuna farms than do the sites 
studied for water quality and infauna, and hence would be subject to lower levels of 
disturbance from tuna farming due to the dilution of waste inp

movement in the area, which would lead to the rapid dispersal of dissolved nutrient inputs 
over a large area, reducing the potential for them to impact negatively on these 
components of the ecosystem.   
 

4. A wide range of other users of coastal waters benefit from a sustainable 
approach to tuna aquaculture.  Benefits also flow through tourism related 
not only to SBT aquaculture but also to the wider region including 
recreational fishing and diving. 
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The results presented in this report will help the tuna industry promote its environmental 
credentials in the short-term, and in the longer term help it to improve environmental 
performance even further.  This will then flow on to other users as their perceptions of the 
effects of tuna farming improve, and they become more willing to undertake other 
activities in the area. 
 
9.4 Conclusions 
 

The project successfully delivered on four of the original five objectives, and has provided 
some valuable outcomes for industry, as well as an important lead in to the current Risk & 
Response project, which is aimed at developing an integrated hydrodynamic and 

iogeochemical model of the tuna farming environment to aid a better understanding of 

ad range of 
roups, and that all had up-to-date and relevant information available.  The workshop 
onducted was dominated by a few groups with particular interests, and as a result the 

was spent after the workshop reviewing the 

While the risk assessment process unexpectedly identified issues relating to higher 
vertebrates as being the main issues, there were also concerns addressed about water 
quality.  As a consequence of this, some work was done on seabirds, to assess their role in 
removing tuna feed, and their potential impacts on other species.  While seals and dolphins 
were also identified as an issue, their interactions with aquaculture are being studied under 

b
how farming and the environment interact.  The third of the original objectives was 
dropped from the project early on, after problems were identified with what had been 
proposed. 

1. Establish a steering committee of stakeholders and hold a Steering Committee for 
Fisheries and Aquaculture Environmental Sustainable Development reporting 
workshop to develop a set of operational parameters for regional scale 
environmental sustainable development (ESD) assessment.  

While a workshop using the SCFA ESD framework was conducted in December 2002, this 
was the first time that this approach had been taken with an aquaculture industry, and a 
number of problems were identified.  The first issue was that at the time, the reporting 
framework had not been adapted for aquaculture, and instead was designed for wild 
fisheries.  While many of the issues are similar, there are a number that relate to only one 
sector or another.  It was easy to drop issues that were not applicable during the workshop, 
but more difficult to ensure that all the aquaculture-specific issues were identified.  This 
issue with the framework has since been resolved, as it has been modified specifically for 
aquaculture, partly on the basis of the experience gained from the SBT workshop.  The 
second issue related to ensuring that workshop participants represented a bro
g
c
discussion and resultant risk rankings focused on these issues.  It was also obvious that 
many participants nominated risk ranking based on perception rather than data.  As a 
consequence of this, considerable time 
literature and data available on the key issues identified, and refining the risk rankings to 
produce a more balanced view of what the real risks are likely to be.  It was as a result of 
these issues that the original objective 3 (using knowledge gained through this process and 
in consultation with stakeholders develop target levels for key parameters as a basis for 
effecting management responses) was dropped from the project. 

 

2. Develop a set of methodologies for measuring and evaluating each of the 
parameters in order to provide an ESD assessment.  

  



 

  

285

 so these issues were not pursued here.  In 
dition, a set of methodologies were developed and used for assessing broader-scale 

es from the tuna environmental monitoring program clearly showed an apparent 
ck of regional scale effects on the benthos, but still showed clear geographic patterns.  

 any 
ertainty.  The potential for the use of remote sensing for monitoring water quality was 
sessed, and has led to the appointment of a PhD student in this area as part of the Risk & 

elemetred water-quality monitoring system has also been 
 be continued and expanded as part of Risk & Response.  

bers for planning their farming 

 development of ecosystem scale 
y information/data required to 
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