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PREFACE 

The Great Barrier Reef is a marine ecosystem that is recognised worldwide for its unique 
biological and physical features. It is by far the largest single collection of coral reefs in 
the world and biologically supports one of the most diverse ecosystems known. 

The Great Barrier Reef Marine Park includes most of the Great Barrier Reef region and 
the Reef was added to the World Heritage List in 1981. The Great Barrier Reef Marine 
Park is a multiple-use protected area with zoning plans and permits for different activities 
being the main tools for Reef management. The Great Barrier Reef region supports direct 
economic activity estimated to be worth in excess of $I billion annually to Australia. 
Demands are rapidly increasing for information about, and access to, the Reef and its 
resources by tourists, other recreational users, commercial fishing and mariculture 
industries. 

The large and growing economic and social values of the Great Barrier Reef demand an 
improved scientific knowledge base to allow Reef users and managers to make more 
informed decisions, so that benefits can be maximised in a sustainable manner and costs 
minimised, while preserving the Reef's unique biological and physical features. The 25 
year Strategic Plan for the Great Barrier Reef World Heritage Area, with both 5 year and 
25 year objectives, has been developed recently by a process involving all users and 
interest groups. 

Knowledge about the Great Barrier Reef from natural, social and economic research is an 
essential part of decision making for ecologically sustainable development. In the early 
1970s, research effort in the Great Barrier Reef underwent a major shift - essentially 
from earlier expedition-type enterprises to institutionally based projects and programs. 
The Great Barrier Reef Conference held in Townsville in 1983 captures a summary of 
this work and provides a valuable baseline of information. But much of the early 
information comprised small bites or building blocks of vital knowledge with little 
integration possible across scientific disciplines. Physical and natural science 
predominated with minor mention of social, economic and engineering research. 

Thirteen years later, ideas on reef management and use have changed considerably, as has 
the knowledge from research. The present Conference sought to examine two key 
questions: 

Firstly, how reef science has adapted to reflect these changes. 

Secondly, what we have learnt in recent years that will enable sustainable reef-based 
industries and economic activity, and provide an improved scientific basis for 
management and decision making of the Great Barrier Reef as a World Heritage Area. 

The Conference provides a review of major scientific findings and concepts over the last 
decade, purposely integrating information across research on key issues. The mixture of 
keynote, invited and contributed papers provides a good basis of record and discussion. 
Putting 'people' into the equation through enhanced social science research is a notable 
step forward, along with higher effort in engineering research. However, research on 
economics and indigenous use/involvement remain under represented. 



The work of the Organising Committee (Jan Crossland, Dave Yellowlees, Terry Done, 
Don Alcock, Jon Brodie, Peter Valentine, Kirsten Duke, Peter McGinnity) and graduate 
students; the sponsors - and the enthusiastic response of authors - ensured that the 
Conference delivered and recorded a new information base useful to existing and future 
Reef resem'chers, managers and users, and conservation and other interest groups. 

Chris Crossland 
Chair, Organising Committee 



I N T R O D U C T O R Y  S E S S I O N  

Chair: Chris Crossland 

Partnerships and collaboration: management of the Great Barrier Reef 
World Heritage Area, past, present and future 

I McPhail 

O 

Advances in scientific research on the Great Barrier Reef since 1983 
R Reichelt 



Partnerships and collaboration: management of the Great 
Barrier Reef World Heritage Area, past, present and future 

fan McPhail 
Great Barrier Reef Marine Park Authority, PO Box 1379, Townsville Qld 4810 

To claim the ability to manage a natural system has more than a touch of hubris about it. 
We are reminded by David Suzuki that humans do not manage natural systems, they can 
only attempt to manage the activities and impacts of humans in and on that system. 

No more is this true than in the management of the Great Barrier Reef. Whatever the sweep 
and cycle of natural events in recent geological time, the European settlers found the reef in 
its present stage of scale and abundance. After Captain Cook committed one of the first 
recorded incidences of anchor damage, increasingly intensive human use has been made of 
the system, beyond the first assumed light impacts of the indigenous populations. This 
increase is seemingly exponential, and it is only in the last decade that trends thought to be 
slow, have now accelerated to the point of  creating major challenge. 

The Great Barrier Reef is iconic, it is Australia's first and the world's largest world heritage 
area. Although by no means a closed system - it is part of a massive hemispheric circulation 
- and by no means complete in biogeographical terms it approximates closer a bioregional 
arrangement for management purposes than any other portion of this country. In spite of 
recent debates the Great Barrier Reef Marine Park is not a national park, it is a physical and 
political province. In Australia, areas established for conservation have more often than not 
been remnants and not always the best examples of their vegetation or other characteristics - 
the Great Barrier Reef is a province that includes practically all of the reefal areas, and the 
cross shelf components of coast, lagoon, reefs and the open ocean to seaward. Much will be 
discussed about the characteristics of the natural systems and their life forms in the region 
this week, and the threats and opportunities that are identified by science. 

The biodiversity, natural beauty and high productivity of the system means that the Great 
Barrier Reef Marine Park is also a fully functioning portion of the Australian economy. In 
legislation, it is established for multiple use; reasonable use is a statutory right. Within its 
very large 350 000 square kilometre area, spreading along 2 000 kilometres of the 
Queensland coastline, there is an approximately $700 million to $1 billion per annum vessel 
based tourism industry, a $250 million dollar commercial fishing industry, and a large 
recreational boating and fishing activity. The continued interest in the development of 
further integrated resorts on islands and the coast brings not only the issues of immediate 
environmental impact but collateral pressures. Along the coast of the Great Barrier Reef are 
six of Australia's bulk export ports, and some 2 000 large vessels a year transit the region. 
Although residential populations are growing off a low base, some of this country's fastest 
growing urban areas are in tropical north Queensland. Indigenous groups are claiming the 
right to be involved in management, based on their long association with the region and also 
in such issues as traditional hunting rights, and in broader issues of fishing and by-catch. 
Adjacent to the coast, and located on modified flood plains and wetlands is the canegrowing 
industry, Australia's second largest export crop by value. Clearance of native vegetation for 
pastoral purposes adds to the dynamic of the downstream effects of land use, making the 
whole issue of water quality one of great concern. 

This pattern of growth is all occurring within or beside the Great Barrier Reef World 
Heritage area. In spite of sectional argument, World Heritage Areas in Australia are 
managed to a level far above the average in most other parts of the world, yet this should not 
divert from the recognition that management is increasingly being, or indeed should be, 
subjected to standards that are appropriately stringent. 

Add to this real and immediate challenges in the decline of vulnerable species, and the 
jurisdictional complexity of the region, then the phrases ecologically sustainable 
development and the precautionary principle are being put to the test. Indeed, though these 
concepts are increasingly appearing in legislation and properly so, they are essentially 
qualitative and are often the source of debate in their application. I understand in this 
conference Valentine will address this topic, and argue that in a world heritage area such as 
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the Great Barrier Reef, management might be better served by the introduction of more 
direct instruments, such as best or highest practice requirements. 

Given the over-riding obligation to conserve the World Heritage Area, the political and the 
jurisdictional dimensions, the complex use patterns which frequently compete and displace, 
the need for equity and fairness in access, no extra-political body such as the Marine Park 
Authority could manage without a national consensus that the Great Barrier Reef was worth 
conserving, strong political support and fully functioning and working relationships with the 
many parties that have an interest in the use or the management of the region. The Marine 
Park Authority is celebrating its 20 years of existence, with the slogan 'Twenty Years of 
Partnerships'. That these partnerships should be eternally amicable is about as wishful as 
believing marriages are, but they have proven to be strong and enduring. Nevertheless the 
nature of the relationships requires constant attention, and re-structuring to meet changing 
demands. Indeed the increasing change in use and pressures being placed on the region 
mean also that compartmentalised interests, with limited involvement by one group in the 
activities of others, should be long gone. The conservation movement is not the only interest 
area that becomes broadly involved with others. Displacement and equity issues bring 
commercial and recreational fishers into debate, mangrove clearance brings the conservation 
and fishing sectors together, recreational boat owners feel displaced at crowded reefs and 
islands. 

Certainly one of the outstanding achievements has been the negotiation between groups of 
the 'A 25 Year Strategic Plan for the Great Barrier Reef World Heritage Area', a stakeholder 
agreement about the short and long-term objectives for sustainable management. It was 
always intended that this document would be living and dynamic, and an audit of its 
application mid-way through the implementation of its five year objectives has been 
commenced internally, later to include stakeholders reports on their stewardship. Flowing 
from this, from the statutory cross-sectoral and cross-jurisdictional Great Barrier Reef 
Consultative Committee and from the strongly consultative nature of the legislation the 
Authority has established sectoral and regional advisory mechanisms. Some need further 
development such as those with the tourist industry, indigenous interests and the 
conservation movement, but they all represent a culture of contact that has proved enduring 
even through some testing periods. 

Chapter 4 of the Strategic Plan speaks of the role of research as an objective to obtain and 
disseminate accurate and timely information which will help decision makers and maximise 
community confidence in decisions made in regard to the Great Barrier Reef World 
Heritage Area. 

Organised scientific activity is of relative recency, amongst the first forays being the conduct 
of Great Barrier Reef expeditions in the inter-war period, and the establishment of research 
stations by the Universities of Sydney and Queensland and the Australian Museum. Like 
other uses the growth in inquiry into the reef and its users has also seemingly increased 
exponentially. Certainly the increase from the Yonge expedition of the twenties to the effort 
of today is significant. The foundation of the James Cook University and the establishment 
of the Australian Institute of Marine Science have been absolutely critical to the 
understanding of the reef. Australian Institute of Marine Science has established itself as the 
pre-eminent public sector marine research institution, with an increasing national presence, 
and demonstrates the clear benefits of a specialised arrangement for research into the 
marine environment. 

The technology of scientific inquiry has changed dramatically. Cartography, hydrography, 
position fixing, combined with GIS and computer simulation mean that powerful new tools 
have improved both opportunity and analytical capacity enormously. 

Science holds a dual status in the management regime. First, through its contfibtition to the 
corpus of knowledge that is available for application to decisions on the management of the 
Marine Park. Second,as an industry or use in its own right. 

The Authority has held from its origins that credible management must be grounded in 
good information. It has invested relative to its resources very heavily in information and its 
interpretation. Authority scientists led by such as Gilmour, Kinsey, Craik, Kenchington and 
others, have made distinguished contributions on their own behalf. Brodie, Engelhardt and 



Benzaken are continuing that tradition. However, as the management tasks have become 
increasingly complex, the Authority has correspondingly become a purchaser of research. 
The need for information is a core requirement of the Marine Park Authority, but the 
conduct of research is not in itself a best use of resources. The Authority's research and 
monitoring section concentrates on identifying areas of needed research, brokering and 
interpreting the results in management terms, and maintaining or accessing important 
databases. They are often research managers. As well the Authority has considerable needs 
in the unglamorous field of monitoring, essential for the establishment of trends. 

In the post-war period the long-standing scientific activity was augmented by the growth of 
James Cook University and the establishment of the Australian Institute of Marine Science. 
In more recent times, the University of Central Queensland has begun to contribute. This 
development of a locus for marine science in the region led in 1993 to the Marine Park 
Authority combining with James Cook University, the Australian Institute of Marine 
Science, the Queensland Government through the Department of Primary Industry and 
tourism industry partners to establish the CRCfor the Ecologically Sustainable Development 
of the Great Barrier Reef - whose long title is directly targeted at information for 
management. The Authority contributes $680 000 annually to the CRC and $1M raised 
from 75% of the first dollar of the Environmental Management Charge collected from 
commercial tour operators. Most of the effort is not so-called applied research, but it is 
increasingly focussed on the issues that the Authority has developed as principal policy and 
management areas. I look forward to Terry Done's paper on issues-related research later in 
the week. Importantly, the CRC is also directing attention to social and economic aspects of 
reef use. Resource management requires an understanding of users, and the demands, values 
and perceptions that individuals bring. A knowledge of the fundamentals of the biological 
and physical characteristics of the region is unarguable, but essentially the authority is 
managing the people who seek to use the natural asset. Both in-house and with the CRC 
Reef Research Centre, much work on behaviour and economics has been instituted. Already, 
material as diverse as work by Done of Australian Institute of Marine Science on 
biophysical regions and hemispheric systems, informs the Authority of broad connectivities 
and creates the basis for the identification of representative areas as the Starting point for 
public consideration, through to detailed analysis of environmental impacts of moored or 
anchored structures, and predicting the behaviour of animals such as the crown-of-thorns 
starfish. Management needs are complex and the list of research required is equally diverse 
and rich. 

Research however is also a use, and is required to be permitted within the Marine Park. I am 
sure that all science managers are aware that science can be thoroughly political. The 
assumption that experimentation is justified wholly by the right to inquire has probably 
never been true, and has probably never been publicly espoused. It is true however that 
scientists originally demurred at being subject to a permit regime in the Great Barrier Reef 
Marine Park. Scientific experiment was seen to be unarguable, and of course beneficial and 
benign. This does not suggest that universities and research institutions did not have or have 
not developed ethics bodies and protocols. However, experience in the last two years has 
shown that public scrutiny of experimentation in the World Heritage Area suggests that 
many are not convinced of the beneficial value or the ethical correctness of some projects. 
Recently the Authority and the CRC agreed on an Effects of Line Fishing Experiment. Its 
objectives were clear, to provide management information on the sustainable levels of 
exploitation of fish stocks. The background purpose was also very direct. As demand for 
reef fish expands, particularly with the live fish trade, there should be no possibility of the 
collapse of stocks and the collateral impacts on the natural system. Because it involved a 
rezoning, the experimental design was given extensive public discussion, and then debated 
in parliament. This and other projects, though internally well designed, had presentational 
features that became negatives, while at the same time issues related to experimentation in 
World Heritage areas emerged. Much of the public argument was based on fundamentalist 
objections to using green zones, but some was disturbingly anti-science. As is the nature of 
such debates, collateral accusations about the use of explosives and poisons in fish research 
became national news items and had to be handled. 

Prior to this debate the Authority had already commenced planning for an ethical study. 
This was not to be a second guessing of university ethics procedures, but to examine the 
particular question of experimentation within a World Heritage Area. This may be 
broadened, in that the Authority is aware of an approach to the Academy of Science to 
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examine the generic issue of experimentation in world heritage areas. World Heritage 
designation is no longer a passive indicator of global acceptance of the outstanding natural 
values of a region. Through the World Heritage Convention and the World Heritage 
Properties Conservation Act, interested groups are requiring evidence that management is 
meeting the objectives of the convention. Already in Australia there have been some major 
court cases while in this region a major development project is being challenged on world 
heritage terms. The line fishing experiment was evaluated by the Authority in the context of 
the National Estate, and it has been referred to the Australian Heritage Commission and 
designated under the Environment Protection (Impact of Proposals) Act. All in all, a stark 
indication that vital scientific activity must now be managed in a much more complex social 
environment, and is certainly not accepted by the community as being immune solely by 
reason of prospective benefit. Experimental design will need to be considered in terms of 
prudent and desirable alternatives, question whether the benefits of the research justify any 
environmental impacts, and researchers will need to be sensitive to public presentational 
issues. This should not be interpreted as a form of Authority oversight but as a recognition 
that protocols in many areas of experimental science have changed with time as a 
consequence of changes in community awareness, and that world heritage areas seemingly 
are now part of this shift. 

Let me stress however, that inquiry both as a source of management information and as a 
use of the Great Barrier Reef Marine Park is vital. In the last 13 years we have been able to 
move from informed opinion on management matters to information-based decisions. 
Intense internecine scientific arguments over such topics as crown-of-thorns starfish are 
converging, although by no means resolved, and certainly the management context is 
somewhat clearer. Knowledge of dugong, their number, behaviour and habitat status is 
available to aid what will be fiercely contested management decisions. Monitoring and 
modelling are providing insights into topics as widespread as larval dispersal and the 
movement of flood plumes in the Great Barrier Reef lagoon. More information allows 
decisions to be based on hard evidence, thoroughly grounded arguments are needed when 
dealing with industries and users who may be displaced or have their activities modified. 

In the decade ahead, the increased pressures of use make the products of scientific inquiry 
of continuing necessity. Long standing relationships with James Cook University and the 
Australian Institute of Marine Science have created strong historic linkages, while the CRC 
Reef Research Centre not only provides for funds leveraging but also formal collaborative 
arrangement. Similarly GBRMPA, James Cook University and the Australian Institute of 
Marine Science operate formally as INTROMARC a commercial research and training 
application facility. 

Thirteen years ago the Marine Park Authority's need for information on the natural system 
was a major strategic requirement. Many of the relationships with scientists and institutions 
were forged as much by common origins and interests of the scientists as by any formal 
structures. A steady stream of research results influenced the policy directions that the 
Authority adopted. Today both the need and the relationships remain, but collaboration on 
an institutional basis has become increasingly formalised. The Authority has structured its 
programs around a set of critical issues, and is reflecting these through its requests t0 the 
CRC Reef Research Centre in particular. Also the information needs to the Authority have 
spread beyond tile physical and biological sciences into economics and social issues. In 
twelve years' time, what will the structure of collaboration look like? In part this will be as 
much a function of the universities and research institutions themselves as the Authority. 
Trends in the funding of research and the shape of institutions are beyond my commentary, 
however there are two polar demands. One, that curiosity led, basic investigation of the 
components of this massive, exciting, complex and little-understood eco system will and 
must always be a fundamental activity. There is endless opportunity for the motivated 
inquirer, and each fragment of evidence forms one of the building blocks of understanding 
of what we are dealing with. Secondly, as-basic knowledge expands, Terry Done and others 
will continue to develop a cosmology of the reef. The sweeping relationships of the 
hemispheric systems, the linkages to the Indo-Pacific realm, the connectivities within the 
system which will enable the community to decide on the level of protection that they will 
aftbrd to this superb work of nature. In the words found at the end of many research papers, 
'More work needs to be done'. None of us will exhaust the questions in our lifetimes. 



Advances in scientific research on the Great Barrier Reef since 
1983 

RE Reichelt 
Australian Institute of Marine Science, PMB No. 3, Townsville Qld 4810 

A B S T R A C T  

Marine science in Australia is critically important for providing the knowledge 
needed to protect and use what is the world's largest single ocean territory. 
Advances in scientific research on the Great Barrier Reef have been driven by 
technological advances, changes in our major research institutions, and recent 
focusing of research towards strategically important problems of interest to 
industry, government and the community through the Cooperative Research Centre 
for Ecologically Sustainable Development of the Great Barrier Reef. 
Some examples of technology developments include: 

GPS and remote sensing allow accurate site location and mapping. Reliable 
vessels, including the high speed tourist vessels, permit easy access to the entire 
Great Barrier Reef. The expeditionary days are over. 

Scientific instrument advances have boosted chemistry studies (Fourier 
Transform Mass Spectrometry and NMRs), genetic studies (2D-PAGE 
electrophoresis), biological oceanography (Trichodesmium counter), 
geomorphology (swath mapping sonar, deep ocean drilling) and physical 
oceanography (Doppler current meters, wave radar, automatic weather stations, 
turbidity loggers) 

There has been marked increase in the diversity of research effort through 
institutional growth at James Cook University, the Australian Institute of Marine 
Science, the Great Barrier Reef Marine Park Authority, the Museum of Tropical 
Queensland and the chain of island research stations. In addition, there is a 
significant new player - the Cooperative Research Centre for Ecologically 
Sustainable Development of the Great Barrier Reel  

As research efforts have advanced, new ideas (the dogma of tomorrow?) have 
emerged. Some of these include a new understanding of the importance of the 
coastal trapping phenomenon, an appreciation of the long term changes in species 
abundance across a spectrum that includes corals, reef fish and even the crown-of- 
thorns starfish, and increased knowledge of the impact of major natural 
disturbances such as tropical cyclones and new information on the geological age 
and growth of the Great Barrier Reef. While understanding of the Great Barrier 
Reef as one the world's great Large Marine Ecosystems has advanced considerably 
since 1983, our ability to forecast human impact is still weak. A good 
understanding of the ways in which living reef systems (e.g. corals and fish) are 
replenished will likely take a further 5 years of research. Long term changes in 
productivity and coastal inputs and impacts on the Great Barrier Reef are also only 
beginning to be understood. 

Major problems confronting coral reef researchers are the relatively high cost, and 
hence restricted resources, available for critically important mapping and 
monitoring work, development of more effective and useful techniques for risk 
assessment of impacts on coral reefs, and development of autonomous sensors for 
more components of the reef system (especially the living components), which are 
needed as input to predictive models of the whole system. While the Reef CRC has 
generated new focus and research interest, a major long term goal of research 
should be to service the information requirements of the 25 Year Strategic Plan for 
the Great Barrier Reef. Its creation has been a visionary act that warrants pursuit. 
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As environmental information becomes more readily available, it will be ideas and 
models that will be in shortest supply. 

I N T R O D U C T I O N  

The first Great Barrier Reef Conference was held in 1983 here at James Cook University, 
hosted by the University and the Australian Institute of Marine Science. The Institute had 
reached its planned staffing level only a year or two previously, the Authority had yet to 
finish its planning processes, and JCU was considerably smaller than it is today. 

John Bunt, who was then Director of AIMS, was one of the opening speakers and he talked 
about the origins of the interest in coral reef research, the Australian Coral Reef Society, and 
the dual roles for the Australian Institute of Marine Science and the Great Barrier Reef 
Marine Park Authority. 

John Bunt also spoke about the last really major injection of public funds into marine 
science, back in 1979, the public concern for the health of the Reef, and about the question 
that has driven much of the scientific research on the Great Barrier Reef since that time. The 
question was 'What controls growth, maintenance and change in the Great Barrier 
Reef?' 

Things have changed dramatically in Australian science over the last 13 years - R&D 
managers now use a different vocabulary of management jargon. The talk now is about 
project management skills, specific research objectives, milestones, performance indicators, 
best practice, ISO 9000, earnings targets, cost recovery, pricing and charging policies, 
efficiency audits and corporate governance. Coming from a science background I often ask 
myself if all this business oriented approach and management-speak is necessary to get the 
science done. The answer seems to be an unequivocal yes - because science is driven by 
people and funding, and to secure the funding it is vitally important to be strongly linked to 
those who are buying the research - mainly the taxpayer (government) and industry. Just as 
scientific discoveries can influence society, so does scientific culture track that of society. 

Establishing strategic priorities, building links to users of research, and commercialising of 
intellectual property are more important to publicly funded research agencies and 
Universities than they used to be. 

Since the 1983 conference we have seen a strong collaborative relationship develop between 
the University, AIMS and the Authority. Since then the Queensland Museum has established 
a branch here and all of us are looking forward to further growth with the completed 
Pandora exhibit in the second stage of the Museum of Tropical Queensland. 

On the world stage we have seen the Earth Summit in Rio (which saw among other things 
the birth of the Global Ocean Observing System program which will eventually produce 
systems that make synoptic maps of the oceans' currents the way that meteorologists map 
winds, clouds and rain.). We now have international agreements on biodiversity and climate 
change; the UN Convention on the Law of the Sea has come into force, and recently we've 
seen the birth of the International Coral Reef Initiative. 

Today, the Great Barrier Reef remains in peak condition while coral reefs in most other 
places are showing signs of wear and tear from human impacts. As public access to the full 
extent of the Great Barrier Reef becomes possible through the use of high speed vessels, the 
potential for pressure on our own coral reefs is mounting and the demand is increasing for 

_ tighter and more watchful control of the users of the Reef. As contro[is applied,the users ~- 
will demand higher standards of proof that restrictions are necessary. The need for high 
quality science and engineering is greater than ever. 

Advances in scientific research on the Great Barrier Reef have been driven by technological 
advances, changes in our major research institutions, and recent focussing of research 
towards strategically important problems of interest to industry, government and the 
community. The Cooperati've Research Centre for Ecologically Sustainable Development of 
the Great Barrier Reef (or the 'Reef CRC' as we call it) is a partnership fostered by 
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government and industry and designed to steer research towards the most important 
.problems confronting the Great Barrier R e e f -  that is, building the knowledge we need for 
~ts conservation and sustainable use. 

In this paper I want to provide some background and context for the conference in relation 
to the national marine science effort, highlight changes in technology and understanding 
since the last conference, and finally try to guess where science is heading on the Great 
Barrier Reef by mentioning a few gaps in our efforts. 

Marine science in Australia 

Australia's Ocean Territory is filled with natural wonders, valuable resources and ecosystems 
that are beautiful and diverse, both physically and genetically. 

Conservation of our marine resources is a national responsibility which is now written into 
international law. In fact this is now written into a number of international instruments and 
the occasional collision between them, or problem of interpretation, will keep the legal 
profession secure for the foreseeable future. 

Extract from UN Convention on the Law of the Sea, Part xii. 

Article 192 
General obligation 

States have the obligation to protect and preserve the marine 
environment. 

Article 193 
Sovereign right of States to exploit their natural resources 

States have the sovereign right to exploit their natural 
resources pursuant to their environmental policies and in 
accordance with their duty to protect and preserve the marine 
en v iron ment. 

Exploitation of resources is mentioned in the article right next to the one on protection a n d  
preservation. This seems to be near the nub of ecologically sustainable development. 

The ESD of the EEZ is of great importance to our tourism and fishing industries, but there 
are differing views in society about what this really means. It's likely to be a matter of long- 
running debate - partly because the meaning of sustainability is highly arguable and partly 
because we know relatively so little about the vast expanse of Australia's Ocean Territory. 

Globally, the marine economy is worth around US $1000 bn (Bennett 1996). Australia's 
slice of this action is estimated roughly to be about A$40 billion, and the Australian Marine 
Industries and Sciences Council reported recently that growth in the marine sector has been 
running at 8% per year for a number of years. At this rate the Australian marine sector 
could be worth more than AS100 bn by 2010. 

By any measure, both our marine environment and marine industries are valuable to 
Australia. Science and technology have vital roles to play in support of both conservation 
and industry development. The knowledge needed to use marine resources without 
destroying them, and to protect them where necessary, can come only from world-class 
science and engineering efforts. 

The size of the task for scientists and engineers to generate the knowledge Australia requires 
to protect and use its marine resources is daunting. Already there is a considerable effort 
being put into the job. There is currently intense interest, generated by the National 
Commission of Audit report, on the number of government agencies involved in various 
sectors. Of all the areas in our economy, the marine sector is among the most diverse. 
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To illustrate the point with an international example - look at the United Nations. In the UN 
there are 14 large, separate agencies working on marine issues such as atomic energy, food, 
agriculture, labour, maritime law and pollution, navigation, safety at sea, ocean dumping, 
transporting hazardous waste, meteorology, conservation and cross-agency coordination. 

Table 1. United Nations and other specialised agencies dealing with the oceans 

DPCSD 
IAEA 
FAO 
ILO 
IMO 
IOC 
WHO 
WMO 
World Bank (GEF) 
UNCTAD 
UNDP 
SEED 
UNEP 
UNIDO 

Department for Policy Coordination and Sustainable Development 
International Atomic Energy Agency 
Food and Agriculture Organisation - sustainable development 
International Labour Organisation 
International Maritime Organisation 
Intergovernmental Oceanographic Commission of UNESCO 
World Health Organisation 
World Meteorological Organisation 
Global Environment Facility World Bank 
Trade law - navigation 
United Nations Development Programme 
U N D P -  Sustainable Development and Environment Division 
United Nations Environment Programme 
United Nations Industrial Development Organisation 

Within Australia we have similar diversity. Interest in the marine sector comes from the 
general community who enjoy the marine environment as tourists, sailors and recreational 
fishing enthusiasts; from government policy developers and decision makers; from 
educators and students; and from a huge variety of industries, including tourism, offshore 
oil and gas, fisheries, pharmaceutical's, ship building and engineering, and environmental 
consultants. 
There are at least 8 federal portfolios with an interest in marine science and technology with 
20 separate groups conducting targeted work of one form or another - and this is only at 
the federal level, and does not count the Universities and Colleges, nor does it count the 
States' fisheries and environmental research labs. With such diversity of interest it is 
important that a strong effort go into coordination and cooperation. 

By 1992, national expenditure on marine science and technology was running at over $200 
million and by now would likely be considerably more than this. Remember that this 
expenditure is serving a huge array of customers. Some of these customers have common 
interests, and some research efforts use shared infrastructure. To coordinate this scientific 
effort where necessary, there are several federal groups working to ensure there is no 
wasteful duplication. The two main ones are the Commonwealth Heads of Marine Agencies 
(HOMA), currently chaired by Dr John Zillman of the Bureau of Meteorology, and the 
Coordinating Committee on Science and Technology (CCST), which is effectively an Inter 
Departmental Committee. 

However, given the diversity of issues arising within the marine sector, it is hard to be 
confident that the best possible coordination is achieved between the various government 
departments which are implementing a diverse set of policies covering everything from 
ocean dumping to safety of life at sea and navigation conventions. 

Quite recently, the government has drawn attention to the size and value of our ocean 
territories and the need to develop a coordinated policy for all issues relating to the oceans. 
The Ocean Policy is expected to take at least a year to develop, and is being coordinated 
through the federal Environment portfolio.At the same time, a group working within the 
Science and Technology portfolio is developing a Marine Science and Technology Plan 
for Australia. 

Both of these initiatives are in their early stages, but should be of great benefit to Australia. 

12 

___2 



Research on the Great Barrier Reef: times have changed 

The Great Barrier Reef epitomises marine diversity and natural beauty. Last week the US 
President, Mr Clinton, called it the 'biggest, best managed protected marine and coastal 
area in the worM'. 

The approach to conducting research on the Great Barrier Reef has changed since the first 
Conference. Researchers did not have a good map of the Reef back in '83. Satellite-based 
navigation had not yet become common-place, and where it was available it could be 
downright dangerous because the maps of reef locations had considerable errors in them. 
So the SatNav could put you in the right location (plus or minus a few hundred metres), but 
the reef on the chart might have been a kilometre or two in another direction, or worse, right 
underneath you. 

Through sustained funding of hydrographic survey, remote sensing, the island research 
stations, the AIMS research vessels, remote logging devices and weather stations, and the 
broad scale ecological monitoring work, scientists now have a much more synoptic picture 
of the entire Reef. 

In 1989, the Australian Marine Science and Technologies Committee published a review of 
tropical marine science (Dartnall 1989) 

The shallow water communities of corals and fishes are now fairly well known - but not 
mapped in their entirety. The taxonomy of corals was a glaring gap in our knowledge of 
coral reefs until the 1980s. Since the 1983 Conference, this gap has largely been filled by 
the work of Veron, Wallace, Pichon and their co-workers. 

The broadscale oceanography is now much better understood after a long -term effort by 
Pickard, Stark, Andrews, Wolanski, Bode, Black, Massel and Burrage. Their efforts have 
ranged from studies of the large-scale fluctuations in the East Australia Current to the small- 
scale impact of waves on coral structures. 

Links between these physicists and experts in other disciplines have produced new 
knowledge about the nutrient cycling of the Great Barrier Reef and the impact of cyclones 
on coral communities. Understanding such huge natural phenomena is absolutely essential 
if the impact of human activities on the Reef is to be understood. 

In the field of ecology there has been a steady growth in knowledge across a huge range of 
topics but with few singular landmarks, but one that captured everyone's imagination is the 
phenomenon of mass coral spawning. The fairyland images of countless eggs drifting 
upward like an inverted snowstorm were popularised in natural history, Attenborough-style 
television productions and are known now to many Australians. Since that spectacular 
phenomenon was first documented it has triggered a range of diverse research projects 
including studies of the chemical composition of coral eggs and physical modelling of the 
upwelling and downwelling currents that lead to the formation of linear slicks of drifting 
eggs. 

A few years ago, it was the AIMS broad-scale surveys that detected the new outbreaks of 
crown-of-thorns starfish now appearing again in the northern regions after an absence of 15 
years. This has enabled the Authority to mount fine scale studies to determine the extent of 
outbreaks in time to alert tourist operators and the general public. As well as covering a very 
large area, the tracking of major events such as populations of crown of thorns starfish has 
to be done over a significant time period. It is the detailed ecological information and long 
time series of data on coral reef fish collected by Williams, Doherty, Russ, Choat and their 
co-workers that enable the Marine Park Authority to predict how the fish communities will 
change on reefs that are affected by the crown of thorns starfish. 

Effects of Line Fishing 

On the subject of fish: A major experiment on the effects of line fishing received 
government approval last week, amid considerable publicity, and with consternation from 
some quarters. 
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The controversy surrounding the experiment brought into focus a few important issues: 

. The public holds the Great Barrier Reef in the highest possible regard and will not 
tolerate any possible threat of  damage to their national icon whether they live in 
Mackay, Melbourue or Perth; 

. The questions being asked of scientists about managing the resources of the Reef are 
getting increasingly more difficult to answer without large scale studies such as the 
Effects of Line Fishing - manipulative experiments are a critically important tool and 
need not be highly destructive in their impact; 

. Natural Resource managers (Marine Parks and Fisheries in this case) have long 
recognised the need for good consultation among the stakeholders in the resource, but 
the public consultation will in future need to include some public review of the ethics of 
scientific experiments on the environment; 

. Finally, it is clear that managing access to natural resources remains one of the greatest 
unresolved issues for the Australian people, perhaps for the whole world. Judging from 
comments I heard on talk-back radio last week, the general public is still divided on the 
issue of how much of the environment should be zoned for sustainable but multiple use 
rather than zoned as 'no admission by humans'. 

It's worth noting that resource use conflicts are not restricted to the Great Barrier R e e f -  
they are everywhere. Native title, coastal developments, community versus commercial use 
of natural resources, and so on. As a society we are still coming to grips with how to manage 
common property resources in a comprehensive way. 

Technology developments 

Many aspects of science and engineering are either technology-driven or lead to new 
technologies being developed. 

Since the 1983 Conference there has been a number of developments that have had a 
profound impact on how reef research is done. 

For example, Global Positioning Systems and satellite-based remote sensing allow accurate 
site location and mapping. Reliable vessels, including the high speed tourist vessels, permit 
easy access to the entire Great Barrier Reef. The expeditionary days of Sir Maurice Yonge 
are well and truly over. The island field stations, which I regard as vitally important research 
infrastructure in the region, are no longer the remote base-camps they used to be. Today 
there are modem accommodation and laboratories located as close as possible to the reef, 
providing essential teaching and research facilities and help further the aim of 'taking the 
lab into the field' and should be supported as National Facilities. 

Scientific instrument advances have boosted 
chemistry studies (Fourier Transform Mass Spectrometry and Nuclear Magnetic 

Resonance instruments), 
genetic studies (2D-polyacrylamide gel electrophoresis, microsatellites and automatic 

sequencing), 
biological oceanography (AIMS Workshop has built Trichodesmium counter that 

uses laser to excite fluorescence in the algal cells of interest, giving new capability 
to measure ocean productivity), 

geomorphology (swath mapping sonar, deep ocean drilling) and 
~ physical oceanography (Doppler~current meters .JCU's  wa?verttdar.atitom-atic ~~ 

weather stations, turbidity loggers) 

In addition to development of new instruments, there is a variety of technologies that were 
once rare but are now commonplace. Almost every scientist has access to a personal 
computer, and my finance manager at AIMS thinks that every chemist has an HPLC 
machine as well. Sophisticated tools such as mass spectrometers are much more readily 
available than they were. 
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Diversity and growth of research effort 

There has been marked increase in the diversity of research effort through institutional 
growth at James Cook University, the Australian Institute of Marine Science, the Great 
Barrier Reef Marine Park Authority, the Museum of Tropical Queensland and the chain of 
island research stations. In addition, there is a significant new player - the Cooperative 
Research Centre for Ecologically Sustainable Development of the Great Barrier Reef. The 
CRC started in 1993 and signalled a new phase in the degree of cooperation among 
researchers studying the world's greatest reef system, and a major advance in linking 
research output to users of the research. 

New ideas and understanding 

While our understanding of the Great Barrier Reef as one of the world's great Large Marine 
Ecosystems has advanced considerably since 1983, our ability to forecast human impact is 
still weak. We know much more about processes that happen on the reef. And through the 
deep ocean drilling program, we even know much more about how the Reef came to be 
where it is. But we still find it very difficult to make accurate predictions about long term 
change on the Reef. 

Nevertheless, there are some new ideas emerging (call them the dogma of tomorrow?) that is 
changing our basic understanding of the Great Ban'ier Reef. 

For example, there is a rapidly growing understanding of the importance of the coastal 
trapping phenomenon. Research on the reef and elsewhere is showing that there is good 
news and bad news associated with water runoff from land. The good news is that where the 
reef is offshore, it is relatively safe from this impact. The bad news is that the impact is likely 
to felt more acutely along the coast because there are a number of physical phenomena that 
lead to pollution and sediments running off the land to be trapped in the coastal zone. 

It is the inshore fringing reefs and other habitats that are most exposed to most risk from 
land-based pollution and silting effects. 

Since 1983, another idea to gain currency is that of the Large Marine Ecosystem. This 
expression recognises the fact that it is the regional current patterns that join parts of the 
reef together, and which makes it important to understand the regional patterns in how coral 
reefs are replenished after disturbance. A good understanding of the ways in which the parts 
of the Great Ban'ier Reef (e.g. corals and fish) are replenished will likely take at least 
another 5 years of research. 

As our time series of observations grows longer, we now appreciate the huge effect that a 
single catastrophic event like a cyclone can have on the Reef. Ecologists no longer think 
much about long term stable equilibria. They understand now the importance of high 
frequency, short term processes, occasional large scale catastrophes, and the need to gain 
long term data about the Reef to understand it properly. 

Problems, gaps and opportunities 

Major problems confronting coral reef researchers are: 
the relatively high cost, and hence restricted resources, available for critically 

important mapping and monitoring work, 
development of more effective and useful techniques for risk assessment of impacts 
on coral reefs, and 
development of autonomous sensors for more components of the reef system 
(especially the living components), which are needed as input to predictive models 
of the whole system. 

As information becomes more readily available, it will be ideas and models that will be in 
shortest supply. 
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What about major gaps? 

This is a difficult question because every good scientist has far more questions than answers, 
and begins every morning by reciting 'How little we know, how little we know'. 

In my view it is critically important to capture the knowledge of reef systems now held by a 
few scientific experts and make it accessible to scientists from other disciplines. Coral 
taxonomy is an example where there are very few people who have a comprehensive 
knowledge across the whole field. If they were to leave coral research to become highly paid 
business consultants, reef research could be in trouble. 

The funding pressure on the basic work of Museums and Universities is partly responsible. 
But so is the trend in basic strategic science away from systematics and taxonomy towards 
areas where more immediate users of the research results can be identified (and asked to pay 
research costs). There is a serious market failure when it comes to building and capturing 
such basic knowledge. 

Regarding the future, I think the field is wide open. 

There are great opportunities to extend research in both science, engineering and 
technology development on the Great Barrier Reef. To name just a few, I would list: 

improving the basic tools for automated data gathering (especially biological data), 
developing data standards for spatial mapping, and sharing resource mapping data via the 
Internet; 

modelling sites under pressure, or potential pressure, from human impact (taking the 
OECD approach of pressure-state-response) - this could be done perhaps hand-in-hand 
with the idea of a Ready Response Group for the Great Barrier Reef which is overseen by 
the Marine Park Authority and the Maritime Safety Authority, and could swing into action 
at the site of either natural events like cyclones or human-induced catastrophes like ship 
grounding; 

extending basic research in both the life sciences and the earth sciences into the inter- 
reefal and deep ocean areas of the Great Barrier Reef Marine Park, which have been a little 
'out of sight, and out of mind'; 

developing improved risk assessment models for the Great Barrier Reef, incorporating 
ecosystem value' state variables of the sort now being developed by Terry Done at AIMS. 

25 year objective: 

Advances on some or all of these fronts would greatly assist us fulfil the 25 Year Objective 
which is spelled out in the Research and Monitoring Chapter of the Great Barrier Reef 
World Heritage Area Strategic Plan: 

'To obtain and disseminate accurate and timely information which will help decision 
makers and maximise community confidence in decisions made regarding the Great 
Barrier Reef World Heritage Area.' 

While the Reef CRC has generated new focus and research interest, a major long term goal 
of research should be to service the information requirements of this Strategic Plan. Its 
creation was a visionary act, and its objectives warrant the most vigorous pursuit. 

At the Australian Institute of Marine Science, we have recently re-examined where we are 
heading, reviewed our role and the major types of research that we undertake. 
We regard our mission in life to be 'to generate the knowledge to support the sustainable 
use and protection of the marine environmentthrough innovative, world-class scientific and 
technological research'. 

Our research falls under one or more of 5 major banners: 

Understanding the Ocean Environment; 
Characterising Marine Biodiversity; 
Identifying valuable marine living resources; 
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Supporting Ecologically Sustainable Development by understanding and 
documenting natural changes and human impacts; and finally 
Developing advanced instruments and techniques for the marine sector. 

Directions for reef science 

I've talked about changes since 1983, and the new links between researchers and users of 
research results. These links were flagged by John Bunt in his speech back in 1983. These 
relate to science application, but what is happening to the underlying philosophies and 
dogmas that drive scientific endeavour? 

Scientific thinking shifts over time, some call it science 'fads' and some call it 
epistemological advance. Whatever you call it, a new 'reality' has settled over those who 
study ecosystems. 

The popularisation of complex system behaviour through writings on the 3 C's: 
catastrophes, chaos and complexity has had a sobering effect on the ecologists who sought 
fundamental laws of the universe in the complicated workings of ecosystems. 'There goes 
my Nobel Prize' I hear you say. 

Murray Gell-Mann wrote recently that in ecology we are dealing with a system that is half- 
way between the cold order of absolute zero, and the heated randomness one finds at the 
centre of the sun. In GelI-Mann's terms, when we try to understand coral reefs we are 
dealing with a system with very high Algorithmic Information Content. They are about as 
complex as complex systems get. 

This is not to say that the behaviour of coral reef systems is completely unpredictable, but it 
does imply that deducing whole system behaviour from the bottomup is probably at best a 
waste of time and at worst impossible (that is, not able to be simulated by computer). Instead 
we adopt a scaled approach. (This is a bit like the approach taken by physicists using 
renormalisation theory to make the mathematical description of complex, multi-scale 
physical systems amenable to computation.) 

As with any scientific challenge, the hard bit is to ask the right question. In modelling terms 
this means that you have to select an interesting 'grain' or 'scale'. Then in making 
measurements, formulating testing and using models for prediction you need to decide how 
much the level of 'grain' below the one you are working on is relevant. 

As I think Roger Lewin once wrote many years ago in New Scientist, far better to have an 
approximate answer to the right question than an extremely precise answer to the wrong 
question. 

Instead of starting with the molecules of the reef and working up, the future lies in building 
sets of models of how the reef works, but at different scales, and choosing scales of interest 
to the modeller. The challenge is to build models that can accept observations of the real 
system, which generate predictions that can be tested against reality in some way, and 
which are making predictions of use to someone. 

On a different tack, having mentioned molecules just now, I should say that those who are 
trawling through the molecules of the Great Barrier Reef are doing so for another reason. 
The work on molecules with unusual chemical properties may not produce predictions of 
whole system behaviour, but has already revealed chemicals and medicines of great benefit 
to the public owners of the Reef. 

How reef science has adapted to changes in management and use of the reef 

The emerging need in coral reef science is to turn our detailed knowledge of how a reef 
works into useful information for those whose job it is to protect the reef for future 
generations, or for those who want to run a commercial operation on the reef without 
damaging it in any way. 
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Some of the tools are falling into place now. For example, GIS technology is developing 
steadily, and the visualisation tools now available (such IBM's DX Explorer) make it 
possible to display complicated scientific model outputs in easily interpretable 'movies' of 
the system. 

A key step in this process will be for us to develop the capacity to gather broad scale 
geographic information cheaply and quickly (and the physicists and chemists are well ahead 
of the ecologists on this one), and then make those data accessible to system models 
developed on behalf of users. The use of underwater video recording and PC-based data 
analysis tools have helped enormously, but we have a long way to go. 

C O N C L U S I O N  

Future researchers will have radically improved access to information, regardless of who 
wins the 'internet browser wars', whether the Network Computer and Hollow Network 
become standards, and regardless of whether Bill Gates joins forces with Rupert Murdoch to 
form a company with a bottom line bigger than Japan's GDP. 

Information will be as valuable as it always has been, but its ready availability will boost the 
importance of the analyst, the synthesisers of information and the idea-generators, those 
who filter information and turn it into something useful. 

Earlier I singled out (at the risk of offending others by omission) some areas of research 
that have advanced significantly since 1983. A common feature was that in every case there 
were scientists involved from the Australian Institute of Marine Science and James Cook 
University. The core business of AIMS is research, and the core business of JCU is teaching, 
but our common interests are clear and the high degree of cooperation has been remarkably 
effective. 

Linking this powerful research combination with the Great Barrier Reef Marine Park 
Authority has been highly productive and put Australia at the forefront of tropical marine 
research and resource management. Each party brings something different to the table. It's 
no accident that the Global Coral Reef Monitoring Network is based here at AIMS in 
Townsville, and I think it is appropriate that now the International Coral Reef Initiative 
(mentioned by President Clinton during his recent visit) will also be based here in Australia. 

A few years ago the creation of the CRC scheme created an opportunity to bring the user 
community into the picture, steering research towards high priority areas for the users of the 
Great Barrier Reef and drawing in significant industry funding for coral reef research. 

Provided we can also protect the 'public good' research effort, and I am sure we can, the 
recent advent of the Reef CRC signals a new phase of cooperative research on the Great 
Barrier Reef, a partnership that includes not only the researchers but also the primary users 
of the research results. 

Based on its performance so far, I predict that by the time a third Great Barrier Reef 
Conference is convened, commentators will be reporting tremendous advances arising from 
the CRC's research results. 
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Run-off from the land to the rivers and the sea 

RJ Wasson 
Department of Geography, School of Resource Management and Environmental Science, 
Australian National University, Canberra ACT 0200 

A B S T R A C T  

It is believed that run-off from the land is carrying contaminants that are 
beginning to damage the Great Barrier Reef. Worldwide experience indicates that 
coral reefs are being damaged by land-based contaminants, and so it is wise to 
reduce the quantities of these materials leaving the coastal rivers. If reduction is to 
be accomplished, basic questions must be answered: how much sediment and 
nutrient is being discharged beyond the coast, what are the sources of the material, 
how does land use effect these discharges, and where does the material go once it 
reaches the Great Barrier Reef lagoon? This paper reviews our current answers to 
these questions, raises doubts about the degree to which we can accurately answer 
them, and concludes that to achieve reductions a more sophisticated appreciation 
of catchment processes will be necessary. 

I N T R O D U C T I O N  

This paper reviews our current understanding of how much water, sediment and nutrients 
are reaching the Great Barrier Reef lagoon from the adjacent land (figure 1); the principal 
sources of this material, and their relationship to land use in the catchments; and how far the 
material travels in the Great Barrier Reef lagoon. The paper concludes with observations on 
the management of the Great Barrier Reef lagoon catchments and the use of scientific 
knowledge. 

Marine and coastal ecosystems around the world are being degraded by land-based 
pollution by inorganic sediments, organic matter, inorganic nutrients, toxic pollutants, 
freshwater storage on land which reduces both total and episodic discharges to the sea, and 
land cover changes that increase the discharge of freshwater to the sea (Bernal and Holligan 
1992). Estuaries, lagoons, mangroves, corals, seagrass and salt marsh habitats and 
geomorphic features occur in the Great Barrier Reef lagoon, and so the movement of 
materials from the land to the sea is not only of significance for coral reefs. For example, 
mangroves are sensitive to salinity variations caused by changed freshwater inputs, with 
implications for coastal stability, recreational amenity, and spawning for various animals 
(Fortes 1988). 

There have been many statements about, and analyses of, the biological and physical 
impacts in the Great Barrier Reef lagoon of land-based pollutants, (e.g. Bell 1991; Jones and 
Tirendi 1989; Bird 1973; Pringle 1986; Bell and Elmetri 1993; Baldwin 1990; Hopley et al. 
1990; Hopley 1988; Hopley et al. 1991; Belperio 1983, 1988; Larcombe and Woolfe 1995; 
Harris 1995; Kinsey 1991), but many have been ambiguous in their results. The most 
complete analysis of Australia's marine environment (Zann 1995) concludes: 

The most serious issues in Australia's marine environment stem from poor 
catchment use, and therefore declining water quality. Increased levels of 
nutrients and sediments are the major problems. 

The most serious consequences of these are the die-back of seagrasses in temperate 
Australia and threats to inshore corals in the wet tropics. (p.96) 
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Figure 1. The Great Barrier Reef lagoon and adjacent catchments 

Reference to Hopley (1981), Hopley et al. (1990) and Baldwin (1990) will illustrate Zann's 
(1995) conclusion. Sediments have dramatically affected some nearshore corals. Mangroves 
have been damaged by sedimentation from adjacent agricultural land, freshwater pulses 
have also damaged corals and mangroves, and nutrients have the potential to do widespread 
damage to corals. In 1990, Baldwin concluded: 

Nutrient levels in inshore Great Barrier Reef waters are reaching levels that have 
caused detrimental effects to corals elsewhere, though the evidence of damage to coral 
communities in the Marine Park is still primarily circumstantial. (p.l) _ 

The risk to the ecosystems of the Great Barrier Reef lagoon is therefore demonstrated in 
some cases and not in others. Under these circumstances of uncertainty, it is prudent to 
continue to search for the effects of land-based pollution, and to reduce the pollution loads 
so as to avoid the impacts seen on reef and mangrove systems in other parts of the world. To 
reduce the pollution loads, emphasis needs to be on the management of sources of sediment 
and nutrients within the catchments discharging to the Great Barrier Reef lagoon. 
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Discharges to the Great Barrier Reef lagoon 

Freshwater 

For the purposes of monitoring and reporting the water resources of Australia, the continent 
is divided into 13 drainage divisions (Australian Water Resources Council 1987). The 
North-East Coast Division extends from the NSW-Queensland border to near the tip of 
Cape York, and includes all catchments draining onto the coast. This Division has an area of 
451,000 km 2, a mean annual outflow to the sea of 83,900 x 103 MI, and a specific outflow 
of 0.186 x 103 Ml/km 2. This specific outflow is the second highest after Tasmania, and 
along with the other tropical Divisions (Gulf of Carpentaria and Timor Sea) yields most 
freshwater to the Australian coast. 

The southern-most catchments in the North-East Coast Division are not adjacent to the Great 
Barrier Reef lagoon, but water and transported constituents from these few southern 
catchments probably move north into the Great Barrier Reef lagoon. Therefore, this 
Drainage Division is a reasonable approximation to the area that drains to the Great Barrier 
Reef lagoon. 

Forty-six catchments are listed by the Australian Water Resources Council (1987) as 
draining the Drainage Division, although this list does not include a large number of small 
catchments. The smallest in the list is 115 km 2 in area (Whitsunday Island) and the largest is 
143,000 km 2 in area (Fitzroy River). On average, the specific discharge is highest for the 
small catchments, a well known hydrologic phenomenon where the run-off ratio (run- 
off/precipitation) is greatest in small catchments. 

Although it might be expected that conversion from native vegetation to the current land 
uses would increase the run-off ratio, and that any increase to the density of the drainage 
network would increase the peaks of flood hydrographs, there are no analyses of data from 
the Great Barrier Reef lagoon catchments relevant to the issue. It has been shown that by 
combining measurements of Sr/Ca and d180 in corals, river run-off to reefs can be 
quantified (McCulloch et al. 1994). If long enough coral records are analysed, it should be 
possible to investigate changes to run-off to the Great Barrier Reef lagoon from before 
European settlement. 

Suspended sediments 

The first estimate of the fluvial sediment discharge to the entire Great Barrier Reef lagoon 
was by Belperio (1983) who applied to all Great Barrier Reef lagoon catchments a 
relationship between sediment loads and discharge derived for the Burdekin River (Belperio 
1979). This approach assumes that there is a constant relationship between load and 
discharge in all Great Barrier Reef lagoon catchments, and that the area of catchment is the 
only variable useful for prediction of sediment yield. 

Moss et al. (1993) developed two simple statistical models to estimate the quantities of 
sediment reaching the Great Barrier Reef lagoon. Model 1 depends entirely on flow- 
weighted in-stream concentrations (125 kg/MI northern catchments and 250 kg/MI in the 
south) and annual average stream discharge. In-stream concentrations are based on data 
from the region, resulting from daily or frequent samplings during the wet season. In this 
approach, all factors that influence erosion and sediment transport (such as land use, 
erodibility, etc.) are subsumed by two variables. Model 2 is more elaborate, allowing for the 
effects of land use, catchment erosion rate, and delivery ratio (catchment yield/total erosion). 
Sediment exports from each land use category in a catchment were calculated separately, 
using published erosion plot and small catchment data, then summed. These exports were 
corrected by applying a delivery ratio of 0.1, derived from a global compilation of 
relationships between delivery ratio and catchment area. The annual discharge term in 
Model 2 is expressed as specific yield (i.e. MI/km 2) to reduce the effect of large variations 
of annual flow volumes between catchments. 

Model 1 outputs were calibrated by comparison with available measured loads, giving the 
best estimates in the view of Moss et al. (1993). Model 2 outputs were calibrated using the 
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outputs of Model 1, and increased for sediments by a factor of 1.5. Model 2 is physically 
more realistic than Model 1, but the additional parameters of Model 2 do not seem to add to 
its veracity. An obvious problem with Model 2 lies in the use of a single delivery ratio for 
land use areas of widely differing size, given that the ratio usually shows a strong inverse 
relationship with catchment area. 

Neil and Yu (1995, 1996) have developed another statistical model based on mean annual 
catchment run-off and suspended sediment concentration data from six catchments 
discharging to the Great Barrier Reef lagoon. A rating curve method was used, corrected for 
bias created by back transformation of the log-linear relationship, to calculate mean annual 
sediment yield using daily streamflow data. Neil and Yu then calculate the Unit Sediment 
Yield (USY) as the sediment yield (t) per unit area of catchment (km 2) per unit run-off 
(mm) per unit time (yr). USY is strongly correlated with mean annual catchment run-off 
allowing Nell and Yu to calculate sediment yields from all Great Barrier Reef lagoon 
catchments without making arbitrary choices of concentration. 

The results of these calculations are summarised in table 1. The total yield to the Great 
Barrier Reef lagoon calculated by Belperio and Neil and Yu (for their current case) are 
indistinguishable at about 27.5x106 t/yr, giving a mean specific yield of 61 t/km2/yr. 
Despite the essentially identical total yields, there are some marked variations between 
calculated yields from individual catchments. This is most evident by comparing the 
proportion of the total yield produced by the largest catchments. The Fitzroy, Burdekin- 
Kolan and NE Cape 

York catchments constitute 80% of the total area draining to the Great Barrier Reef lagoon. 
These catchments produce 54% of the total yield estimated by Belperio (1983), 50% of the 
total estimated by Moss et al. (1993), and 83% of the total estimated by Neil and Yu (1996). 
These differences are also clear when expressed as specific yield. In the case of the Fitzroy 
catchment, the specific yield is 15 t/km2/yr from Belperio (1983), 12 t/km2/yr from Moss et 
al. (1993), and 73 t/km2/yr from Neil and Yu (1996). 

In attempting to assess the veracity of these various estimates, two criteria will be used: 
physical reality of the model; and the agreement between estimated and measured yields. As 
already noted, Model 2 of Moss et al. (1983) is the most physically realistic of their models, 
and Belperio's (1983) estimates are based on data from only one river. The model of Neil 
and Yu (1996) is superior to Model 1 of Moss et al. because it does not rely on an arbitrary 
assignment of concentrations to northern and southern catchments. The Neil and Yu model 
also most closely agrees with measured loads from the region. The average specific yield for 
the entire Drainage Division, according to Neil and Yu, is 62 t/km2/yr. Moss et al. estimated 
a value of 34 t/km2/yr. Almost all measured yields in this area come from catchments 
smaller than 1000 km 2 (Wasson 1994), and the smallest catchment ill table 1 is 2020 km 2. 

Therefore, to compare measured and estimated yields, a regression equation relating 
catchment area and mean annual sediment yield in NE Queensland (Wasson 1994)has been 
used to estimate yields for catchments of 2000 and 3000 km 2 in area. the mean of these 
estimates is 38 t/km2/yr. The average specific yield, for all catchments between 2000 and 
3000 km 2, calculated by Neil and Yu is 51 t/km2/yr. From the estimates of Moss et al, the 
specific yield for these catchments averages 177 t/km2/yr, and from Belperio 417 t/km2/yr. 

While the extrapolation of the power law equation of Wasson (1994) has probably 
underestimated the yield from catchments 2000 to 3000 km 2 in area, the estimate of Neil 
and Yu is closest to the 'measured' yields derived from this equation. The estimates by 
Belperio and Moss etal .  are too high,-  . . . . . . . . . . . .  

An additional estimate of the suspended sediment yield to the Great Barrier Reef lagoon is 
by Harris (1995 and pers. comm.). He assembled all measured yields and calculated a total 
yield by multiplying the area of similar catchments by representative measured yields for 
these areas. By this means, Harris estimated a mean annual yield of 86 x 106 t/yr, a figure 
three times higher than that of Neil and Yu. 
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Table 1. Estimated sediment yields to the Great Barrier Reef lagoon 

Catchment Area 1 2 3 4 5 
(km 2) 

1 Gold Coast 
2 Brisbane 
3 Sunshine Coast 
4 Mar~, 
5 Burnett-Kolan 
6 Curtis Coast 
7 Fitzro~, 
8 Shoalwater Bay-Sarina 
9 Pioneer-O'Connell 
10 Proserpine 
11 Don 
12 Burdekin-Haughton 
! 3 Ross-Black 
14 Tully-Murray 
15 Herbert 
16 Johnstone 
17 Mulgrave-Russell 
18 Barron 
19 Mossman-Daintree 

Average Sediment Yield (~yr x 106) 
5995 0.402 0.087 0.307 3.5 
13560 0.313 0.208 0.728 3.5 
6565 0.571 0.097 0.264 2.7 
9595 1.210 0.573 0.138 0.435 3.2 
39470 1.760 0.724 0.641 2.381 3.7 
9225 0.550 0.374 0.133 0.476 3.6 
142645 2.200 1.774 2.570 10.466 4.1 
11270 0.220 0.924 0.166 0.568 3.4 
3925 1.540 0.657 0.064 0.240 3.8 
2485 0.110 0.349 0.039 0.132 3.4 
3985 0.550 0.175 0.057 0.225 3.9 
133510 3.520 2.711 2.116 8.520 4.0 
2890 0.550 0.265 0.043 0.133 3.1 
2825 1.870 0.660 0.069 0.124 1.8 
10130 1.430 0.624 0.155 0.536 3.5 
2330 1.540 0.582 0.056 0.159 2.8 
2020 1.430 0.521 0.050 0.137 2.7 
2175 0.330 0.137 0.035 0.094 2.7 
2615 1.320 0.528 0.060 0.096 1.6 

20 Northeast Cape York 43300 7.260 2.387 0.649 2.008 3.1 
I TOTALS 450,515 27.39 15.25 7.35 28.03 

I Belperio (1983) 
2 Moss et al. (1993) model 1 
3 Neil and Yu (1996) - natural 
4 Neil and Yu (1996) -current 
5 Increase of current over natural yield, after Neil and Yu (1996) 

Wasson et al. (1996) estimated that each year on average 302 x 106 t of suspended sediment 
is delivered to the coast of Australia. This estimate includes the results of Harris, and needs 
to be reduced to include the better estimate by Neil and Yu. The total yield to the Australian 
coast is now considered to be 244 x 106 t/yr, of which the best estimate of yield to the Great 
Barrier Reef lagoon (28.03 x 106 t/yr) is about 11% from an area that is about 11% of the 
land that drains to the Australian coast. This area produces 22% of the water that reaches the 
coast as run-off. 

Phosphorus 

Of the investigations so far considered, only that by Moss et al. (1993) has estimated 
phosphorus yield to the entire Great Barrier Reef lagoon. Using Model !, they estimated an 
average annual yield of Total P (TP) of 12.2 x 103 t/yr. Model 2, which employs more 
parameters, estimates a yield of 10.5 x 103 t/yr of TP. While it is not clear from Moss et al. 
(1993) how well their flow weighted in-stream concentrations of sediment and nutrients 
represent both floods and baseflow, two values for all catchments is unlikely to be 
representative of the wide range of flow conditions experienced in the region. Given that 
most phosphorus is moved attached to particulates wherever there are claying soils (Tiessen 
1995), and that most TP is moved during a few large floods, it is most likely that the TP 
estimates of Moss et al. are underestimated. The comparison of sediment yields in the 
previous section suggests the same conclusion. 

Furnas et al. (1995) estimated the TP yields to the northern Great Barrier Reef by measuring 
point source discharges and in-stream concentrations in the South Johnstone River, paying 
particular attention to floods, and multiplying the mean discharge-weighted concentration 
of P for this river by the average annual discharge for each river. These authors grouped the 
rivers draining to the northern Great Barrier Reef lagoon into those entering the Tully Box 
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(Dunk Island to Cape Grafton) and the Cairns Box (Cape Grafton to Cape Tribulation) 
(table 2). 

Mitchell et al. (1996) have used the results of more detailed river sampling to estimate yields 
of TP for some of the same rivers, and these results are also shown in table 2. 

Cosser (1988), using a version of the flow - concentration - unit area relationship derived 
for the South Pine River in southeastern Queensland (Cosser 1989), estimated the TP yield 
to the Cairns Section of the Great Barrier Reef lagoon. Estimates for individual rivers are 
shown in table 2, and the total annual yield for this section was estimated at 9357 t/yr. 

It is evident from table 2 that the estimates by Cosser are the highest, and those of Moss et 
al. are much higher than those of Fumas et al, and higher than most made by Mitchell et al. 
Furnas et al. note that their sampling is inadequate to resolve flood transports, and so the 
large loads of P moved with sediment are not well represented in their estimates. Mitchell et 
al. have included at least one large event in their sampling, but still they estimate yields less 
than those of Moss et al. which, it was earlier argued, are likely to be underestimates. It is 
difficult to assess the accuracy of the estimates by Cosser because they are based on a 
relationship for only one river, slightly modified for northern conditions. 

Furnas et al. (1995) note that the average P concentration on sediment is 0.03 to 0.04% in 
north Queensland streams. Taking the estimate of Neil and Yu of suspended sediment yields 
in conjunction with this concentration estimate results in a still lower estimate of P yield, 
(table 2); although this is really an estimate of particulate P which is likely to be about a 
third lower than TP according to the measurements of Mitchell et al. (1996). Also, it takes 
no account of enrichment in the fine particle sizes that preferentially constitute catchment 
yield. 

The results in table 2 differ by a factor of up to 36, but most differ by factors between 5 and 
10. A better comparison is between estimates based upon similar techniques, that is between 
that by Furnas et al. (1995) and Mitchell et al. (1996). the estimates differ by a factor of < 
4. Therefore, the TP yield to the Great Barrier Reef lagoon is uncertain by a factor of ab6"~t 
four. The ongoing river monitoring program is the only way of making better estimates. 

Table 2. Estimated TP yields to the Great Barrier Reef lagoon 

Catchment 
14 Tully 
15 
16 Box 
17 

TOTALS 
18 Cairns 
19 Box 

TOTALS 

1 2 3 4 5 

528 168 
499 302 135 
466 38 105 

TP Yield (t/yr) 
124 

417 68 
1910 432  2 8 6 - 3 8 2  
110 64 32 
423 161 
533 193 57-76  

1977 
3003 

422 
1643 
2065  

1 Moss et al. (1993) Model 1 
2 Mitchell et al. (1996) 
3 Furnas et al. (1995), table 23 
4 0.03 to 0.04% of Suspended Sediment yield from Neil and Yu (1996) 
5 Cosser (1988) 

Nitrogen 

Moss et al. (1993) used their Model 1 to calculate a Total N (TN) yield to the Great Barrier 
Reef lagoon of 90 x 103 t/yr, and their Model 2 provided on estimate of 73.5 x 103 t/yr. 
Based on measured in-stream concentrations in the region, Furnas et al. (1995) estimated a 
TN yield to the Tully and Cairns Boxes of 4386 t/yr and 1947 t/yr respectively. Mitchell et 
al. (1996) estimated a TN yield for several of the rivers investigated by Furnas et al. and 
Moss et al. 
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The comparable results are included in table 3. As in the case of TP, the estimates by Moss 
et al. are generally higher than others, by as much as an order of magnitude. A comparison 
of the results based upon in-stream concentrations from the rivers of interest indicates that 
the loads are different by a factor of < 3. Once again, the river monitoring program is 
essential to reduce this uncertainty. 

T a b l e  3. Estimated TN yields to the Great Barrier Reef lagoon 

Catchment 1 

14 
15 
16 
17 

18 
19 

Tully 

Box 
TOTALS 

Cairns 
Box 

TOTALS 
12 
7 
I Moss et al. (1993) - Model 
2 Furnas et al. (1995) 
3 Mitchell et ai. (1996) 

2 3 
TN Yield(ffyr) 

4225 1258 2142 
3995 1370 2701 
3728 1069 353 
3335 689 

15283 4386 
3380 321 690 
878 1626 

4258 1947 
15184 6842 
9937 5346 

C a t c h m e n t  s o u r c e s  

If loads of sediment, P and N are to be reduced so that damage to the ecosystems of the 
Great Barrier Reef lagoon is minimised, catchment management is required that properly 
targets the most important sources of these materials. Analyses of sources and pathways 
through catchments broadly fall into three categories: simple often black-box descriptions 
suitable for simple statistical or numerical models; elaborately parameterised numerical 
models; empirical-deductive investigations designed to identify sources and pathways. 
Investigations in the catchments of the Great Barrier Reef lagoon fall almost entirely into the 
first category, but some are being undertaken in the third category. 

The role of land use 

Neither Belperio (1983) nor Model 1 of Moss et al. (1993) take land use into account. 
Model 2 of Moss et al. uses exports derived from sediment yield measurements and from 
plot yields combined with soil nutrient concentrations. Model 2 generates sediment and 
nutrients exports from measured areas of different land uses. All of the complexity of 
pathways between sources and river mouths is assumed to be accounted for by means of a 
series of corrections: delivery ratio, enrichment ratio, dissolved N compensation factor, and 
annual run-off rate correction factor. 

Even if the correction factors appropriately account for the delivery process, there is no way 
of deconvolving these factors to identify sources and pathways for management purposes. 
Of course Moss et ai. aimed to estimate yields, but it might be tempting to take the 
formulation of Model 2 as a guide to the significance of land uses as sources of sediments 
and nutrients. Such an approach would be unwise because there is no independent test of 
this formulation, and, from the comparison with other estimates, those by Moss et al. appear 
to be too high. 

A potentially very useful approach to estimating the role of land use is to determine change 
since European settlement. The author (with C. Barnes and J. Olley) is currently taking this 
approach in the Herbert catchment using sedimentary deposits. Neil and Yu (1996) have 
used a modelling approach to the same problem, and have used the land use increase factors 
of Moss et al. (1993) which indicate that grazing increases specific sediment yield over 
pristine conditions by a factor of 4, and cropping increases it by a factor of 10. For soils 
with the same P and N concentrations, grazing and cropping increase nutrient yield by the 
same factors, according to the formulation of Moss et al. (1993). The results of calculations 
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by Neil and Yu are in table 1, indicating that the current sediment yield of 28 x 106 t/yr is 
about 3.8 times that prior to European settlement. This compares with a factor 5 or more 
according to Moss et al. (1993). 

Moss et al. (1993) conclude that 84% of the total sediment yield to the Great Barrier Reef 
lagoon comes from grazing land. Neil and Yu (1996) estimate that 26% of the total yield is 
attributable to natural processes, 66% from grazing land use, and 8% from cropping. Neil 
and Yu then question the validity of the increase factors used by Moss et al. (1993), 
suggesting that a factor of 20-25 may be more appropriate for cropping. They also make 
the important point that dams have not been considered in the analyses, structures that 
reduce sediment and nutrient yields. 

While much has been made of the link between fertiliser management and nutrient 
concentrations in rivers, research currently underway is the first likely to demonstrate if a 
link exists. Mitchell et al. (1996), for example, report early results of studies that suggest N 
leaching may be reduced by fertiliser management. 

Material budgets 

The conclusions reached about the role of land use in mobilising sediment and nutrients are 
based upon correlations between exports (on plots or in small experimental catchments) and 
land use types. Plots produce unambiguous results, but small catchments do not. A yield of 
sediment or nutrients is measured in a stream, and the source of the material could be any 
part of the catchment upstream of the point of measurement - including the ground surface 
occupied by various land uses, or the channel walls and bed. A material budget is required 
to deconvolve the sources of yields measured in rivers, or a source tracer. 

Cameron McNamara (1985) produced a model-based budget for the South Johnstone River 
catchment, suggesting that > 80% of soil eroded from cane paddocks remains in farm 
channels. Arakel et al. (1989) linked evidence of river sedimentation with expansion of 
cane-land since 1976. They calculated a gross erosion rate of 823,000 t/yr and river 
deposition of 100,000 t/yr. Adopting the sediment yield estimate of Neil and Yu, of 159,000 
t/yr, about 69% of the gross erosion is stored on-farm. The sediment delivery ratio for this 
catchment is therefore 19%. The figures supplied by Cameron McNamara and Arakel et al. 
provided no estimates of channel erosion or of slope deposition. Prosser (1996) used aerial 
photographs and field surveys of sediment and erosion volumes to produce a more 
complete sediment budget for the Johnstone River catchment. His estimates are for the 
whole catchment and a 1 km 2 sub-catchment for an intense storm period in March 1996, 
and for the whole catchment between 1942 and 1983. These budgets, and that by Arakel et 
al. (supplemented by this author with the catchment yield value of Neil and Yu) are set out 
in table 4. 

The most accurate budget is for the 1 km 2 Coventry Creek, a banana plantation within the 
Johnstone River catchment. Most sediment was moved from hillslopes at a rate equivalent to 
2000 t/km 2, and a further 5% from gullies on recently formed plantation. Only 1-3% of the 
sediment was trapped at the base of hillslopes in the riparian zone, and 10-15% was 
deposited in channels. The high sediment delivery ratio (SDR) of 85% is the result of an 
efficient system where hillslopes lead directly to channels without intervening alluvial flats. 

For the same erosion event, the sediment budget for the entire Johnstone River is much less 
certain (column 2, table 4). About 110,000 t of material cannot be accounted for, perhaps 
because the cropland erosion estimate is based on extrapolation giving a quantity that is too 
high. The catchment yield of 193,000 t is that reported by Mitchell et al. (1996) resulting 
from intense measurements of in-stream concentration of sediment. The budget for the 
entire catchment between 1942 and 1983 is  again uncertain, probably because ,the cropland 
erosion rate ~s overestimated by short-term plot studies, and it is not possible to directly scale 
from plots to hillslope delivery of streams (1. Prosser pers. comm.). 

Despite the uncertainties, these budgets are worthwhile because they force the analyst to 
attempt to quantify all of the sources and stores rather than assume a system structure 
dictated by the need for a simple statistical model. On the basis of the data in table 4, 
channel erosion does not appear to be a significant source of sediment within the Johnstone 
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River catchment. This is not surprising given that it is a small and relatively steep catchment 
with a small floodplain. 

Table 4. Johnstone River sediment budgets 

Budget Components 

Sources 
Cropland erosion 
Riverbank erosion 

TOTALS 
Stores 
Slope deposition 
Channel deposition 
-small tributaries 
-tributaries 
-main channel 
Floodplain deposition 

TOTALS 
Yield 

1 2 3 4 
(t) (103 t) (106 t) (103 t/yr) 

1800 560 70 823 
90 ? 3.8 

1890 >560 73.8 
1 

30 9 ? 

90 0.7 564 
1.1 

80 7.7 100 
80 0.7 

320 >250 >10.2 

200 6.5 159 Export from catchment 1600 

Unaccounted 30 >110 57.1 
Sediment Delivery Ratio (%) 85 -_<34 

Coventry Creek (1 km 2) - March 1996 (Prosser 1996) 
2 Johnstone River catchment (2330 km 2) - March 1996 (Prosser 1996) 
3 Johnstone River catchment - 1942 to 1983 (Prosser 1996) 
4 Johnstone River catchment - annual budget (Arakel et al. 1989) 

<9 1 9 

The Herbert River may be different. In the vicinity of Halifax, the river has been moving 
laterally between catchment 2 and 3 m/yr since 1883 (Ian Drummond and Associates 1993). 
In this one reach of 4 km, about 60,000 t/yr of sediment has been eroded, representing 11% 
of the estimate by Neii and Yu of the current annual yield of the Herbert River. Other 
reaches upstream of Ingham are also eroding, and so it is clear that channel erosion in the 
Herbert catchment is a greater contributor to sediment yield than is the case in the Johnstone 
River catchment. 

The largest catchments rise in the semi-arid landscape above the Great Escarpment that 
separates the coastal plain from the hinterland. This applies to the Herbert, Burdekin, and 
Fitzroy catchments in particular. These upland areas are grazed and gullied, and main 
channel erosion appears to be active. Using data supplied by C. Ciesolka (pers. comm.) and 
Prove (1992) for the Kangaroo Hills area of the upper Burdekin catchment, in sub- 
catchments of 0.03 to 0.31 km 2 it can be shown that sheet and rill erosion yields 260 
t/km2/yr from grazed land, minor gully and sheet erosion produces 420 t/km2/yr, and 
severely gullied areas yield on average 1830 t/km2/yr. Wasson (1994) showed that gully 
density (km/km 2) accounts for 53% of the between-catchment variance in sediment yield. 
These results suggest that, in the Kangaroo Hills and similar areas, gullies produce about 
twice as much sediment as sheet and rill erosion. This contrasts with a factor of 8 between 
sheet and rill erosion and gully erosion in the Southern Tablelands of NSW and the ACT 
(Wasson 1994). 

The role of channel erosion as a source of sediment (and particulate nutrients) remains 
uncertain for the Great Barrier Reef lagoon catchments. The Johnstone River catchment 
appears to be dominated by slope erosion, whereas in the drier catchments channel erosion 
may be much more significant. Given that the best available estimates of sediment yield to 
the Great Barrier Reef lagoon by Neil and Yu (1996) indicate that the drier (and larger) 
catchments yield the vast majority of material, channel erosion needs to be examined 
seriously. 
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Turning now to nutrients, Moss et al. (1993) presented some of their findings as a nutrient 
budget while Furnas et al. (1995) constructed formal nutrient budgets for the northern 
Great Barrier Reef lagoon. Moss et al. concluded that diffuse loads of both P and N are 
dominant except in urban catchments in the Gold Coast-Beaudesert and Brisbane areas 
where point source discharges are significant. It is not possible to deconvolve source 
information from the Model 1 results of Moss et al, and Model 2 indicates that grazing 
produces most N and P because it occupies the largest fraction of the Great Barrier Reef 
lagoon catchments. 

Moss et al. compare total annual diffuse-source N and P exports with annual inputs of 
fertilisers. According to their calculations, around Mackay and in far north Queensland, 
annual N fertiliser inputs exceed annual exports. Only in the lightly cropped Fitzroy region 
did exports exceed inputs. Phosphorus results show similar features except in the Don, 
Burdekin-Haughton, Ross-Black catchments where exports of P exceed fertiliser inputs. 
This comparison is of curiosity value only, and Moss et al. reach no conclusions about the 
effect of fertiliser inputs on nutrient exports. This is a sensible outcome because, depending 
on nutrient sources, fertiliser inputs may (or may not) be irrelevant to the yields to the Great 
Barrier Reef lagoon. For example, if channel banks in the dry parts of the large catchments 
are significant sources of P (as has been shown in parts of southeastern Australia, Wasson et 
al. 1996), then fertiliser P can only be contributing a tiny fraction of the yield. But this is 
speculation until catchment-based nutrient budgets are available. 

Furnas et al. (1995) constructed nutrient budgets for their Cairns and Tully Boxes (table 5). 
They recognise that the river inputs are underestimated because their concentration data did 
not include sufficient results from flood events. Yet the overall result is very suggestive: 
fixation of atmospheric N by Trichodesmium is potentially the largest input component, and 
rainfall inputs are of similar magnitude to sewage inputs except in the Tully Box where 
rainfall TN input is very high. These results confirm those of Moss et al. that sewage inputs 
to the Great Barrier Reef lagoon are overall trivial, although they may be locally important. 

Table 5. Nutrient input budgets for the northern Great Barrier Reef lagoon (from Furnas et 
al. 1995) 

Sources 

Sewage 
Rivers 
Rainfall 
Upwelling 
Trichodesmium 
Reef fixation 

Cairns Box Tully Box 
TP (ffyr) TN (t~r)  TP ( t~r)  TN (t/yr) 
70 19 37 142 
214 157 477 4906 
68 84 90 1547 
124-400 53-85 263-641 1138-2773 
- 140-6500 2634-121900 
- 89 1257 

Land use and water quality 

The material budgets presented in the last section are critically important to provide a basis 
for catchment management. Most of the analyses aimed at estimating yields to the Great 
Barrier Reef lagoon are based on near-black box models which provide little real 
understanding of processes inside catchments. The material budgets are examples of 
empirical--deductive investigations, and only Mitchell et al. (1996) are planning the use of 
an elaborate numerical model. 

In the literature on the maritime effect of land-based pollutants, there is an assumption that 
land use is a key explanatory variable of rates of transport. This assumption has been 
partially vindicated by Neil (1995) and Neil and Yu (1996), but in the drier catchments it is 
likely that landform components are at least as important. As a guide to the possible role of 
land use and other factors in controlling the movement of  particulates through catchments, a 
brief summary of relevant literature follows. 

Catchments 

A catchment is an 'area of land from which rainfall or snowmelt flows into a stream, lake, 
reservoir, etc.' (Lo 1992). A single large catchment is a hierarchy of smaller catchments 
(sometimes called sub-catchments) each one of which is defined as the contributing area 
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upstream of a particular point on a stream channel. The smallest catchment is that which 
extends from the upstream tip of a headwater channel to the drainage divide; an area that is 
generally less than one hectare, and consists of hillslopes and in some cases, an 
unchannelled depression through which water moves to the head of the channel 
downstream. All other sub-catchments contain channels, hillslopes, and alluvial flats such as 
floodplains, terraces and fans. Channels and alluvial flats become larger, and hillslopes often 
become longer and gentler and more disconnected from channels, with distance 
downstream. 

It is therefore likely that the link between land use and water quality will vary with position 
in a catchment, because of variation in the connectivity between hillslopes, floodplains, and 
channels. 

There is a systematic change downstream between stream order and mean valley-side slope 
length and mean maximum slope angle (Arnett and Conacher 1973). As order increases, 
and therefore catchment area, mean maximum slope angle increases to a peak at fifth order 
(approximately 10 km 2) and then declines. Mean slope length increases to at least sixth 
order (approximately 60 km2). Rates of soil loss increase as a power function with slope 
gradient and length, showing that hillslopes in this particular case near Brisbane, erode 
fastest adjacent to fifth order channels; assuming identical vegetation cover and climate for 
all sub-catchments. However, as seen in the work of Richards (1977) and Bhowmik and Stall 
(1979), alluvial flats intervene between hillslopes and channels increasingly between second 
and fifth order channels. Despite a maximum sheet and rill erosion rate on hillslopes 
adjacent to fifth order channels, the sediment from these slopes reaches a channel only at 
those locations where a channel adjoins or undercuts a hillslope, or where the alluvial flats 
narrow. A highly erosive land use on a hillslope in a fifth order valley reach, may produce a 
large yield of sediment, but this yield will not have a water quality impact. By contrast, the 
cultivated slopes in Bamboo Creek catchment (in the Johnstone catchment) are connected 
directly to first-order channels. These channels drain more than 50% of the entire 13 km 2 
catchment (Prosser 1996). 

Large catchment regularities 

The systematic variation in fluvial landforms, and in connectivity between landforms, along 
a catchment drainage network, shows that not all land use can affect water quality. These 
observations also show that there should be large scale regularities in the transport of 
materials along the drainage network. The most general analysis of these regularities has 
been performed by Dedkov and Mozzherin (1984) and Mozzherin (1994). These authors 
argue that under natural conditions, in plains and deforested mountains, specific sediment 
yield increases as catchment area increases (figure 2). By contrast, in treeless mountainous 
areas, specific sediment yield decreases with catchment area under natural conditions (figure 
2). The specific sediment yield at any point in a catchment is the difference between the 
total mobilised material minus the stored material upstream. Increasing specific yield can 
only be the result of increasing input of sediments from downstream sources, the most likely 
of which are channels. A decreasing specific yield with catchment are implies that most 
sediment is derived from the headwaters and storage of sediment in alluvial flats and 
channels increases downstream. When disturbed, both system types display decreasing yield 
with catchment area, showing that in both cases it is the source zone that responds most to 
clearing and grazing. 

These results are intuitively sensible because of the systematic variations along drainage 
networks already discussed. The source area hillslopes are on average steeper than those 
further downstream, and they are connected to channels directly. Therefore, when cleared 
and/or grazed, the source areas are likely to respond more than other parts of a catchment. 
Areas of sediment storage increase in size downstream, and so trap more and more 
mobilised material downstream. 

In figure 2, the size of the yield change resulting from disturbance is largest in the smallest 
(source area) catchments because of the combined effect of mobilisation and storage. This 
representation is supported by Mozzherin's (1994) global synthesis which shows that the 
difference in specific sediment yield between intense and less intense agricultural land use, is 
greatest in small catchments (table 6). 
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log Catchment area log Catchment area 

Natural: plains, forested mountains 
Disturbed: all landscapes 

Natural: treeless mountains 
Disturbed: treeless mountains 

Figure 2. Global relationships between mean annual specific sediment yield and catchment 
area. Based on Dedkov and Mozzherin (1984). 

Table 6. Dependence of specific sediment yield (tonnes/km2/yr) on intensity of land use, 
for catchments of different area in the world's temperate climate zone 

Intensity of Catchment  area 
land use <1000 km 2 1000-5000  km 2 5 0 0 0 - 2 5 0 0 0  km 2 >25000 km 2 
Weak 6 6 6 8 
Strong I 15 108 76 37 

In Australia, Wasson et al. (1996) have documented a similar result. Twelve estimates of the 
increase in yield following disturbance are available from Australia, based on: comparison 
of plot and catchment yield from near-natural woodland or grassland, and cultivated, 
grazed, salt-scalded and gullied areas; and stratigraphically based estimates from lakes. The 
data are plotted in figure 3 where two lines are shown. The bottom line shows that as 
catchment area increases, the multiple of natural sediment yield (that is the increased of 
disturbed over natural) decreases. The top line joins data, from intensely gullied landscapes, 
with the general line. The summary data from table 6 are also shown for comparison with 
the Australian data. 

A schematic representation of these observations is depicted in figure 4. Here a change of 
vegetation cover in the uplands (source zone) is reflected along the long-profile of the main 
river. In the smallest headwater sub-catchment, above the smallest headwater channels, the 
response to disturbance is a rapid increase of erosion rate, initially slowed by the structural 
stability of the soil, derived largely form its organic content. 

Within the channel network, the response is delayed by the travel time of sediment from 
upstream, and if channel erosion also contributes other pulses of sediment downstream then 
the yield response curve at position 2 will fall as gully extension and channel bank erosion 

--slow to reach a new quasi-equilibrium (Srikanthan and Wasson 1993). At position 3, the 
response is even more delayed and the magnitude of the response (the multiple in figure 3) 
is small. At position 4, there is no response at all, either because the pulse of sediment has 
not reached that position in 200 years, or the pulse has been lost by overbank or in-channel 
deposition. This discussion has shown that continuity of sediment transfer through a 
catchment does not occur because of storage as alluvium, or as coiluvium on hilislopes. This 
lack of continuity is most readily expressed as a sediment delivery ratio (SDR) (Walling 
1983), which decreases as catchment area increases. 
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The earlier discussion of material budgets indicates their usefulness in analysing the 
regularities of catchment fluxes. However, estimating all of the terms for a material budget 
for a large catchment is difficult and expensive. An alternative is to use environmental (not 
applied) tracers of sediment source. Surface soils are labelled by the fallout of radionuclide 
tracers 137Cs (a product of nuclear weapons testing) and 210 Pb (a natural product of 
decay of the Uranium Series). 
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Figure 3. Spatial scale dependence of the increase (or multiple) of natural sediment yields 
caused by land use (lower line) and gullying (upper line), from Wasson et al. (1996). 
Calculated increases for the Great Barrier Reef lagoon catchments, from Neil and Yu 
(1996) and table 1, all lie in the area of hatching. Mozzherin's (1994) multiples for 
the global temperate zone are shown as small horizontal lines. 

These radionuclides are at their highest concentrations in the top few centimetres of soil. If 
diluted by unlabelled soil during transport, their concentrations in river sediments fall 
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Figure 4. Schematic representation of the downstream responses to clearing, cropping or 
grazing in the headwaters of a catchment. The vertical axis is a rate of sediment 
transport, either from a hillslope or along a channel. 
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dramatically. The major source of unlabelled soil is channel and gully walls below the depth 
of radionuclide penetration (Wallbrink and Murray 1993).Using this reasoning, Walibrink et 
al, (1996) estimated that about 90% of the suspended sediment in transport in the lower 
Murrumbidgee River comes from channel and gully erosion, with the main channel 
supplying little of this material. In the Upper Murrumbidgee catchment, Wallbrink and 
Fogarty (in prep.) have used this technique to show that in the Molonglo River, 96 + 11% of 
the fine sediment in transport comes from channel and gully erosion. Radionuclide~ can 
also be used to estimate travel times. 

Erosion, sediment transport, land use and land management 

From the discussion so far, it should be clear that land use is only one of many factors that 
influence sediment and particulate nutrient transport through a catchment. In small upland 
catchments, the between hillslope variance of yields is high (coefficient of variation of 478% 
in the southeast Uplands of Australia), and decreases with catchment area (Wasson 1994). 
Most of the variance of yields from hillslopes < 10-1 km 2 in area (that is, from experimental 
plots) is the result of land use (Edwards 1987). Land use plays a subsidiary role in small 
gullied catchments, but in small unchannelled pland catchments, land use once again is a 
significant factor in sediment yields. 

In medium area catchments, that is between 3 and 321 km 2 in the Adelaide Hills, mean 
annual specific yield correlates most strongly with the area of horticulture and orchards 
(Wasson 1994). The most intensive land uses therefore stand out in this analysis, once the 
effect of catchment size is removed by using specific yield as the independent variable. For 
catchments greater than 1000 km 2 , data are insufficient to determine correlations between 
sediment yields and land use. It is highly unlikely that land use is a useful explanatory 
variable at this spatial scale, given the powerful attenuation of sediment transport in large 
catchments by storage. 

All of the preceding discussion has centred on the role of land use, as reflected in land 
cover, on erosion and sediment transport. There has been no discussion of the effect of 
differences in the way particular land uses are managed. While there is a large body of 
literature on the effects of minimum tillage, row crop management, terracing, etc., on offsite 
loss of soil and nutrients, only recently has there been any attempt to determine the water 
quality impacts. In Australia, the impacts are usually judged by extrapolation from plot 
studies to larger catchments, a procedure which the discussion so far would indicate is not 
warranted. Currently, therefore, little of value can be concluded about the effect of land 
management on water quality. 

Sediment and nutrient dispersal in the Great Barrier Reef lagoon 

Sediments and nutrients nearing the end of their journey through the Great Barrier Reef 
lagoon catchments have a very high probability of being deposited either on the 
floodplains, deltas, or fan-deltas of the coastal zone. Gauging of rivers is usually carried out 
inland from the coast, and so the estimated quantities of sediments and nutrients that are 
thought to leave the coast are overestimated; some of this material remains on the coast. 
Based on 14C and 137Cs, Belperio (1983) estimated coastal progradation rates in the 
Burdekin delta and the Townsville coastal plain. The delta has been prograding at rates of 
1--4 m/yr over the last 6000 years, with vertical accumulation rates of 1-8 mm/yr. On the 
Townsville coastal plain, progradation has been 0-1 m/yr (Belperio 1983; Carter et al. 
1993), and vertical accumulation rates are not well known. The rates generally decrease 
northward away from the principal source of sediment in the Burdekin River. In the Herbert 
fan-delta, unpublished results show progradation rates of 1 m/yr and vertical accumulation 
of 1 mm/yr. ~ . . . . . .  

= 

Offshore a mud prism is a continuation of chenier plains and tidal flats, and tapers over an 
average distance of about l0 km Larcombe and Woolfe (1995) and Carter et al. (1993). 
This mud prism underlies the innershelf area of Belperio (1983) where the carbonate 
content of the surface sediments is <30% (see figure 1). This innershelf area is thought of as 
the area of greatest terrigenous impact both since sea-level stabilised 6500 years BP and 
since European settlement (Johnson 1995). 
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The seaward zonation of the shelf according to carbonate content (0-20 m depth <30% 
carbonate; 20-40 m depth 30-80% carbonate, 40-80 m depth >80% carbonate) suggests a 
simple exponentially decreasing sedimentation rate of land-derived materials. That the coral 
reefs on the outer shelf (40-80 m depth of water) have been little affected by terrigenous 
sediment seems clear from their essentially zero non-carbonate content. But the distribution 
of carbonate and clastic sediments landward of the outer shelf is not a simple result of 
fluvial inputs to a passive waterbody. 

Gagan et al. (1990) and Gagan et al. (1988) showed that offshore from the Johnstone River, 
cyclone Winifred in February 1986 produced a mixed terrigenous-carbonate storm layer 
extending 30 km offshore into water up to 43 m deep; that is, to the boundary between the 
mid and outer shelf. The inner shelf part of the storm layer was formed by fluvial sediment 
carried seaward in buoyant flood plumes, resuspension and settling of inner-shelf sediment, 
and resuspension and shoreward transport of mid-shelf sediment. From mass balance 
calculations, Gagan et al. (1990) showed that 10-30% of the upper centimetre of storm 
layer comprises carbonate-rich mid-shelf mud. From the same calculations, the fluvial input 
from the Johnstone River declines exponentially from 60% of the top centimetre at the coast 
to 0% at about 10 km. The Johnstone contribution to the entire storm layer is minor. 

Gagan (1990) used Belperio's (1983) estimate of Johnstone River sediment yield, 210Pb 
based sedimentation rates for the last 100 years, and stratigraphically based estimates of 
sedimentation rates for the last 6500 years to calculate the redistribution of terrestrial 
sediment on the shelf. By comparing 210Pb and stratigraphically based rates of 
sedimentation with the yield estimate, Gagan showed that there are high accumulation rates 
2.5 to 7 km offshore where sediment is preferentially stored on a timescale of 100 years. 
This excess deposition results from resuspension and offshore transport of inner shelf 
deposits, but this is not sufficient to explain the excess. Some additional sediment must be 
moving shoreward from the mid-shelf, a conclusion already discussed. 

On a time scale of 6500 years, Gagan (1990) concludes that only 10% of the fluvial 
sediment from the Johnstone River remains immediately offshore. The other 90% is 
transported away, presumably adding to the inner shelf mud prism to the north. 

These conclusions imply that particulate Contaminants derived from the land will be moved 
considerable distances both offshore and alongshore within decades. According to most 
authors, river-derived material rarely reaches the Great Barrier Reef, but fine particulate 
material is apparently moved towards the Great Barrier Reef during episodic resuspension 
events. There does not appear to be any impediment to dissolved nutrients reaching any part 
of the Great Barrier Reef lagoon. 

Concluding remarks 

A considerable amount of effort has been expended to make progressively better estimates 
of the fluvial inputs to the Great Barrier Reef lagoon of suspended sediments, phosphorus 
and nitrogen. This work must continue because current estimates differ by factors that are 
unacceptably large; and the natural variability of the rivers in the region means that 
monitoring over many years is essential if realistic yields are to be estimated. The existing 
measurement programs are likely to improve our understanding of the amounts of material 
reaching the Great Barrier Reef lagoon, and with appropriate investigations within 
catchments will guide efforts at catchment management. 

This effort will only be of real value if a greater understanding is gained of the dispersion of 
land-based materials within the Great Barrier Reef lagoon. This should not only include 
dispersion to the corals, but should include effects on mangrove, saltmarsh and seagrass 
ecosystems. These are more likely to be impacted then the outer shelf. Yet our 
understanding of the impacts in the Great Barrier Reef are ambiguous, and the warnings of 
Lough and Barnes (1995) should be repeated - reef performance is highly variable at time 
scales much longer than decades. Just as the fluvial inputs vary widely, so does the reef. A 
long-term view by means of monitoring and the use of sedimentary archives is essential. 

If the catchments are to be managed to reduce fluvial inputs to the Great Barrier Reef 
lagoon, then we must at least do the following: estimate material budgets that provide a 
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synoptic view of sources; estimate the likely impact of management strategies to determine 
if they are environmentally useful, and economically and socially feasible; be prepared to 
change strategies based on new scientific findings. Wasson et al. (1996) challenged the 
currently applied conceptual models of the sources and pathways of particulates in Australia 
catchments. Many of the models used to estimate yields adopt a formulation imported from 
a different environment. If these formulations are used to guide catchment management it is 
possible that a lot of effort will be spent for little gain. Even if the formulations are correct, 
and in the Johnstone they may be, the effect of economically and socially feasible 
management strategies may not be large at the coast. If the full effect of European 
settlement has already been expressed in yields at river mouths (cf figure 3), and yields have 
increased by a factor of <4, how much change is required in the catchments to reduce this 
factor? 
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ABSTRACT 

The types of materials in river discharges to the Great Barrier Reef Marine Park 
include eroded soil particles, remobilised stream sediments, nutrients such as 
nitrogen (N) and phosphorus (P), pesticide residues and heavy metals. Apart from 
pesticides and other manufactured compounds, these materials occur naturally in 
the 425,000 km 2 of land drained by Queensland's east-coastal rivers from Cape 
York to the Mary. These catchments support many land uses, typically dominated 
by grazing, forestry and canelands. Whilst important economically, other land uses 
and urban regions occupy only relatively small areas. Examples are provided. 
There is evidence, supported by current annual inputs of around 80,000 tonnes of 
fertiliser N and 17,000 tonnes of fertiliser P, that long-term cropping of soils used 
for sugarcane and horticulture have raised levels of fertility. In contrast, nutrients 
are being depleted in the grazing lands through removal in primary produce. Soil 
erosion during storms and floods is a major source to rivers of N and P, and 
probably heavy metals and pesticide residues. Green cane trash blanketing in the 
sugar industry and zero or limited tillage practices in the grain industry have 
significantly reduced erosion losses, while retaining around 25-30% of ground 
cover lowers both run-off and soil erosion in grazing lands. Estimates are given of 
nutrient and pesticide inputs and of materials lost via rivers on a regional or 
catchment basis. The amount and frequency of acid discharges from acid sulfate 
soils known to exist in low-lying coastal areas are unclear. 

INTRODUCTION 

The Great Barrier Reef (GBR) and the Great Barrier Reef Marine Park (GBRMP) lie close to 
the eastern coastline of Queensland, a land mass with rich and diverse natural resources. 
Soils, rivers, forests, climatic conditions, mineral resources, transport facilities and population 
densities suit a wide range of agricultural, pastoral, horticultural, mining, and urban pursuits. 
All of these, plus commercial and recreational fishing, make important contributions to the 
state's economy, buoyed further by expansions in tourism, towns and rural industries such 
as sugarcane, cotton, and tropical fruits. 

Over the past 25 years there have been increasing calls for water resources and river 
catchments to be used and managed sustainably for present and future generations. The 
need applies across Australia (e.g. Kelleher 1988; Anon 1993a; Anon 1994a; Anon 
1995a,b; Taylor 1996) and internationally (e.g. UNEP 1995). No longer is it possible to 
ignore proven or possible adverse downstream impacts of land use, particularly in the 
vicinity of the GBR. Zann (1995) concluded, mostly on anecdotal evidence, that about 80% 
of the contaminants in marine and estuarine environments are sourced from the land. 

While the community debates what resource sustainability and conservation values need to 
be achieved, water continues to cycle in the environment. This water dissolves or physically 
transports chemicals, eroded soil, stream sediments, litter, etc to new locations. Factors such 
as weather conditions, catchment size, land use practices, run-off volume, riparian 
conditions, the fertility of eroding soils, the types and amounts of agricultural chemicals 
used, and the habits and actions of animals all influence what is transported by rivers and 
how far it moves. This paper provides background information on Queensland's coastal 
rivers, soil fertility and land use practices. It also compares materials entering these 
catchments with those contained in water moving to the sea. Most attention is given to 
nutrients, suspended solids, pesticide residues, heavy metals, and acidity from acid sulfate 
soils. 
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River Catchments, Soils and Land Use 

Easterly flowing streams in Queensland, except for the Burdekin, Fitzroy, Burnett and 
Herbert River systems, have relatively short courses. Typically, the rivers descend rapidly in 
their upper reaches, then slow as they approach the coast. 

Rivers such as the Daintree, Mossman, Barron, North Johnstone, and Herbert Rivers, all on 
the Wet Tropical Coast, consistently flow year round (Hausler 1991). In contrast, most of the 
remaining rivers cease flowing in dry seasons, although in times of flood, flows can increase 
up to hundreds of times the long-term mean annual flow. Water storages including farm 
dams, barrages and major dams make important contributions to standing freshwater 
reserves and, in the case of the latter two, to stream flows in dry seasons (Anon 1992; Anon 
1993b,c; Anon 1994b; Anon 1995c,d). The Mulgrave-Russell, Johnstone, and Tully 
Catchments have the highest mean annual run-off, each exceeding 2,000 mm (Hausler 
1991). 

Soils of the region have been described and evaluated for their physical and chemical 
characteristics and land-use suitability (e.g. Murtha 1986). At the profile scale, surface 
layers almost always exhibit higher levels of total nitrogen (N) and phosphorus (P) than do 
corresponding sub-surface layers. The few soil fertility maps that are available show wide 
variations in the bicarbonate-extractable P status of surface soils from the Fitzroy (Ahem et 
al. 1994) and Burdekin River (Ahem 1988; Rayment 1989; Ahem et al. 1994) catchments. 
Sub-catchments of the Fitzroy also vary in surface soil P fertility (Table 1), but 
corresponding data for total soil P reserves have not been compiled. 

Table 1. Distribution patterns (expressed as % of sub-catchment area surveyed) of 
bicarbonate-extractable P in surface soils (0-10 cm) from major tributaries of much 
of the Fitzroy Catchment, Central Queensland (Baker et al. 1995). 

Sub- Area Percent of area in six bicarbonate-extractable P ranges (mg P/kg) 
catchment ('106ha) <4 4-6 6-9 10-15 16-25 >25 
Comet 1.4 4 7 38 24 15 12 
Dawson 2.6 6 17 21 25 25 7 
Fitzroy 1.1 2 36 28 10 16 8 
Isaac 2.2 7 23 24 17 18 10 
McKenzie !.3 12 21 13 24 17 14 
Nogoa 2.9 12 20 21 27 15 4 

Holocene-age sulfidic sediments on which acid sulfate soils (ASS) form following oxidation 
have an extensive distribution (at least 1.2 x 106 ha) along the Australian coastline (Kawalec 
1973; White et al. 1996; Crossland 1996). Associations between such soils and the 
occurrence of mangroves, Melaleuca paperback trees and coastal wetlands are well accepted 
(McGarity 1989; Melville et al. 1993). In southern Queensland, the mapping of areas of 
ASS risk has commenced (Powell and Ahem 1996), but less is known of their distribution 
and associated risks in north Queensland. 

Russell and Hales (1993) reported the clearing for development of around 1200 ha of 
Melaleuca communities in the Johnstone River/Ninds Creek Catchment between 1951 and 
1992. This suggests circumstances amenable to the formation of ASS. Moreover, broadacre 
developments on ASS can release large quantities of sulfuric acid into coastal streams (White 
et al. 1996), resulting in highly acidic waters, the mobilisation of aluminium (AI) and iron 
(Fe), and consequent harm to aquatic biota. The acid is neutralised naturally by seawater if 
good mixing occurs. 

One limitation of the soil chemical databases accumulated over the past 20-30 years is the 
'pooling' of contemporary with older data. That is, changes in soil chemical fertility over 
time are usually ignored. However, there is evidence that the chemical fertility of at least 
some soils of the region have changed significantly. For example, a mean value of acid- 
extractable P of 26 mg P/kg can be derived from the 1938 data of Kerr and von Stieglitz 
(1939) for north Queensland canelands. This is only 40% of the 1991 mean of 65 mg P/kg 
reported by Reghenzani (1993) for the same soil depth, soil test and cane-growing region. 
Results from a survey of soils used for commercial vegetable production in Queensland 
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(Table 2) suggest that excessive inputs of nutrients have been a regular feature of vegetable 
production practices across the state, when contrasted with analytical data for similar 
Queensland soils and the soil fertility ratings of Rayment and Bruce (1984). 

Table 2. Air dry soil values of pH, nitrate-nitrogen (NOrN),  phosphorus (P), potassium (K) 
and sulfur (S) __ arithmetic means and ranges __ in soils (0-10 cm) below Queensland 
vegetables at harvest time for three district of coastal Queensland (Rayment 1994). 

Location pH NO3-N Bicarb-P Acid-P1 Total-P Total-K Total-S 

(1:5 H20) mg N/kg mg P/kg mg P/kg %P %K %S 

Atherton/Mareeba District (n=29) 

5.9 40 111 246 0.137 0.483 0.032 

4.4-6.9 1-130 18-382 1 5 - 1 6 6 9  0.04-0.43 0.003-1.91 0.01-0.10 

Ayr/Bowen (n= 15) 

6.7 35 185 417 0.098 1.29 0.02 

5.7-7.8 1-150 83-389 79-834 0.04-0.14 0.95-1.64 0.014-0.03 

Bundaberg/Gympie (n= 18) 

5.6 36 84 99 0.076 0.234 0.04 

4.5-7.2 3-150 30-147 21-190 0.05-0.11 0.003-0.93 0.01-0.07 

1 This soil P test was used by Kerr and von Stieglitz (1939) and Reghenzani (1993) 

Apart from the few studies already mentioned, serious attempts to systematically identify 
high fertility, nutrient sensitive soils across Queensland's coastal zone are lacking. High risk 
areas with respect to adverse impacts on river water quality would be expected to have 
elevated levels of nutrients (N and P in particular), either naturally occurring or supplied as 
fertilisers. Concurrently, these areas would be susceptible to water erosion and/or the 
leaching of nutrients. 

Land use practices mostly reflect climatic conditions, topography, soil fertility and/or the 
availability of water. Proximity or accessibility to processing facilities and markets are 
additional considerations. 

Statistics compiled by Pringle (1991) for the periods 1897, 1944-45, and 1983-84, show 
progressive increases in total areas being cropped. For example, there was a trebling in the 
area under cane during the period 1951 to 1988 (Pulsford 1991). Indeed, 'waves' of land 
development have been a feature of agricultural expansion in the coastal zone, shown 
numerically in Table 3 as the increase in potential sediment yield for seven phases of 
development in the Tully Catchment since 1866 (Neil 1995). 

Table 3. Increases in potential sediment yield, expressed in percentage terms, for seven 
'waves' of land use change in the Tully Catchment, North Queensland. (Total 
increase from 1900-1990 was 120%; Neil (1995)). 

Phase Time Land use change Increase in potential sediment 
yield 

1 1866-74 Cane growing - limited area negligible 

2 1880-85 Cane growing - limited area negligible 

3 1900-20 Banana growing . ~ 2.5% 

4 1924-31 Cane growing & town establishment 20% (excludes town establishment) 

5 1931-58 Cane growing - gradual increase 31% 

6 1958-67 Improved pasture 26% 

7 1967-90 Cane growing - banana growing 13% 
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Table 4. Prominent land uses l in selected Queensland catchments draining to or near to the 
Great Barrier Marine Park (Areas compiled mainly by P. Bloesch (DNR) using data 
from a range of sources, including Anon (1993a), satellite imagery interpretations of 
M. Grundy (DNR), and data from DPI-Forestry, and DNR-Lands). 

Catchment Area % of catchment 

'000 ha Timber Pristine Graz- Sugar Banana V e g e  Gra in  Othe r  Urban 
ing s/ crops 

fruits 

Daintree 213 37.7 31.7 26.7 1.8 0.04 0.03 0 0 2.0 
Mossman 49 30.4 11.0 44.6 10.0 0.07 0 0 0 3.9 
Barron 218 36.4 2.0 47.7 2.1 0.55 0.80 3.2 0.18 6.9 
Mul/Russei 202 16.9 25.1 38.9 13.1 0.15 0.02 0 0 5.8 
I 
Johnstone 233 25.3 12.8 41.6 14.8 0.89 0.01 0 0.20 4.4 
Tully 169 62.5 2.1 20.7 9.6 1.53 0 0 0 3.7 
Murray 114 32.9 27.3 29.6 6.1 0.88 0.02 0 0.01 3.3 
Herbert 1,013 9.5 9.7 71.1 6.6 0 0 0 0.36 2.7 
Black 108 18.0 9.3 67.4 0.7 0 0.40 0 0.04 4.2 
Haughton 365 0.8 10.8 74.0 10.4 0.36 0.05 0 0.10 3.5 
Burdekin 12,986 1.0 1.3 94.8 0.2 0.01 0.04 0.5 0.22 2.0 
Don 389 0.2 2.6 91.3 1.1 0.05 1.63 0 0.03 3.1 
Proserpine 249 9.6 4.0 74.6 7.5 0 0 0 0.01 4.3 
O'Connell 244 7.6 4.4 70.5 11.1 0 0 0 0 6.5 
Pioneer 149 22.7 6.1 48.5 17.9 0 0 0 0.05 4.7 
Plane 267 4.3 2.9 67.4 21.0 0 0 0 0 4.4 
Fitzroy 15,264 6.7 2.3 87.5 0 0.01 0 2.0 1.27 0.2 
Baffle 386 12.2 4.4 75.9 0.4 0.09 0.03 0 0.34 6.7 
Kolan 298 12.5 0 79.0 4.5 0.05 0.04 0 0.18 3.8 
Burnett 3,315 12.9 0.4 79.9 0.8 0.11 0.05 1.6 1.03 3.2 
Burrum 334 26.9 6.3 53.4 8.8 0.02 0.08 0 0 4.5 
M,'u-y 960 28.3 0.6 64.5 1.2 0.03 0.03 0 0.60 4.8 

Timber includes State forests and timber reserves; Pristine includes National Parks, National Park 
(scientific), Conservation Parks and Resource Reserves; Other crops include cotton, sunflower, 
peanuts, irrigated forage crops, etc.; Urban includes roads, railways, watercourses, dwellings, and 
aquaculture. 

By 1928, cattle were well distributed across the extensive grazing lands of Queensland 
(Hancock 1964) and still are. Indeed, extensive grazing is the major land in Queensland's 
coastal catchments adjacent to the GBRMP, accounting for over 85% of total land use in the 
Fitzroy, Don and Burdekin Catchments (Table 4). Timber forestry (exotic and native State 
forests and timber reserves) is the next most common land use, accounting for over 25% of 
the land area in 8 of the 22 catchments listed in Table 4. 

Sugarcane, which has been grown for over I00 years in some areas, is the most important 
crop on an area farmed basis, but only in the Mossman, Mulgrave/Russell, Johnstone, 
Haughton, O'Connell, Pioneer and Plane Catchments does it occupy 10% or more of the 
total catchment area (Table 4). Areas committed to bananas and fruit trees are expanding in 
the tropical north, but apart from the Tully Catchment, they collectively occupy <1% of any 
catchment. Vegetable cropping is another minor land use, while grain crops are restricted to 
relatively small portions (on a percentage basis) of the Barron, Burdekin, Burnett and 
Fitzroy Catchments. Seasonal conditions and market prospects affect the actual areas 
planted to grains (O'Connell 1995). Cotton is grown, often with irrigation, in the Fitzroy 
(24,000 ha) and Burnett (1,300 ha) Catchments. 
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Material Inputs 

Human activities are unequivocally associated with the presence of pesticide residues and 
other manufactured compounds in river discharges. However, this is not true for naturally 
occurring materials, added or mobilised by human activities and land-management practices 
interacting with the environment. 

Fertiliser usage in coastal Queensland is dominated by the sugar industry (Pulsford 1991, 
1993). In 1990, for example, some 59, 3.3, 3.0, 11.2 and 6.6 thousand tonnes of N were 
used on sugarcane, fruits, vegetables, field crops and pastures, respectively, in coastal 
catchments from the Mary to the Daintree. Corresponding quantities of P were 7.4, 0.65, 
1.0, 1.8, and 2.6. It is obvious from the examples given in Table 5 that catchment ratings 
based on total annual inputs of fertiliser N and P differ from those based on nutrient inputs 
per hectare and as ratios against annual run-off volume. Across all catchments, the average 
fertiliser N to fertiliser P mass ratio is 6.2:1. The average ratio for the 12 catchments listed in 
Table 5 (the top 12 catchments on an N supplied basis) is 7.8:1. Whether or not the wide 
differences in the ratios based on nutrient inputs with run-off volumes have any value is 
unclear, although Pulsford (1993) has suggested that they might provide a measure of the 
relative importance of each catchment in contributing nutrients to the GBRMP. 

It is instructive to evaluate relationships between quantities of fertiliser used in the various 
catchments and the quantity which would be used if recommended rates of application were 
followed by all growers. The product of recommended rates of N and P for the various crop 
and pasture types (these were obtained from a variety of sources, including Calcino (1994) 
for sugarcane) and the area under each crop/pasture type was used to estimate the total 
possible annual input for each catchment, given its land use. These results (Figure 1) are 
compared with estimates of actual fertiliser sales in 1990 for each catchment (Pulsford 
1993). 

Table 5 Fertiliser nutrients (N and P) applied in 1990, and equivalent inputs expressed on a 
catchment area basis and as a ratio with mean run-off for catchments receiving the 
most nitrogen and draining to or near to the Great Barrier Reef Marine Park 
(compiled from Pulsford 1993). 

Catchment Nitrogen Phosphorus 

Quantity used N input kg N Quantity used P input kg P 
tonnes N /ha /1000 ML tonnes P /ha /1000 ML 

of run-off of run-off 
Mul/Russell 4720 23.4 1.13 605 3.00 0.14 
Johnstone 7300 31.3 1.55 1700 7.30 0.36 
Herbert 9800 9.7 1.96 1330 1.31 0.27 
Haughton 8805 24.1 11.65 613 1.68 0.81 
Burdekin 3180 0.24 0.31 256 0.02 0.03 
Proserpine 3040 12.2 2.12 459 1.85 0.32 
O'Conneli 4390 18.0 2.63 539 2.21 0.32 
Pioneer 5490 36.8 5.52 648 4.35 0.65 
Plane 7685 28.8 5.61 995 3.73 0.73 
Fitzroy 7290 0.51 1.02 786 0.06 0.11 
Burnett 4545 1.37 2.61 1160 0.35 0.67 
Burrum 2970 8.89 4.14 650 1.95 0.91 

For N fertilisers, actual application rates are generally lower then recommended (Figure 1). 
The major exception is the Haughton where applications exceed recommendations by about ~ 
27%. A very different pattern emerges with P. Catchments dominated by sugar production 
appear to 'overuse' P (by > 250% in the Burrum, Kolan, O'Connell, Johnstone and 
Mossman catchments). In contrast, where field crops are grown, P fertilisers may be 'under- 
utilised', particularly in the Burdekin and Fitzroy Catchments. The implications of these 
discrepancies are that (i) P inputs to some cropping catchments could be decreased; and (ii) 
there exists considerable scope for increases in the application of P (by a factor of 6 
(Burdekin) and of 7 (Fitzroy)), which would be within the bounds of recommended 
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agronomic practice. Such increases could have important implications for future water 
quality in these catchments, as P loadings could increase. 
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Figure 1. Fertiliser N and P used in 1990 (Pulsford 1993) on a catchment basis (vertical 
lines) and estimated usage based on conservative applications rates. 
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Pesticides used to control pests and diseases of plants and animals and to control weeds have 
a long history of use in the coastal zone. There is little reliable knowledge of the quantities 
of these chemicals used in time past, but introduction dates and other details are available. 
As examples, lindane was introduced in 1946 and withdrawn in 1987; DDT was introduced 
in the early 1950s and withdrawn in the early 1970s; dieldrin was introduced in the late 
1950s with permits needed after 1987; while heptachlor was introduced in the 1960s, with 
restricted usage since 1987. Types and contemporary quantities of pesticides now used in 
the Queensland Sugar Industry are available (Hamilton and Haydon 1996), together with 
environmental-fate profiles for the various pesticides. Chloropyrifos is the most used 
insecticide, but five herbicides (atrazine > diuron > 2,4,D > glyphosate > ametryn) each have 
greater usage (Table 6). 

Table 6 Estimated annual quantities (kg a.i.) on a regional basis of herbicides, insecticides 
and fungicides most used in Queensland for sugarcane production (Hamilton and 
Haydon 1996). 

Pesticide group Regional 
and 
active ingredient North 

catchment groupings 

Herbert Burdekin Central South 

Total 

Herbicides 

Atmzine 107594 33804 46480 116011 27696 331000 
Diuron 34264 16718 7884 108691 29889 197000 
2,4,D 50260 28237 13168 41103 8789 141000 
Glyphosate 10267 4388 10052 53830 7088 85600 
Ametryn 8688 2208 11768 51113 2205 76000 

Insecticides 

Chlorpyrifos 25653 3104 538 20967 24767 74500 
Ethoprophos 4751 4750 
Aldicarb 1582 1580 
Heptachlor 1134 1134 

Fungicides 

MEMC 742 400 472 378 312 1890 

Nutrient heavy metals, particularly copper (Cu) and zinc (Zn) are supplied to crops (2-10 
kg Cu/ha; 7-10 kg Zn/ha) pastures (2 kg Cu/ha; 2 kg Zn/ha) and sugarcane (10 kg Cu/ha; 10 
kg Zn/ha) when deficiencies of these nutrients are suspected (Rayment and Hamilton, 
unpublished data; Calcino 1994). Over time, these heavy metals can accumulate in soils as 
can contaminant heavy metals such as cadmium (Cd) and lead (Pb). For example, total 
concentrations of Cd in 190 surface soils from commercial vegetable farms in Queensland 
ranged in 1990/91 from 0.016-2.08 mg Cd/kg dry weight (G.A. Barry, unpublished data). 
Moreover, Rayment (1995) has estimated that the cropping lands of coastal Queensland, 
received up to 340 g Cd/ha as a contaminant in P fertilisers to 1990. In contrast, cropping 
lands of the Fitzroy Catchment have received an average of only 3 g Cd/ha from P 
fertilisers. It follows that variable concentrations of heavy metals can be expected in soils 
with different cropping histories, as is apparent from Table 7. Soil type is a further variable 
as demonstrated by Reghenzani (1993) for 0.1M hydrochloric acid extractable levels of Zn. 
For north Queensland canelands, which had a mean value of 1.91 0.15 mg Zn/kg, the order 
was basaltic soils > organic and alluvial soils > beach ridge and granite soils > metamorphic 
derived soils. 

World rivers typically contain about 0.07 g Cd/L (Boyle et al. 1976), a concentration only 
sometimes supported by da tafor  freshwaterstabulated by Fleischer et al. (1974). Locally 
(near Townsville), Cd concentrations in waterways as high as 30 and 12 g Cd/L have been 
reported (Anon 1986), while the same report suggests that undesirable Cd fluxes can occur 
at point sources elsewhere in the state. It is known that a high portion of the Cd found in 
coastal and estuarine waters is associated with particulates (WHO 1985), and these elevated 
concentrations may reflect the stripping of Cd from mineral particulates suspended in the 
water column. 
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Heavy metals may be transported by the atmosphere for hundreds of kilometres from sites 
of emission (Alloway 1990; Rayment 1995), the dispersion facilitated by thermal currents 
and winds. International examples for Cd transport are: forest fires, 0.03-2 ng/kg dust; 
vegetation, 2.7-36 ng/kg dust; and sea spray, 0.001-0.003 ng/kg. The extent to which such 
emissions may contaminate Queensland rivers and soils is unknown. 

Table 7. Examples of mean concentrations of total heavy metals in southern Queensland 
canelands (0-10 cm) together with comparative data from similar soils nearby 
(Rayment, Barry & Jeffrey, unpublished data). 

Sugar region Site As Cd Co Cr Cu Ni Pb Zn 
history mg/kg 

Maryborough Cane 5 0.048 21 5 1 18 1 1 1 9 21 

No cane 4 <0.01 <6 31 11 <10 13 <12 

Bundaberg Cane 5 0.06 27 135 28 49 21 52 

No cane 5 <0.01 7 70 1 6 19 1 6 25 

Material Movement and Exports 

The erosion of soils by water and the collapse of stream-banks during periods of high 
stream flows are major pathways for the entry of materials to waterways. For example, 
annual soil losses in row crop sugarcane from the Johnstone River Catchment near Innisfail 
of <50 to 500 t/ha (average of 150 t/ha) have been measured (Prove 1988; Prove et al. 
1995). Sallaway (1979) reported soil losses under lower rainfall conditions near Mackay of 
42 to 227 t/ha. Cumulative top-soil losses in canelands of up to 1.5 m had already occurred 
in the Childers area by the early 1970s (Sullivan and Sallaway 1994). These losses are now 
being lowered to insignificant rates (e.g. 13.5-15.l t/ha/yr) by moving cane assignments to 
erosion-resistant lands, and by the adoption by canegrowers of modern soil conservation 
measures. These measures include the implementation of soil conservation plans and green 
cane trash blanketing (Sullivan and Sallaway 1994; Prove et al. 1995). 

At Emerald, Central Queensland Highlands, an estimated 1,440 tonnes of suspended 
sediments were mobilised in a drain immediately downstream of an irrigated cotton site 
following a storm event that generated a total flow of 1,200 ML (Simpson et ai., 
unpublished data). Average soil loss estimates (really weighted) of 1.3-9.0 t/ha/yr have been 
derived by Elliott et al. (1996) from 137caesium activity at a small number of sites across 
Queensland's cultivated cropping lands. 

Ciesiolka (1987) has reviewed the limited knowledge on soil loss in the grazing lands of 
Australia. For example, Belperio (1977) estimated 0.3 t/ha/yr soil loss in the Burdekin River 
Catchment. Ill the same catchment near Charters Towers, soil losses measured as 
sedimentation in dams was positively correlated with the degree of gullying. Measurements 
(Ciesiolka 1976) showed that 0.9, 1.6 and 27-30 t/ha/yr were moved from catchments with 
minor gully erosion, one active gully, and with severe gully erosion, respectively. Overseas 
data supports local observations that the maintenance of good ground cover (at least 25- 
30%;) can markedly reduce both soil losses and run-off volumes (Ciesiolka 1987; M. 
Silburn, personal communication; G. Rayment, unpublished report). While beneficial from a 
soil erosion viewpoint, reductions in stream flow associated with pasture improvement may 
be seen as a disbenefit by other users of the catchment (Ford 1991). 
Given that a really weighted average soil erosion rates for Queensland grazing lands appear 
to range from zero to 4.1 t/ha/yr (Elliott et al. 1996), the development of grazing lands for 
cultivated cropping will add to soil erosion losses. This is particularly so for the Fitzroy and 
Burdekin Catchments. 

Relationships between pasture management and both soil and nutrient losses from a grazed 
speargrass site in Queensland are summarised in Table 8. This table shows that around half 
the N and over 90% of the P were transported off-site as particulate material. The 
percentage for N is similar to the percentage transported as particulates in the lower Herbert 
River during flooding associated with Cyclone Sadie but is over 30% lower than was 
measured across the full hydrograph in the Johnstone Catchment, also during the Cyclone 
Sadie floods (Mitchell et al. 1996). For P, the percentages associated with river-carried 
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particulates during the Cyclone Sadie floods in the Herbert and Johnstone Rivers were 81 
and 95, respectively. The variance in these data sets, particularly for N, is difficult to explain 
but could be due to analytical techniques and/or to the inclusion of very fine soil particles in 
run-off samples from the speargrass pasture and in filtered water samples from the Herbert 
River. 

Table 8. Soil and nutrient losses measured as a consequence of run-off from one storm 
event of  92.4 mm (February 1994) on a grazed native speargrass pasture in a thinned 
ironbark woodland in Queensland (M. Silburn, unpublished data). 

Item Treatment 
Bare Grazed Exclosure  

Cover (%) 6 70 87 
Run-off (mm) 35 14 2.1 
Total soil loss (t/ha) 22 0.3 0.03 
Total N loss (kg/ha) 15 2 0.1 

% of total N loss in run-off water & fine sediment 53 
% of total N in eroded soil (coarse sediment) 47 

Total P loss (kg/ha) 4.3 0.3 0.02 
% of total P in run-off water & fine sediment 8 
% P of total P in eroded soil (coarse sediment) 92 

While it is important to identify sediment source areas in specific catchments, understanding 
delivery to the coast requires consideration of in-stream sediment loads. These are much 
more difficult to attribute to specific land uses than is the case for erosion studies. Crude 
estimates of the role of land use in determining in-stream sediment loads in the GBR region 
can be made using general relationships between stream water quality and catchment 
characteristics derived from the literature. The relationships can then be applied to known 
patterns of land use. 

While assumptions regarding the increase in stream sediment concentrations are subject to 
discussion and debate, they are at least transparent and can be readily modified as 
knowledge increases. To estimate the role of land use in the main agricultural catchments 
discharging to the GBRMP, we have made the simple assumptions that grazing increases 
suspended sediment concentrations by a factor of 4, cropping by a factor of 15, and 
urbanisation by a factor of 4. Some justification of these assumptions can be found in the 
results of  Neil and Fogarty (1991), Neil (1994) and others. If anything, these factors are 
probably conservative. 

Based on these assumptions and the land use patterns of the early 1990s, we agree with Moss 
et al. (1993) that the dominant source of sediment in rivers draining to the GBR region is 
from grazing lands (Figure 2). Cropping lands are likely to be a more important source in 
the major sugar catchments (Mulgrave-Russell, Johnstone, Tully, Pioneer, Plane), although 
even in these areas grazing is significant. While urban areas are a relatively small proportion 
of all of these catchments, the estimated sediment yield response to urbanisation suggests 
that the contribution of this minor land use represents a significant proportion of natural 
yields. Natural sediment yields are calculated as unity (Figure 2) in this analysis. Thus, the 
horizontal scale of Figure 2 provides an estimate of the present sediment yield of each 
catchment, relative to the pre-European (natural) rate. 

The greatest increases in estimated sediment yields have occurred in the Plane, Pioneer, 
O'Connell, Haughton and Johnstone catchments, apparently determined by the combination 
of a relatively large proportion of the catchment under crops and/or a small proportion of 

-the natural -vegetation retained. The importance of sediments sourced-from grazing areas 
poses particular problems of management and mitigation of sediment input to the GBR 
lagoon, given the extensive areas involved, much lower monetary returns per unit area, and a 
climate of greater variability, strongly influenced by El Nino conditions. 
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Figure 2. Relative contributions by present land uses to estimated sediment yields on a 
catchment basis, where unity represents the estimated pre-European (natural) sediment 
yield, 2 represents a two-fold increase, etc. 

Within-region variation in sediment yield at catchment scale is generally related to land use. 
However, over larger areas of varying climate, the effect of rainfall on vegetative cover, and 
hence erosion rates, must be taken into account. One approach to this problem for the GBR 
region is that of Neil and Yu (1995, 1996). They developed an empirical relationship 
between catchment run-off (a readily available correlate of rainfall) and unit sediment yield 
(a 'true' measure of flow-weighted suspended sediment concentration) to predict sediment 
yields from GBR catchments. (Figure 3). 

Estimates from the modelling (Figure 3) show that most of the sediment discharged to the 
GBR Lagoon comes from the Fitzroy and Burdekin Catchments. Moreover, the amounts are 
considerably higher (Table 9) than those reported by Belperio (1983) and Moss et al. 
(1993), reflecting the importance of model parameters on the outcome, particularly for 
large catchments. Sediment yields (and sediment concentrations) from the humid tropics 
catchments are much lower than those from the large, seasonally wet-dry catchments. 

Table 9. Estimates from simple models of mean annual exports of suspended sediments 
(million tonnes/y) from a selection of Queensland coastal catchments. 

Catchment Belperio (1983) Moss et al. (1992) Neil and Yu (1996) 
Johnstone 1.5 0.6 0.2 
Burdekin/Haughton 3.5 2.7 8.4 
Fitzroy 2.2 1.8 10.3 
Burnett/Kolan 1.7 0.8 2.4 
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Figure 3. Comparative estimates of sediment yields from Queensland's east coastal 
catchments prior to European settlement (natural) and as a consequence of land use 
conditions in the 1990s (disturbed) (Neil and Yu 1995; 1996). 

Because the estimates in Figure 3 are calibrated on data from the Burdekin-Barron area, 
errors are likely to be greatest moving both north and south from these catchments. This is 
likely to be most pertinent to the estimates for northeast Cape York and the Fitzroy. 
However, although further data are required to test the validity of and/or refine the model, its 
ability to estimate the sediment rating curve parameters for the streams on which it is based 
(Neil and Yu, 1996) encourages some confidence in the estimates. 

With an intensification in the monitoring of water quality, particularly in rivers of the Wet 
Tropical Coast, reliable estimates of river nutrient concentrations and fluxes are emerging. 
For example, in one four day event associated with Cyclone Sadie, the South Johnstone 
River at South Johnstone transported 67,000 tonnes of suspended sediment, 343 tonnes of N 
and 104 tonnes of P (a N:P mass ratio of about 3.3:1). The sediment, N and P loads were 
around 5 (14,000 tonnes), 1.7 and 3.5 times those of the prior two, relatively dry years even 
though the water discharged during the cyclone (112,000 ML) was only about one-sixth of 
that of the preceding two years (Hunter et al. 1996). The authors noted the high erosivity of 
rainfall and run-off during cyclonic and similar events. Average wet season export fluxes of 
N and P for six north Queensland rivers, derived by Mitchell et al. (1996) from water 
quality monitoring data, are in the order: Burdekin > Fitzroy > Herbert > Tully > Barron > 
South Johnstone. On a unit area basis, greatest losses were associated with the Tully and 
South Johnstone Rivers. 

Only limited monitoring of pesticide residues has occurred in river systems draining to the 
GBR lagoon. Even less is known of the ability of Queensland rivers to transport pesticide 
residues and metabolites from upstream locations to the sea. The fact that significant 
quantities of pesticides can be lost by volatilisation and to groundwater (e.g. Gerritse 1990) 
complicates the issue. For example, Bauld et al. (1995) have confirmed, from samplings in 
1992 and 1993, the presence (30 to 76%) of low concentrations of atrazine in groundwaters 
of the Burdekin River Delta and in the Burdekin River Irrigation Area, which suggests that 
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this environmentally mobile herbicide is likely to move in surface waters draining the same 
land systems. 

In the 1990s, atrazine was occasionally detected in surface waters and sediment samples 
from the Burdekin / Haughton / Barratta Creeks area of north Queensland (G. Rayment and 
H. Hunter, unpublished data) and in two mussel and two mud crab samples from the 
Johnstone River (Russell et al. 1996). Noble et al. (1995) also detected traces of atrazine (up 
to 0.4 g/L) in the Fitzroy River at Riverslea in 1995, suggesting a wide distribution of this 
herbicide in the rivers of coastal Queensland. The herbicide 2,4-D has also been detected in 
waters from the Burdekin / Haughton / Barratta Creeks area, and was the most detected 
herbicide in aquatic fauna from the Daintree and Johnstone Rivers (Russell et al. 1996). In 
addition, traces of 2,4-D were detected in water samples taken throughout the Johnstone 
Catchment, while residues of atrazine occurred only at sites in the lower catchment (Hunter 
1996; H. Hunter, personal communication) where sugarcane is grown. 

There is improving knowledge of pesticide movement and partitioning between suspended 
sediment and water fractions for irrigated cotton in the Fitzroy Catchment. While findings 
are awaiting publication, it is clear that the types and concentrations of pesticides moving 
off-site in drainage water varies with hydrology, the crop's growth cycle and with the active 
ingredient involved. For example, at concentrations of 3 and 15 g/L of endosulfan (early 
and mid-season concentrations in drainage water), one storm event with a flow of 1,200 ML 
could mobilise 3.6-18 kg endosulfan (B. Simpson et al., unpublished data). Similar 
information is needed for other cropping systems in order to develop appropriate strategies 
to minimise pesticide transport in waterways. 

Studies to identify the extent to which heavy metals are moving to coastal waters are lacking, 
although Moss and Bennett (1991) have reported concentrations of six heavy metals (Cd, 
Cr, Cu, Hg, Ni, Pb) in stream sediments from six rivers of the Wet Tropics. The basaltic 
nature of the catchment was given as the reason for generally higher concentrations of most 
metals found in the South Johnstone and Johnstone Rivers. These authors also noted, with 
examples, that sediment levels above background are often detected in or near to urban 
areas. 

As most heavy metals are either firmly attached to soil and sediment surfaces or are 
contained within the soil/sediment matrix, soil erosion and sediment mobilisation will be 
major movement pathways. Others are air-borne vapours and particulates from industrial 
emissions, fires and wind erosion of soils. The unknown amounts of sulfuric acidity 
draining from actual ASS in Queensland's coastal region can also be expected to mobilise 
heavy metals in affected soils and stream sediments (White et al. 1996). However, evidence 
(e.g. Russell et al. 1996) that heavy metals in aquatic fauna from coastal rivers do at times 
reach concentrations that violate Australia's Food Standard Code does not confirm that the 
metals were of anthropogenic origin. 

Brodie (1991) has already reported on sewage discharges and other urban influences on 
parts of the GBR lagoon. At that time, loads of N and P to local waterways from Port 
Douglas to Mackay were estimated at 1,077 and 292 tonnes/yr, respectively. More recent 
discharge data from the Department of Environment, mostly from near-coastal sewage 
treatment plants and for catchments from the Endeavour River at Cooktown to the Burnett at 
Bundaberg, total 1,970 and 460 tonnes/yr of N and P respectively. On a mass basis, the 
ratios of N:P of both data sets approximate 4:1. 

While drainage through artificial wetlands and other measures are being taken to minimise 
the release of nutrients and other substances contained in effluents, there have been 
increases since the early 1990s in discharges to waterways from aquaculture. Present 
estimates of discharges of N and P from the Wet Tropics region to the Bundaberg area are 
around 180-360 and 20-35 tonnes/yr, respectively. Although these loadings are relatively 
low at present, the aquaculture industry is in its infancy. With expected expansion over the 
next 20 years or so, the contributions of N and P to streams could be considerable if control 
measures are not implemented, due to the very large discharge volumes involved. 
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It warrants noting that the grazing lands and grain cropping lands, particularly those that are 
not fertilised to any significant extent, are being slowly depleted of nutrients through the 
removal of produce such as livestock, wheat and sorghum. Averaged over the four year 
period 1979/80-1982/83, there was an estimated annual P removal from the Fitzroy 
Catchment of about 2,400 tonnes in beef cattle and grain combined. The average annual P 
fertiliser input for the same period was less than 9% of this figure. While this degree of 
nutrient deficit is unsustainable in the long term, the observation does suggest that river 
nutrient levels in this and in similar catchments will very slowly decline, when sourced 
primarily from eroding soil particles. 

CONCLUSIONS 

Knowledge of historical and present inputs of nutrients, pesticides, heavy metals, etc on a 
catchment basis, combined with modelling and monitoring of a range of water quality 
parameters, have greatly enhanced awareness of the types and amounts of materials that 
have or might enter river systems discharging to the GBRMP. Clearly, early estimates of 
sediment loads and nutrient fluxes (Belperio 1983; Moss et al. 1993) in some of these rivers 
are being refined by monitoring and more robust modelling. Knowledge of areas of 
particular land use is also improving. Nevertheless, the 'big-picture' outcome of Moss et al. 
(1993) that grazing lands in the Burdekin and Fitzroy Catchments are the major sources of 
suspended sediments and nutrients moving to the GBR Lagoon has not changed. 

The need now is to integrate and better utilise the information we already have in 
formulating better catchment management strategies. Condition and trend monitoring, 
combined with process and decision support modelling, is needed, along with targeted 
research in a number of areas. These areas include soil hydrology, sediment transport, the 
use of 'tracers' in sediment records, the assimilative and recovery capacity of rivers affected 
by excess nutrients, heavy metals, pesticide residues, acid discharges, effluent disposal and 
the like. Efforts to minimise adverse downstream effects are a high priority, but there is little 
to be gained from research solely focused on deriving more precise estimates of N and P 
fluxes. 

Finally, it would help with natural resource planning if statistics on animal numbers, grain 
production, fertiliser use and the like were aggregated on a catchment basis in order to 
better resolve the connection between inputs and exports. The example of P depletion in the 
Fitzroy Catchment, independent of any losses to the river, is a stark reminder that many 
accepted land use practices are not sustainable in the long term. 
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A B S T R A C T  

Terrestrial runoff is the largest source of nutrients and sediments to the GBR likely to 
be affected by human activities. River flows are highly variable over seasonal, inter- 
annual and event-related time scales. The diverse range of catchments discharging to 
the GBR encompass extremes of rainfall variability, ranging between recurrent wet- 
season flows in rivers of the wet tropics to irregular episodic floods in dry tropical 
rivers. Material fluxes from catchments are related to catchment rainfall, through 
leaching, sheet runoff and erosion processes. Intense rainfall events cause high levels 
of soil erosion, typically observed as sharp peaks in suspended sediment and 
particulate nutrient concentrations. In contrast, dissolved nutrient fluxes exhibit a 
complex range of behaviours (dilution, enhancement) in relation to river flow rates. 

Average annual freshwater runoff to the GBR lagoon is estimated to be close to 40 
km 3 (range 12-120 km3). Based on average monthly flows and monthly means of 
nutrient concentrations derived from sampling in a number of rivers, we estimate 
annual riverine N, P and Si inputs of 33,000 t, 2,400 t and 72,000 t, respectively. More 
precise estimates await the development of improved rating curves, particularly for 
flood events in large rivers of the dry tropics. Recent in-situ suspended sediment 
measurements suggest that particulate nutrient fluxes will differ significantly between 
wet and dry catchment rivers. 

Introduction 

Nutrients and sediments enter the GBR lagoon from a number of sources (Furnas et al. 
1995). Terrestrial runoff is the major source which is likely to be affected by human 
activities. The extent to which inputs of terrestrially derived nutrients and suspended 
sediments have changed since European settlement of the region (Moss et al. 1992), or are 
affecting the GBR ecosystems remains unresolved and a subject of considerable discussion 
(e.g. Bell and Gabric 1990; Kinsey 1991; Bell 1992; Wachenfeld 1995). A number of 
estimates of river nutrient and sediment inputs have been made in recent years (Belperio 
1983; Cosser 1989; Moss et al. 1992; Fumas et al. 1995; Neil and Yu 1995; Furnas et al. 
1996a, b). All are broad-scale extrapolations from measurements in a relatively small 
number of catchments. The most comprehensive dataset available on river nutrient and 
suspended sediment concentrations is the recently-reviewed sampling program of AIMS 
(Furnas et al. 1996a, b). 

Water discharge patterns 

A total of 33 river basins with an aggregate catchment area of 411,000 km 2 drain eastward 
into the GBR. Using long-term discharge data for 12 of these rivers (Lough 1992; 
additional data courtesy of DNR; Table 1), representing 77% of the total watershed area, 
Furnas et al. (1996b) estimated that the average annual terrestrial freshwater input to the 
GBR is close to 42 km 3. The largest freshwater discharge occurred in 1974 (120 km 3 
estimated), while the lowest annual flow occurred in 1987 (11.7 km 3 estimated). 

A conspicuous feature of this discharge is the very high inter-annual, seasonal and event- 
coupled variability of flow (Furnas et al. 1996b). Seasonal variability is related to the 
monsoonal climate of north Queensland, with a 'wet' summer and 'dry' winter. Over 
decadal time scales, regional rainfall and river discharge is also modulated by fluctuations in 
the strength and duration of the summer monsoon which, in turn, are coupled to ENSO 
climate variability (Lough, 1992; 1993). The largest variations are associated with tropical 
cyclones and monsoonal rain depressions, resulting in periods of very heavy rainfall and 
dramatic changes in river discharge on a day-to-day and often hourly basis (e.g. Yu, 1995; 
Mitchell et al., 1996). 
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Rainfall and runoff vary considerably between river basins draining to the GBR. Most rivers 
of the wet tropics drain small catchments with low inter-annual variability of rainfall (Brunt 
1970; Anon. 1978) and are characterised by multiple, short-duration flow events each year. 
In contrast, rivers of the dry tropics include a number of large to very large catchments 
subject to extended drought periods. Discharge from the two largest rivers, the Burdekin 
and Fitzroy, typifically occurs as one or two small annual flows, but occasionally as a very 
large flood event which may last for several weeks and greatly exceeds the combined 
discharge from all other regional rivers (Furnas et al. 1996b). These large floods have a 
significant impact on salinity, nutrient and freshwater dynamics over large areas of the GBR 
shelf (e.g. Wolanski and van Senden 1984; Brodie and Furnas 1995). 

For the purpose of comparing statistics derived from wet and dry catchment, the 'wet 
tropics' rivers are regarded as the catchments between the Daintree and Herbert Rivers, 
inclusive. It should be noted that both the Barron and the Herbert Rivers have mixed wet 
and dry catchment areas and relatively high coefficients of variability in annual discharge. 
This band of 'wet' rivers drains just 10% of the total gauged catchment area listed in Table 
l, but on average contributes 42% to the total gauged discharge. Over a 24 year period 
considered herein, the combined annual discharge from these wet catchments was relatively 
constant, varying by a factor of 6 between years. 

Overall variability in discharge to the GBR shelf is largely driven by year-to-year 
differences in discharge from the Burdekin and Fitzroy Rivers. For example, during 1974 
and 1991, the two wettest years in this period (Table 1), the combined discharge of the 
Burdekin and Fitzroy Rivers represented 71 and 77% respectively of the total annual 
gauged discharge. Conversely, during 1992 and 1987, the two years with the lowest overall 
gauged discharge, the contribution to the total annual discharge by the Burdekin and 
Fitzroy Rivers together was just 11.7 and 12.4% respectively. Over the 24 year period 
examined, combined annual discharge from these two dry-catchment rivers varied by a 
factor of 86 between years. 

Seasonal and Event-related Variability of Nutrient Concentrations in Rivers 

Nutrient and suspended sediment concentrations vary significantly between river systems, 
between seasons and within seasons in relation to catchment type and streamflow dynamics. 
Details of these dynamics and their implications for estimates of annual river nutrient fluxes 
have been presented in a number of publications (Mitchell et al. 1991 ; Mitchell and Furnas 
1994; Furnas et al. 1995, 1996a, b; Mitchell et al. 1995). Data from two rivers, the Tully 
River in the wet tropics and Burdekin River in the dry tropics illustrate these findings 
(Figure l). 

Seasonal peak concentrations of dissolved inorgaiaic nitrogen (DIN = NO2 + NO3 + NH4) 
and less often, dissolved inorganic phosphorus (DIP as PO4) typically occur during the first 
significant flow event of each summer wet season (Figure la, b - N shown only/. DIN 
concentrations in these 'first-flush' peaks, often exceed 40 I.tM (= 560 lxg N L ); reflecting 
the mobility of oxidized N (and to a lesser extent P) stocks built up in catchment soils 
during the dry season. Thereafter, DIN and PO4 concentrations in river waters progressively 
decline over the course of the wet season, as leachable N and P stocks are exhausted. 
Concentrations of dissolved organic nitrogen (DON) and phosphorus (DOP) remain low 
and relatively constant through the year. There is a tendency for DON to decline with 
increasing discharge, suggesting relatively constant input from the watershed and dilution 
during major flood events. Seasonal and event-related trends for DOP are not well defined 
at this stage. 

In contrast, concentrations of particulate nitrogen (PN) and phosphorus (PP) vary directly 
withriver flow (Figure lc, d), and typically peak during major seasonal flood events 
(Mitchell et al. 1995), reflecting the transport of organic matter and soil particles from the 
watershed. Higher concentrations of particulate-associated N and P typically occur during 
the rising limb of flood hydrographs (Mitchell et al. 1995). The strong relationship 
between flow rate and particulate nutrient concentrations illustrates the importance of 
intensive sampling during flood events to construct accurate estimates of particulate material 
fluxes from rivers. Elevated concentrations may also occur during first-flush events, though 
the significance of this phenomenon in terms of overall transport may be as a relatively 
minor contribution. 
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Table 1: Statistics of major river systems draining into the Great Barrier Reef region. After 
Lough (1992) and Furnas et al. (1996b). 

River Period Gauged Mean Minimum Maximum C.V. 
catchment annual annual annual (%) 

area discharge discharge discharge 
(km 2) (MLx 106 ) (MLx 106 ) (MLx 106 ) 

Normanby 1968-92 2,460 0.911 0.054 2.615 33.8 

Daintree 1968-92 830 1.011 0.351 2.252 54.1 

Barron 1958-92 1,940 0.807 0.144 2.617 77.6 

Mulgrave 1966-92 365 0.567 0.187 1.045 40.7 

Russell 1966-92 231 0.851 0.488 1.344 26.6 

N. Johnstone 1967-92 930 1.840 0.651 3.761 39.0 

S. Johnstone 1958-92 390 0.813 0.291 1.384 33.8 

Tully 1972-92 1,475 3.039 1.660 4.704 29.7 

Herbert 1958-92 8,805 3.370 0.407 10.418 70.4 

Burdekin 1958-92 129.660 9.272 0.540 50.927 116.7 

Fitzroy 1964-92 135,895 5.574 0.172 22.126 99.9 

Burnett 1958-92 2,455 1.050 0.117 6.237 114.7 

Particle-associated N and P occur in a variety of forms. Particulate nitrogen occurs as ionic 
ammonium adsorbed to soil particles, organic compounds in detritus and N which is bound 
within clay mineral lattices (Bremner 1965; Rosenfeld 1979), though the bulk of particle- 
associated N is generally considered to be biologically accessible. Particle-associated 
phosphorus also occurs in a variety of forms, ranging from adsorbed phosphate ions to P 
which is directly incorporated into mineral lattices. In contrast to PN, considerable 
uncertainty remains regarding the proportion of total P which is biologically available, and 
over what time frames (e.g. Froelich 1988; Pailles and Moody 1992; Eyre 1993). It is 
unlikely that P held within mineral lattices, and not extractable by 'mild' digestion 
procedures (eg. acid/persulfate) would be readily available for biological uptake. Some of 
the P attached to particles is desorbed under conditions of increasing ionic strength as 
particulate material is transported through estuarine or river plume salinity gradients (e.g. 
Brodie and Mitchell 1992). As a consequence, the proportion of the total river P flux which 
is biologically relevant to the receiving marine environment is still unresolved. 

Temporal Dynamics of Nutrient and Sediment Fluxes during Flood Events 

Temporal changes in concentrations of riverine particulate matter are typically more 
dynamic than those for soluble material (Mitchell and Furnas 1994). Even when sampling 
frequency is targetted to episodic stormflows, there is a high likelihood that peak 
concentrations will be missed. The contribution of particulate nutrients to overall nutrient 
fluxes are not as well resolved as those for dissolved components. In order to acquire 
comprehensive data during stormflows, we have recently developed instruments ('river 
loggers') which record suspended sediment concentrations at frequent (30 minute) intervals 
over extended periods (2-4 months). These instruments were designed with a self-cleaning 
function to ensure consistent data quality and to operate over the wide range of suspended 
sediment concentrations (5-10,000 mg L )  observed among NQ rivers. 
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large flow events, when reduced concentrations suggested the influence of dilution. For the 
period 8 Jan 1996 to 21 May 1996 (Figure 2c), we estimate that 61 x 103 tons suspended 
sediment was transported from the Tully catchment. Most of this export (75%) occurred 
during the two largest discharge events. 

Burdekin River 

Only one significant discharge event occurred in the Burdekin River (Figure 3a), during the 
summer of 1995-96. Aside from a very small discharge in late December, the first 
significant flow event of the year occurred on 9 January 1996 (peak, 3166 m 3 sl), followed 
three days later by a secondary peak (1523 m 3 s l)  when the Burdekin dam overflowed. 
Derived suspended sediment concentrations were much higher than found for the Tully 
River, reaching a peak of 7.3 g L ~. 

Few surface suspended sediment samples were collected through this period. PN 
measurements during the initial peak track relative changes in the instrument-derived 
suspended sediment concentrations (Figure 3a). However, during the secondary peak, 
concentrations of suspended sediment (and PN) determined from surface samples were 
much lower than the suspended sediment concentrations derived from our underwater 
instrument. We surmise that suspended sediments were vertically mixed through the river 
water column during the initial high-level discharge, but poorly mixed during the lower 
discharge velocities of the second peak. Peaks in surface DIN concentrations on either side 
of the flow maxima (Figure 3b) suggest dilution during high discharge, similar to the trend 
observed in the Tully River (Figure 2b). 

Given our uncertainty about the vertical mixing of suspended sediment during the 
secondary peak, two suspended sediment flux curves were determined (Figure 3c). The 
lower limit assumes that surface sample sediment concentrations prevailed through the entire 
water column during the secondary flow, while the upper limit assumes that the near-bottom 
sediment concentrations predominated. On this basis, we estimate that between 2.6 and 4.8 x 
106 tons of suspended sediment was transported in the Burdekin River, between 20 
December 1995 and 12 February 1996. More than half of this export (2.5 x 106 tons) 
occurred over a four day period during the initial large flow event. 

Comparison between wet and dry-catchment rivers 

The temporal pattern of multiple flow events observed in the Tully River is typical for this 
river. In contrast, the main discharge event in the Burdekin River was relatively small, even 
for this highly variable river. The water level rose just 3 m above our instrument, resulting in 
a total discharge of 1.7 x 10 6 ML over the 2-month flood period considered here (Figure 
3). During the 5 month deployment period in the Tully River (Figure 2), the discharge was 
approximately 1.7 x 106 ML. Annual discharge in the Burdekin River for the 1995-96 
hydrological year (Oct. - Sel~t.) is estimated to be < 2 x 106 ML, much less than this river's 
average dischardge (9.3 x 10 ML, Table 1) and less than the long-term average for the Tully 
River (3.0 x 10 ML). The sediment yield from one small flood in the Burdekin River was 
40-80 times that from a number of significant flood events in the Tully River. 

Differences between the profiles of suspended sediment concentration for each river 
account for this huge difference in sediment yield. Peak suspended sediment concentrations 
varied 17-fold between the Burdekin and Tully Rivers (Figures 2,3). Furthermore, 
suspended sediment concentrations declined very rapidly in the falling stages of each flow 
event in the Tully River, resulting in minimal flux after the peak flows. In the Burdekin 
River, high concentrations of suspended sediment were sustained for some time beyond the 
secondary flow event, at least through part of the water column. Different sub-catchment 
source water entering the river system, probably above the Burdekin Dam, may have been 
responsible for the delayed concentration peak during the secondary flow. 

Nitrogen exports during the logger deployment period may be estimated from surface 
sampling, though with less confidence than for suspended sediment due to the smaller 
number of samples. An interpolation procedure was applied to DIN concentrations (Figures 
2b, 3b), while average concentrations from previous summer sampling periods were used for 
DON, since the current samples had yet to be analysed. Interpolation was considered 
inappropriate for PN flux estimation, due to the sharp nature of these peaks. Instead, 
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average weight percentages of the PN content in suspended sediment, determined for each 
river (Table 3), were applied to the suspended sediment flux estimations. 

Fluxes of N estimated during the 5-month logger deployment periods are presented in 
Table 2. Dissolved forms of nitrogen (DIN + DON) constituted 53% of total N export from 
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Figure 2: (a) Suspended sediment concentration in the Tully River derived from a moored 
transmissometer at Euramo, 8 January 1996 to 21 May 1996. Open circles represent 
suspended sediment concentrations determined in surface water samples. Gray area 
graph represents discharge from nearby guaging station (113006A), operated by 
D.N.R. Qld.; (b) DIN (open circles) and PN (closed circles) concentrations in surface 
samples; (c) Estimated cumulative flux of suspended sediment 
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the Tully River. Dissolved N was a much less important component in the Burdekin River 
(7-13% of total exports), where PN exports dominated (87-93%). The low concentration of 
PN in suspended sediment from the Burdekin River (0.15%, Table 3) compared with the 
Tully River (0.53% - 1996 flood only) considerably reduces the importance of the huge 
differences in sediment yield between the two rivers, at least for N export (Burdekin PN, 12- 
22 times that in the Tully). 
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Figure 3: (a) Suspended sediment concentration in the Burdekin River derived from a 
moored transmissometer at Home Hill, between 20 December 1995 and 12 February 
1996. Open circles represent suspended sediment concentrations, closed circles denote 
PN concentrations, determined in surface water samples. Gray area graph represents 
discharge from Clare guaging station (120006), operated by D.N.R., Qld.; (b) DIN 
(open circles) concentrations in surface samples; (c) Estimated cumulative flux (upper 
and lower limit) of suspended sediment 

In most of the nutrient flux estimates made (Table 4), insufficient account has been taken of 
the differences in the proportions of nutrient forms among rivers draining to the GBR shelf. 
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In particular, the large differences in sediment yield, as demonstrated by our river logger 
results, have not been recognised. An exception is the climate-driven model of Neil and Yu 
(1995), which emphasises the importance of rainfall variability on catchment sediment yield 
due to its influence on groundcover. Their estimate of total sediment flux was similar to that 
of Belperio (1983). However, they proposed a considerably different distribution of 
sediment inputs, with a much higher proportion from the Burdekin and the Fitzroy Rivers 
(ca. 2/3) and a much lower contribution from the wet tropical coast. Our river logger 
findings clearly support this redistribution. 

As a comparative exercise, the suspended sediment yield determined using our river logger 
for the small Burdekin River flood of 1996 (2.6-4.8 million t for 1.7 x 10 ~ ML discharge) 
can be used as a crude estimator of sediment yield in other years. First, it is assumed that the 
sediment yield in the Fitzroy River is similar to that in the Burdekin. If this yield is 
extrapolated to the average annual discharges for these rivers (Table 1), then the average 
annual flux of suspended sediment for the Burdekin and Fitzroy Rivers combined is 
estimated at 23-42 million t. This range covers and exceeds the estimates of Belperio (1983) 
and Neil and Yu (1995) in Table 4. Further extrapolating this yield to a recent year of high 
discharge in the Burdekin River (1974, Table 1), it is estimated that 100-185 million t of 
suspended sediment was transported that year by the combined discharge of the Burdekin 
and Fitzroy Rivers. This estimate may be conservative, since increasingly higher levels of 
soil erosion are associated with very intense rainfall (Yu, 1995). 

Table 2: Estimated transport (t) of different nitrogen forms from the Tully and Burdekin 
Rivers during 1996 logger deployment periods. Period for Tully River - 8 January to 21 
May 1996; Burdekin River - 20 December 1995 to 12 February 1996. 

River PN% DIN DON PN Total N 
(t) (t) (t) (t) 

Tully 0.53 274 86 323 681 

Burdekin - upper limit 0.15 468 129 3900 4497 
- lower limit 7200 7797 

Estimates of river nutrient exports to GBR 

Furnas et al. (1996a, b) recently employed three approaches to re-estimate river nutrient 
exports to the GBR (Table 4). The first approach used discharge-weighted mean annual 
concentrations of N and P derived from three years of intensive sampling in the South 
Johnstone River. The assumption was made that volume-weighted concentrations established 
for this single river were broadly applicable to the diverse catchments draining to the GBR. 
This estimate is regarded as highly conservative. The second approach utilized monthly 
mean concentration-discharge relationships derived for individual wet and dry catchments 
and mean monthly discharges for those catchments to integrate total annual exports to the 
GBR. This approach, while applying some weighting to the data, is also regarded as 
conservative. The third approach used estimates of annual sediment inputs to the GBR from 
Belperio (1983), Moss etal. (1992) and Neil and Yu (1995), and assumptions about the N 
and P composition of sediment discharged from rivers and relationships between the 
proportions of dissolved to particulate forms of N and P exported. 

The sediment-based estimates of N and P inputs to the GBR are considerably larger (1.5 to 
3-fold for N; 8 to 16-fold for P) than the estimates calculated from water sampling alone. 
There is considerable uncertainty surrounding each approach. The sediment-based 
approach is limited by the tenuous assumptions of constant suspended sediment 
composition across all catchments and constant proportions between dissolved and 
particulate nutrient forms exported. The water sampling based estimates are based on sparse 
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datasets and lack nutrient and sediment data from the two largest catchments (Burdekin and 
Fitzroy) during major flood events. Continued sampling in these two rivers remains a high 
priority, given that large flood events in these dry catchments appear to heavily influence 
discrepancies between the sediment-based and water-based estimate. 

Table 3: Nitrogen and phosphorus composition of suspended sediment in NQ rivers, 
sampled during flood periods. 

River Sampling conditions N (% w/w) P (% w/w) 

North cyclone Sadie flood, sampled by DPI (from 0.44 ~ 0.215 
Johnstone Mitchell et al., 1996b) 

South cyclone Sadie flood, sampled by DPI (from 0.45 ~ 0.166 
Johnstone Mitchell et al., 1996b) 

Tully flood periods during Jan/Feb 1995 and Mar 1996, 0.55 0.098 
sampled by BSES and AIMS 

Herbert cyclone Sadie flood, sampled by AIMS and CSIRO 0.35 0.059 
(from Mitchell et al., 1996a) 

Burdekin small discharge event in January 1996, sampled by 0.15 0.049 
B. Leahy for AIMS 

Notes: #1 - Kjeldahl digestion method used for PP determinations. 

Inputs of freshwater, sediments and nutrients of this magnitude are likely to have significant 
impacts on the receiving shelf system, though such flood events in the large dry catchments 
are highy episodic. In contrast, relatively constant loads of nitrogen are delivered to the 
central GBR shelf from year to year by rivers draining the wet tropics. However, the 
contribution by the combined wet tropics rivers is likely to be a minimal proportion of the 
total nitrogen flux during those years in which the dry catchment rivers flood. 

The impact of medium or longer-term rainfall cycles on material fluxes to the GBR shelf 
has been acknowledged (e.g. Neil, 1995), though not tested. Apart from highly variable 
year-to-year discharge, the Burdekin and Fitzroy catchments are subject to extended periods 
of consecutive wet or dry years. A 6-year 'wet' period can be discerned from the Burdekin 
gauging record at Clare between 1953-1958, when annual discharge averaged 19.4 x 106 
ML (Figure 4). In contrast, the last 5 years (1992-1996) represent the longest, sustained dry 
period over this 46-year record (average annual discharge 1.3 x 106 ML). Much of the 
Fitzroy catchment is in a similar near-drought position. Given the importance of high levels 
of groundcover in limiting erosion (Gardner et al. 1988; Pressland et al. 1991 ; Finlayson et 
al. 1995; Neil and Yu, 1995), it is expected that abnormally high soil losses will occur in 
these catchments during the next large flood event (Mitchell et al. 1995). 

67 



Table 4: Estimates of riverine inputs of nitrogen, phosphorus and suspended sediment to the 
Great Barrier Reef using different methods (from Furnas et al., 1996b). 

Method Total Sediment Sediment Total N Total P 
sediment N P (t x 10 3) (t X 10 3) 
(t x 10 6) (t X 10 3) (t X 10 3) 

Water-based approach: 
Volume-weighted mean 
annual concentration in South 
Johnstone River, 1990-91. 

Weighted monthly flow rates 
and monthly mean nutrient 
concentrations. 

Sediment-based approach: 
Belperio (1983) 
(from Moss et  al., 1992) 

Moss et al. (1992) 

Neil and Yu (1995) 

15.4 1.5 

21.2 2.0 

25.4 41.9 29.2 97.5 38.0 

14.0 23.0 16.1 77.0 11.0 

23.0 38.0 26.5 88.3 34.4 

Implications for Management 

1. River runoff is the largest external source of N and P to the GBR lagoon which has been 
quantified to date. 

2. River runoff is the largest nutrient and sediment source directly influenced by human 
activity, principally through land use practices in catchments (land clearing, farming, 
grazing). 

3. Because of the large intra- and inter-annual variability in discharge, nutrient 
concentrations and sediment loads in all types of rivers, estimates of exports cannot be 
reliably extrapolated from short-term data sets. 

4. All discharges from rivers initally enter the nearshore zone and for small floods and low- 
flow conditions, remain near the coast. Under conditions of strong flooding or onshore- 
free wind stress, flood plumes can extend offshore to the reef tract and directly influence 
100's to 1000's of km~of the shelf. 

5. There are considerable differences between the flow dynamics, nutrient speciation and 
exports and sediment yields of wet- and dry-catchment rivers. These differences must be 
respected in order to make accurate and reliable estimates of nutrient and sediment 
inputs to the GBR lagoon. 

6. The bulk of sediment and nutrient inputs to the GBR occur during flood events, 
particularly the very large floods following cyclones and monsoonal rain depressions. 

7. In terms of water, sediment and nutrient exports, the two very large dry-catchment rivers 
(Fitzroy, Burdekin) exert the largest impact upon the shelf system. Such impacts, 
however, are highly episodic. 

8. The wet-tropical catchments between the Daintree and Herbert Rivers supply a large 
proportion of total runoff to the GBR (ca. 40%), but volume-specific nutrient and 
sediment yields are lower than those of dry-tropical catchments. 
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Figure 4: Annual discharges (ML x 10 +) in Burdekin River, 1951-1996. Discharge at Clare 
gauging station (120006E); data courtesy of DPI, Water Resources office, Ayr 
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