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ABSTRACT
Over 60% of south-eastern Australia’s coastal waterways can be classified as intermittently closed and open
lakes and lagoons (ICOLLs). At present, very little is known about the recreational use of ICOLLs and how such
use varies geographically and temporally along the New South Wales coast. The impacts of tourism on natural
environments are of increasing concern in Australia, especially in coastal areas, so it is timely that we investigate
ICOLL ecology in conjunction with tourist use patterns to ensure that these systems are appreciated, used
appropriately and managed sustainably.
In comparison with large estuaries, relatively little is known of the ecology of these intermittently open
systems and their responses to perturbations. This lack of knowledge of how these systems respond to
anthropogenic activities threatens their long-term sustainability, particularly in light of the high human
population density in coastal regions of Australia and increasing nutrient inputs from urban (sewage), industrial
and agricultural sources. In addition, local management agencies often artificially alter the opening and closing
regimes of ICOLLs to minimise the aesthetic effects of algal blooms and local flooding. In addition to these
watershed scale perturbations, ICOLLs can be significant sites for recreation and fishing activities in the coastal
zone, yet we know little about the effects of these activities on ICOLL health.
In this study we investigated critical aspects of ICOLL ecology and asked: how do these systems respond to
increasing coastal pressures in general and in particular, those directly or indirectly related to tourism and
recreation in their catchments? We used a variety of mechanisms to tackle this question, ranging from detailed
literature reviews of ICOLL responses to perturbations, to field investigations of ICOLL characteristics and fish
assemblages, food web structure and sources of carbon (energy) fuelling ICOLL productivity. We were
particularly interested in the influence of nutrient inputs (particularly from STPs) and entrance opening and
closing regimes on the basic structure of the food web and in turn, the implications of these modifications for the
sustainability and tourism appeal of ICOLLs. Specifically, we focused on aspects of the fish communities of
ICOLLs, particularly the diets of commercially and recreationally valuable species like Yellowfin Bream
(Acanthopagrus australis), Sand Whiting (Sillago ciliata), Dusky Flathead (Platycephalus fuscus) and Sea
Mullet (Mugil cephalus).
We found that ICOLLs tend to support a wide array of invertebrate and fish taxa and that diversity and the
functioning of ICOLL food webs are strongly influenced by entrance opening and closing regimes. Furthermore,
the diets of valuable fish species tended to be narrower in our study ICOLLs than in larger estuaries, highlighting
dramatically different resource use patterns in these dynamic coastal waterbodies. The sustainability of ICOLLs
for tourism and recreation is increasingly threatened by coastal developments and our research highlights the
importance of maintaining ICOLLs as fish nursery grounds and significant recreational fishing sites along the
Australian coastline.
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SUMMARY
Intermittently closed and open lakes and lagoons (ICOLLs) constitute over 60% of coastal waterways in southeastern Australia yet, in comparison with large estuaries, relatively little is known of the ecology of these
intermittently open systems and their responses to perturbations. The importance of these unusual aquatic
systems for recreation and tourism is widely recognised so it is timely that we investigate ICOLL ecology in
conjunction with tourist use patterns to ensure that these systems are managed sustainably.
ICOLLs play an important role in maintaining key coastal processes in south-eastern Australia, including
provision of habitat for endangered species, nursery areas for commercially and recreationally valuable fish
species, and important sinks for nutrients derived from industry and agriculture (Pollard 1994a; Roy, Williams,
Jones, Yassini, Gibbs, Coates, West, Scanes, Hudson & Nichol 2001). In New South Wales, the Healthy Rivers
Commission has suggested that many of the State’s ICOLLs are degraded beyond feasible ecological restoration,
and therefore it is increasingly important to manage the less critically impaired systems in a manner that will
ensure continued and/or enhanced beneficial uses, such as fisheries production, whilst not compromising
important conservation and ecosystem health requirements.
Current evidence suggests that pollution, habitat destruction and hydrologic changes threaten a considerable
number of ICOLLs in northern New South Wales (Roy et al. 2001). Given that these changes have the potential
to adversely affect coastal fisheries and the sustainability of coastal environments (Blaber, Cyrus, Albaret,
Ching, Day, Elliott. Fonseca, Hoss Orensanz, Potter & Silvert 2000) there is a strong impetus for research
investigating the key processes that maintain ecological structure and function in ICOLLs. Significantly, current
coastal developments threaten the sustainable use of ICOLLs as important sites for tourism and recreation.

Objectives of Study
In this study we aimed to examine the ecological implications of coastal development, management strategies
and visitor use of ICOLLs. Given the paucity of information on these systems in the scientific literature, we
undertook basic ecological surveys in a series of ICOLLs in northern New South Wales in order to gather
information that would underpin the development of conceptual models of the ecological structure and function
of ICOLL ecosystems. Specifically, we aimed to assess the ecological consequences of the following
perturbations on ICOLL ecology:
• Artificial manipulation of opening regimes;
• Excessive nutrient inputs from urban (sewage), agricultural and industrial sources; and
• Removal of fish, molluscs and crustaceans as part of a recreational fishing resource.
On the basis of our ecological surveys we developed a suite of conceptual models that related ecosystem
structure and function to a series of anthropogenic perturbations. In addition to investigating the ecological
resilience and resistance of ICOLLs to perturbations, we also sought to increase the national and international
profile of this important subset of estuaries. We did this by running an ICOLL special session at an international
conference in Ballina, New South Wales (20-25 June 2004). This conference had as its theme “Estuaries and
Change” and focussed on human modifications of estuaries and their ecological responses. Co-hosted by the
Estuarine and Coastal Sciences Association (ECSA) and the Estuarine Research Federation (ERF), the two
largest societies of estuarine scientists in the world, this conference was an excellent venue for us to showcase
our research and increase the exposure of ICOLL environments. Significantly, our ICOLLs special session
received the highest number of submitted abstracts of all sessions at the conference and was consistently well
attended over the duration of the conference. Abstracts from the ICOLL special session are included in Appendix
C.

Methodology
Over the course of this study we used a wide range of methods to investigate aspects of the ecology of ICOLLs.
In addition to conducting literature reviews investigating the ecology, threats and management of ICOLLs, we
used natural abundance stable isotopes to examine and describe the structure and function of ICOLL food webs.
The detailed methods used for these investigations are described in the relevant chapters of this report.

Key Findings
The key findings of this project are:
• ICOLLs are important ecosystems along the Australian coastline, providing diverse habitat for wildlife
and a wide range of recreational opportunities.
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Local management strategies, usually enforced by local government agencies, have substantial impacts
on the ecology of ICOLLs. Specifically, artificial opening regimes strongly shape the biotic community
composition in ICOLLs and tend to reduce the structural and ecological diversity of ICOLL
environments across a broad geographic scale.
ICOLLs are impacted by sewage effluent in many regions and their natural hydrodynamics amplify the
consequences of sewage discharge through long water residence time and reduced tidal flushing.
Recreational and commercial harvesting of biota from ICOLLs has the potential to significantly alter
their biodiversity and food web dynamics, typically through changes in the relative abundance of toporder predators.
Local residents tend to view ICOLLs in a different light to visitors and tourists. In general terms, local
residents do not see ICOLLs as attractive environments for recreation, especially swimming and
recreational fishing, whereas visitors tend to readily use these systems for these purposes.
ICOLL food webs are temporally and spatially variable (more so than in large estuaries), although at any
given time the diversity of fauna is generally quite low.
ICOLL food webs rely on marine subsidies (nutrients/organic matter, incoming biota and seaweed) as
resources. Modifications of ICOLL opening regimes that increase or decrease the contribution of marine
subsidies consequently have strong structural and functional influences on food webs.
These changes have implications for aesthetics, recreational use, management regimes and conservation.

Future Action
Our research has identified a range of areas that require future research attention. We have classified these into
three distinct areas, namely:
• Characterisation of recreational use of ICOLLs: This includes census of recreational activities and user
loads at key ICOLLs of interest, as well as the development and implementation of targeted surveys that
will profile ICOLL users, activities and attitudes.
• Manipulative experiments testing our understanding of ICOLL biodiversity, ecology and food web
structure and function: This research would investigate the impact of artificial opening regimes on
ICOLL ecology and food webs, both through field examination of natural ICOLL entrance opening
events, but also with respect to planned artificial manipulation of entrance status.
• Development of indicators of ICOLL ‘health’ and sustainability: Monitoring tools and protocols are
urgently needed to facilitate tracking of changes to the ecological integrity of ICOLLs in response to
natural variations in driving variables, anthropogenic pressure and management activities. Research
aligned with recent STCRC initiatives to develop monitoring indicators and methods could facilitate the
development of an holistic approach to assessments of ICOLL resilience and vigour in light of increasing
catchment and coastal development.
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Chapter 1

THREATS TO THE ECOLOGICAL HEALTH OF ICOLLS: A
REVIEW WITH EMPHASIS ON SMALL ICOLLS IN AUSTRALIA
Abstract
This chapter reviews the physical and chemical pressures threatening the ecological health of intermittently
closed and open lakes and lagoons (ICOLLs) and identifies the key knowledge gaps that impede the
scientifically informed management of these systems. Significantly, we propose that whilst estuarine data are
likely to be somewhat applicable to ICOLLs, the unique hydrodynamic characteristics of these coastal
waterbodies suggest that processes of energy and nutrient cycling may be similarly unique. To date, very little
research has attempted to determine the ecological structure and function of ICOLLs and their responses to
human perturbations. Fish faunal surveys dominate the otherwise scant literature, owing to the numerous
commercially valuable species that inhabit these coastal waterways. At present, there is a lack of integrated
research investigating the major processes threatening the ecological health and sustainability of ICOLLs,
namely the effects of eutrophication, contamination, fish extraction, modification of freshwater inflows,
modification of opening and closing regimes, tourism, recreation and coastal development.
Considerable research effort is required to develop a better understanding of the ecological and socioeconomic importance of ICOLLs in the coastal environment, as well as the role they play in sustaining
biodiversity, ecological function and fisheries production in the coastal zone. The ecological status of ICOLLs in
relation to increasing coastal development in Australia is of concern, particularly with regard to their sensitivity
to altered freshwater inflows, artificial opening regimes, inputs from sewage treatment plants and excessive
runoff from industrial, urban and agricultural land uses. These issues undoubtedly threaten the long-term
sustainability of ICOLLs and the species that inhabit them in other parts of the world and certainly warrant more
research attention. Priority research themes of particular relevance to ICOLLs are identified in this chapter.

Introduction
The coastal zone is arguably one of the most valuable (biologically and economically) yet heavily modified
environments on the planet (Costanza, d'Arge, de Groot, Farber, Grasso, Hannon, Limburg, Naeem, O'Neill,
Paruelo, Raskin, Sutton & van den Belt 1997; Blaber, Cyrus, Albaret, Ching, Day, Elliott, Fonseca, Hoss,
Orensanz, Potter & Silvert 2000; Turner 2000; Kullenberg 2001; Nedwell, Sage & Underwood 2002; Valiela &
Bowen 2002). Globally, the coastal zone has experienced a 50% population increase over the past 20 years (Roy,
Williams, Jones, Yassini, Gibbs, Coates, West, Scanes, Hudson & Nichol 2001) and recent population
projections indicate that coastal development is likely to continue at this rate well into the foreseeable future
(Yapp 1986; Zann 2000; Roy et al. 2001; Struglia & Winter 2002; Tait, Cresswell, Lawson & Creighton 2000;
Tappin 2002). Already, there are very few estuarine and offshore environments that have not been adversely
affected by agricultural, urban and/or industrial development (Blaber et al. 2000; Zingone & Enevoldsen 2000;
Hall 2001; Nedwell, Sage & Underwood 2002; Valiela & Bowen 2002).
In this chapter, we review the anthropogenic processes that threaten the long-term ecological health of a
particular subset of estuaries known as ICOLLs. Whilst the term is not widely recognised, ICOLLs are the most
numerically abundant coastal waterways along the southeast coast of Australia (Pollard 1994a; Roy et al. 2001).
ICOLLs are also found along the southwest coast of Australia (Neira & Potter 1992; Roy et al. 2001) and in New
Zealand (Schallenberg, Burns & Peake 2003), South Africa (Allanson & Baird 1999; Vorwerk, Whitfield,
Cowley & Paterson 2003), South America (Kjerfve, Schettini, Knoppers, Lessa & Ferreira 1996; Garcia, Vieira
& Winemiller 2003), North America (Elwany, Flick & Hamilton 2003; Feller, Whigham, McKee & Lovelock
2003) and Europe (Alcorlo, Diaz, Lacalle, Baltanas, Florin, Guerrero & Montes 1997; Newton & Mudge 2003).
ICOLLs have been variously defined in the scientific literature with respect to the intermittent nature of their
connection to the ocean. Common descriptive names for ICOLLs include ‘barrier estuaries’ (Gray & Kennelly
2003) and ‘seasonally open estuaries’ (Neira & Potter 1992; Gaughan & Potter 1995) in Australia; ‘closed
estuary’ (Hartgers & Buijse 2002) or ‘temporary lakes’ (Alcorlo et al. 1997) in Europe; ‘coastal lagoons’
(Kjervfe et al. 1996; Flores-Verdugo, Day, Mee & Briseno-Duenas 1998; Feller et al. 2003; Garcia, Vieira &
Winemiller 2003) in North and South America; and a mix of ‘intermittently closed and open lakes and lagoons’
(Bell, Cowley & Whitfield 2001; Cowley & Whitfield 2001), ‘microtidal estuaries’ (Allanson 2001), ‘semipermanently closed estuary’ (Perissinotto, Walker, Webb, Wooldridge & Bally 2000) and ‘temporarily
1
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open/closed estuaries’ (Froneman 2002; Perissinotto, Nozais, Kibirige & Anandraj 2003; Teske & Wooldridge
2003) in South Africa. This diverse range of names reflects the complexity and uncertainty surrounding ICOLL
form and connection to the sea.
We propose that the term ICOLLs best describes many of the intermittently opening systems in Australia, as
they behave more like large lakes during times of closure than they do as estuaries. However, we acknowledge
that systems within this subset of waterbodies may, at least seasonally or occasionally, behave like estuaries.
Although many researchers consider ICOLLs to be a subset of estuaries (e.g. Day 1981; Roy et al. 2001),
ICOLLs differ from estuaries in that they do not always experience the tidal ranges and salinity gradients typical
of the large macrotidal rivers upon which much of our understanding of estuaries is based (Neira & Potter 1992,
Balls, Macdonald, Pugh & Edwards 1995; Young, Potter, Hyndes & de Lestang 1997). In addition to these
periods of reduced tidal flux, ICOLLs tend to have comparatively low surface and catchment areas. In Australia,
freshwater discharge into ICOLLs is generally low and, subsequently, their connection to the sea is usually
infrequent (Young et al. 1997; Roy et al. 2001). Thus for extended periods they may function more like saline
lakes, but with unique biogeochemical characteristics and limnological processes.
The role of ICOLLs in coastal zone conservation and fisheries production has long been overshadowed by
the high productivity and fisheries catches that typify large estuaries (Pease 1999; Roy et al. 2001; Saintilan
2004). Nevertheless, ICOLLs provide nursery and breeding habitats for a wide range of commercially and
recreationally valuable fish, mollusc and crustacean species (Pollard 1994b; Bell 1997; Roy et al. 2001). In
addition, ICOLLs can provide habitat and resources to rare and threatened species that do not occur in large
macrotidal estuaries (Arthington & Marshall 1999; Hughes, Ponniah, Hurwood, Chenoweth & Arthington 1999;
Bilton, Paula & Bishop 2002; Watts & Johnson 2004).
Although water quality changes and fisheries production responses to changes in catchment management
practices are reasonably well understood in large estuaries (Edgar & Barrett 2000; Josefson & Rasmussen 2000;
Bowen & Valiela 2001; Morrisey, Turner, Mills, Williamson & Wise 2003), the response of ICOLLs to natural
and artificial (human) perturbations are largely unknown. We believe that whilst much of the literature on
estuaries is likely to be useful in the conceptualisation of ICOLL ecological processes, only dedicated research in
these systems will ensure that their unique characteristics are understood, and consequently, coastal conservation
and fisheries production goals met in the future. In light of increasing developmental pressures in coastal regions
of Australia and the absence of reliable ecological information on ICOLLs, the identification of key knowledge
gaps is essential to prioritise research that will enable ecologically sustainable management of these systems
(Blaber et al. 2000; Jones, Tyler & Wither 2002; Wilson 2002). We identify high priority research themes in this
Chapter.
At present, the major processes threatening the ecological health of coastal waterways (including ICOLLs)
are (see Table 1):
• Eutrophication and contamination – excessive nutrient and contaminant inputs from agricultural,
industrial and urban sources;
• Fisheries – impacts of excessive harvesting of fish and macroinvertebrates by commercial and
recreational fishers;
• Modification of flow regimes, including water allocation to industry, urban settlements and agriculture,
and specifically for ICOLLs, the artificial breaching of berms;
• Tourism – increasing tourist and resident recreational demand and use of ICOLLs; and
• Coastal development – increasing land clearing for urban, industrial and agricultural land uses, and
habitat loss through in-system modifications.
This report presents a review of current understanding of the effects of each of the listed threatening
processes, with emphasis on our knowledge or lack thereof with respect to ICOLLs. We draw heavily on
estuarine data and resources from the scientific literature, but also refer to lake and river literature to aid
understanding of systems that experience long periods without surface water connection to the ocean.
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Table 1: Processes threatening the ecological health of ICOLLs
Process

Causes

Ecological Effects

Required Research

Required Management

Eutrophication
and
Contamination

Changes in land use –
especially increases in
percent land cover of
agriculture, industry and
urban developments. In
addition, land clearing
can lead to increased
runoff and groundwater
inputs.

ICOLLs can act as
nutrient sinks – internal
processing and cycling
can subsequently lead to
algal blooms, even after
inputs cease.
Contaminant
bioaccumulation is
highly likely in
consumer organisms in
ICOLLs (including
humans) due to the
capacity of these
systems to trap heavy
metals and organic
toxins and their
accumulation in the
tissues of aquatic biota.

Research is required to
assess how ICOLLs
process nutrients and
organic matter and
whether or not they do
act as sinks for these
inputs. Can food web
processes reduce the
impact of nutrient
inputs? Do toxicants and
contaminants
accumulate in ICOLL
food webs?

Sustainable
management of STP
outflows, e.g. further
treatment by passage
through constructed
wetlands. Reduced
industrial and
agricultural inputs
especially during
periods of low or no
flow/tidal flushing.
Restoration of riparian
buffer zones is likely to
inhibit excessive inputs
from agricultural runoff.

Fisheries

Unsustainable
management of
extractive industries.
Commercial fisheries
and recreational fishing
practices are
unsustainable in many
coastal regions.

Excessive removal of
top order consumers and
filter feeders can have
deleterious effects on
population dynamics
and genetic diversity. In
addition, water quality
can suffer if filter
feeders and consumers
are removed, thus
leading to undesirable
algal blooms.

More information on the
catches of commercial
and recreational fishers
is required to assess the
sustainability of fishing
practices in ICOLLs.

The timing and
periodicity of extractive
fisheries might enhance
sustainability through
provisions for
emigration, immigration
and reproduction.

Modification of
Flow Regimes
and Artificial
Berm Breaching

Flow Regimes:
Irrigation water
extractions and the
establishment of weirs
and dams upstream can
markedly alter flow
regimes.
Berm Breaching: Local
councils often open
ICOLLs in response to
resident concerns
regarding flood
abatement and/or water
quality / algal bloom
issues.

Hydrodynamic
modifications can lead
to changes in physical
and chemical
characteristics of the
waterbody. Changes to
flow characteristics can
influence the nature and
abundance of useable
sources of nutrients and
organic matter.
Artificial breaching can
lead to drastic changes
in species composition
through immigration
and emigration of
consumers. Exotic
invasions can be
enhanced through
artificial modification of
opening regimes.

More information is
required to assess the
repercussions of forced
opening at different
times of the year on
species survival,
population dynamics
(e.g. effects on
recruitment) and
community
composition.

Acknowledgement of
environmental flow
requirements in coastal
waterways should
enable the
implementation of
ecologically sustainable
water use, flow
management and
entrance opening
practices.
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Tourism
and Recreation

Growth in coastal
tourism has led to
increased pressure on
coastal waterways.
Provision of designated
access pathways,
recreation areas and
caravan parks facilitates
the use of these systems
by tourists.

Tourist use can alter the
physical and chemical
nature of ICOLLs.
Nutrient inputs can
increase nutrient
concentrations and lead
to algal blooms, whilst
physical use of
shorelines can lead to
excessive erosion, loss
of habitat, disturbance
of wildlife, and threats
to endangered species.

Need for information
focussing on the
importance of ICOLLs
as focal recreation sites
within the coastal zone.

Changes to zoning
regulations are required
to ensure minimal
conflict between
tourists, residents,
fishers and conservation
of the environmental
factors and processes
that sustain ICOLL
ecosystems.

Coastal
Development
and Habitat Loss

As summarised above,
increased tourism,
population pressure and
resource requirements
contribute to increased
developmental pressure
in coastal areas.

Loss of habitat (and
habitat specialists) is of
great concern, as are
alterations to the
physical and chemical
nature of ICOLLs
through changed
hydrodynamics and
nutrient sources.
Increased sediment load
from loss of forest cover
in catchments can also
modify the structure and
functioning of these
coastal waterbodies.

Need information on
how coastal
development affects
ICOLL ecology. Studies
of the genetic
differentiation between
populations in
neighbouring systems is
required to highlight the
significance of ICOLLs
as important
components of the
coastal zone and the
need for regional
conservation plans for
endangered species.

Zoning laws need
revision to ensure that
residents and businesses
are not threatened by
flooding. The range of
activities that occur
within ICOLL
catchments also needs
consideration as part of
coastal planning. The
processing and
discharge of sewage and
agricultural and
industrial wastes needs
tighter regulation.

Processes Threatening the Ecological Health of ICOLLs
Threatening Process 1: Eutrophication and Contamination
Eutrophication
Although numerous models of nutrient and organic carbon dynamics have been developed for large macrotidal
estuaries (Morris, Allen, Howland & Wood 1995; Wolff, Koch & Isaac 2000; Dittmar & Lara 2001), there have
been few attempts to measure the consequences of excessive nutrient inputs for the dynamics of ICOLLs.
However, on the basis of what is known in estuaries, it seems likely that ICOLLs function as sinks for nutrients
and pollutants, particularly in light of their long water residence times and infrequent flushing events (Verlaan,
Donze & Kuik 1998; Snow, Adams & Bate 2000; Mulkins, Jelinski, Karagatzides & Carr 2002; Uncles 2002).
The role of estuaries as significant sinks for nutrients has been highlighted by studies like that of Laws, Ziemann
and Schulman (1999) who found that, despite the large quantities of nutrients entering coastal waterways, coastal
water quality in Hawaii was good. Other researchers have suggested that wetlands and marshes can also function
as sinks for agricultural and urban runoff, courtesy of slow flow and sedimentation and assimilation processes
(Soto-Jimenez, Paez-Osuna & Bojorquez-Leyva 2003).
If, as is generally held, estuaries behave as nutrient and contaminant sinks, the within-system processing of
nutrients is likely to lead to increased primary productivity (Snow, Adams & Bate 2000; Hamilton & Turner
2001). ICOLLs are also likely to behave in this manner and the frequent algal blooms recorded in ICOLLs along
the New South Wales coast (Pollard 1994a) supports this assertion.

Ecological consequences of ICOLL eutrophication
When an ICOLL is closed to the ocean or when tidal influence is minimal, nutrient inputs from natural or
anthropogenic sources are likely to stimulate increases in phytoplankton and benthic algal production (Page,
Petty & Meade 1995; Allanson 2001). When inputs are excessive, this increased productivity may lead to
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biomass accrual that escapes the grazing capacity of herbivores (including zooplankton), leading to the
proliferation of algal biomass (Perissinotto, Nozais & Kibirige 2002). When planktonic biomass becomes
excessive, algal blooms can result (Lenanton, Loneragan & Potter 1985; Pollard 1994a). In instances where this
biomass accrual is excessive, the aesthetic appeal of the ICOLL may be significantly reduced (Welch, Jacoby,
Horner & Seeley 1988; Martins, Pardal, Lillebo, Flindt & Marques 2001).
Given the capacity of estuaries to act as nutrient sinks, it is likely that a large proportion of increased primary
production will be processed within estuaries and, more specifically, result in increased secondary production
(Hall, Frid & Gill 1997). However, should algal production occur to such an extent that it inhibits or modifies
habitat structure, there may be adverse effects on food web structure and energy processing. For example, a
reduction in key submerged flora such as seagrasses may be devastating to the components of the food web that
rely on aquatic vegetation for food and/or shelter (Connolly 1997; Webster, Rowden & Attrill 1998; Deegan,
Wright, Ayvazian, Finn, Golden, Rand Merson & Harrison 2002; Hovel 2003). In addition, changes in seagrass
and macroalgal production may alter habitat and food resource quality for grazers (Murias, Cabral, Marques &
Goss-Custard 1996; Winning, Connolly, Lonergan & Bunn 1999; Deegan 2002). The eutrophication of estuaries
and the die-off of seagrass and dugongs from coastal areas have been linked to high exports of nutrients and/or
sediments from catchment disturbance (Udy & Dennison 1997; Cappo, Alongi, Williams & Duke 1998;
McComb & Humphries 1992; Dennison, Orth, Moore, Stevenson, Carter, Kollar, Bergstrom & Batiuk 1993).
In an ICOLL with an open connection to the ocean, as for macrotidal estuaries, nutrient inputs may also
stimulate algal growth responses. However, given the additional hydrologic complexity owing to tidal flushing
and potential dilution and loss of nutrients to the marine environment, it is likely that algal blooms will either
disperse or require considerably greater additions (per unit time) to form and persist (Martins et al. 2001).
Recent research has highlighted this influence of hydrology on the processing and consequences of nutrient
inputs in ICOLLs (Philip Haines PhD, pers comm). Significantly, management of ICOLLs for nutrient and
associated algal blooms typically relies upon modifications to entrance status to the extent that blooms and
excessive nutrients are removed via artificial opening events. To date there have been no investigations of the
ecological consequences of artificial manipulation of entrance berms, yet manipulation remains the key
mechanism through which authorities manage nutrient and algal problems. The capacity of ICOLLs to
adequately process increased algal production through grazing food chains has not been investigated. However,
given the combined effects of nutrient inputs and reduced flow in ICOLLs, it is unlikely that grazers will be able
to adequately consume increases in algal biomass following the excessive nutrient inputs that characterise many
of these systems (Hall, Frid & Gill 1997; Edgar & Barrett 2000; Tappin 2002).

Contamination
The variety of contaminants in estuarine sediments and biota is immense (Johnson, Landahl, Kubin, Horness,
Myers, Collier & Stein 1998; Edwards, Edyvane, Boxall, Hamann & Soole 2001; Lewis, Moore, Goodman,
Patrick, Stanley, Roush & Quarles 2001; Silva, Rainbow, Smith & Santos 2001; Lauenstein, Cantillo &
O'Connor 2002). Heavy metals such as mercury, lead, copper, zinc and cadmium are present in many of the
world’s coastal waterways (Edwards et al. 2001; Lauenstein et al. 2002). Chlorinated and organic pesticides
from agricultural applications have been shown to reach unsafe quantities in coastal systems in North America
(Kosatsky, Przybysz, Shatenstein, Weber & Armstrong 1999) and Brazil (de Brito, Bruning & Moreira 2002).
Limited data for Australian coastal waterbodies also indicates substantial agricultural and/or industrial
contamination (Cappo et al. 1998). Whilst agricultural and industrial sources of contaminants have traditionally
dominated inputs into estuaries, there is increasing concern over the delivery of contaminants to waterways from
urban developments (Stark 1998; Morrisey et al. 2003).

Ecological and human health consequences of contaminants
Contaminants are likely to influence the ecological structure and function of estuaries and ICOLLs in a number
of ways. Contaminants can directly influence the survivorship of aquatic species and therefore the composition
of benthic communities (Gaston, Rakocinski, Brown & Cleveland 1998; Inglis & Kross 2000; Pospelova,
Chmura, Boothman & Latimer 2002). In addition, contaminants accrue in estuarine sediments (Zann 2000;
Lewis et al. 2001; Morrisey et al. 2003) and bioaccumulate in food webs (Hanrahan, Falk, Anderson, Draheim,
Kanarek, Olson & The Great Lakes Consortium 1999; Nikolova Eddins 2001; de Brito, Bruning & Moreira
2002; McKinney, Lake, Charpentier & Ryba 2002). Furthermore, when contaminants bind to sediments in
estuaries, they can inhibit nutrient cycles (McAuliffe, Lukatelich, McComb & Qiu 1998; Flindt, Pardal, Lillebo,
Martins & Marques 1999; Pinay, Clement & Naiman 2002; Rozan, Taillefert, Trouwborst, Glazer, Ma,
Herszage, Valdes, Price & Luther 2002). Reduced availability of these nutrients can in turn threaten fisheries
production and ecosystem processes, through reduced primary production upon which consumers like fish and
5

ECOLOGY, THREATS AND MANAGEMENT OPTIONS FOR SMALL ESTUARIES AND ICOLLS

humans rely (Flindt et al. 1999). Furthermore, the long-term cycling of nutrients and contaminants within
estuarine sediments has been shown to establish and sustain macroalgal blooms long after additions cease
(McAuliffe et al. 1998; Rozan et al. 2002).
Bioaccumulation of contaminants in fish and macroinvertebrates has led to the closure of numerous
commercial and recreational fishing industries throughout the world. In the USA, 37 states have at some stage
issued health warnings associated with consumption of fish from waterbodies owing to unsafe concentrations of
mercury (Kawaguchi, Porter, Bushek & Jones 1999). Whilst ceased delivery of contaminants can lead to
recovery of these systems, current evidence suggests that this is a very slow process. Kawaguchi et al. (1999)
highlighted this point with the case of Minimata Bay in Japan, which, after being closed for 45 years due to
mercury contamination, had only just been reopened for consumptive harvesting in 1999. In light of these
statistics, there is increasing recognition that ongoing atmospheric and direct delivery of contaminants from
urban, industrial and agricultural sources will threaten the long-term sustainability of fishing in coastal and
inland waterways throughout the world (Cappo et al. 1998; Kawaguchi et al. 1999; Zann 2000). In ICOLLs,
comparatively long water residence times are likely to ensure that contaminant concentrations remain high for
extremely long periods of time (Neira & Potter 1992; Balls et al. 1995; Allanson 2001; Peters & Donohue 2001;
Young & Potter 2002). As a result, fisheries recovery from contaminant pollution is likely to be extremely slow,
possibly with serious impacts on commercial and recreational catches. In instances where contamination is acute,
entire fisheries may collapse and conceivably never recover.
The presence of contaminants in coastal waterways has also been linked to health problems of fish consumers
in many regions of the world, particularly in North America (Hanrahan et al. 1999; Johnson et al. 1999;
Kosatsky et al. 1999; Schantz, Gardiner, Gasior, Sweeney, Humphrey & McCaffrey 1999). In addition to
impaired neurological functioning in children (Schantz et al. 1999), sports fishers who consumed their catches
from the Great Lakes and St. Lawrence River basins have been shown to have reduce fertility (Buck, Mendola,
Vena, Sever, Kostyniak, Greizerstein, Olson & Stephen 1999; Courval, DeHoog, Stein, Tay, He, Humphrey &
Paneth 1999). In response to these serious health concerns, recent studies have identified the need for improved
monitoring programs, public health warnings and fishing restrictions in contaminated waterways (Courval et al.
1999; Falk, Hanrahan, Anderson, Kanarek, Draheim, Needham, Patterson & The Great Lakes Consortium 1999;
Schantz et al. 1999).
In addition to human health concerns, there has been increased interest recently in the ecological
consequences of human pollutants in coastal waterbodies, particularly those that can alter the physiology of
resident organisms. Environmental oestrogen is of particular concern, as high concentrations can have serious
effects on the reproductive success of fish and other aquatic organisms (Robinson, Brown, Craft, Davies, Moffat,
Pirie, Robertson, Stagg & Struthers 2003; Jobling, Casey, Rodgers-Gray, Oehlmann, Schulte-Oehlmann,
Pawlowski, Baunbeck, Turner & Tyler 2004). Similarly, the presence of human bacterial and viral communities
potentially threatens the ecological health of many waterways receiving inputs from STPs and other industrial
pollutants (Riera, Stal & Nieuwenhuize 2000).

Threatening Process 2: Fisheries
In southern Australia, some of the larger ICOLLs support significant commercial and recreational fishing
enterprises (Pollard 1994a; Bell 1997; Roy et al. 2001). In fact, Pollard (1994a) found that two intermittently
open lagoons had larger fisheries (catches in tonnes) than a nearby permanently open lagoon, despite the fact that
they had smaller surface areas and lower diversity of resident fish species. The processes supporting these large
fish populations in ICOLLs are largely unknown, although it is possible that the lower species diversity in
intermittently open systems facilitates higher productivity with regard to species of commercial interest via
reduced competition for resources (Linke, Platell & Potter 2001).
In recent times, there has been a considerable impetus to determine the nursery value of estuarine habitats
around the world (Cappo et al. 1998; Beck, Heck, Able, Childers, Eggleston, Gillanders, Halpern, Hays,
Hoshino, Minello, Orth, Sheridan & Weinstein 2001; Saintilan 2004). Whilst small ICOLLs are unlikely to be
important areas for commercial fisheries, these systems undoubtedly provide nursery habitats for estuarine and
marine species of commercial interest (Bell 1997; Valesini, Potter, Platell & Hyndes 1997). It is generally
accepted that the maintenance of healthy coastal waterways can contribute to the sustainability of commercial
yields of mollusc (oysters), crustacean (prawns and crabs) and fish species (Couch 1989; Loneragan, Bunn &
Kellaway 1997; Blaber et al. 2000; Cowley, Whitfield & Bell 2001; Roy et al. 2001) and as such, the
environmental quality and role of ICOLLs in supporting coastal fisheries deserves more attention.
The importance of ICOLLs in sustaining fish populations is highlighted by the diversity of highly sought
after table fish and crustaceans that inhabit these systems. Some of the invertebrate species particularly abundant
in Australian ICOLLs include prawns (Peneaus spp.), sand crabs (Portunus pelagicus) and mud crabs (Scylla
spp.). Among the fish species, Whiting (Silago ciliata), Mangrove Jack (Lutjanus argentimaculatus), Yellowfin
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Bream (Acanthopagrus australis), Tarwhine (Rhabdosargus sarba), Tailor (Pomatomus saltatrix), Dusky
Flathead (Platycephalus fuscus), Black Sole (Synaptura nigra), Snapper (Chrysophrys aurata) and Big Eye
Trevally (Caranx sexfaciatus) are relatively common in ICOLLs along the east coast of Australia (Pollard 1994a;
Grant 2002). This diversity, coupled with the absence of commercial fishing interests in many of the smaller
systems, ensures that ICOLLs are extremely valuable systems for recreational fishers (Kearney, Andrew & West
1996; Smith & Pollard 1996; Kearney 2002).
Whilst the effects of commercial fishing operations on estuarine populations have received considerable
attention, very little is known of the effects of recreational fishing on the ecology and functioning of small
coastal systems characterised by smaller fish populations. International and domestic studies of trends in
recreational fishing suggest that fishing is becoming an increasingly popular pastime (Kearney, Andrew & West
1996; Smith & Pollard 1996; Burger & Waishwell 2001; Marta, Bochechas & Collares-Pereira 2001; Arlinghaus
& Mehner 2003). In fact, research in Europe has shown that recreational fishing can, in some situations, yield
higher catches than concurrent commercial operations (Arlinghaus & Mehner 2003). In these instances
recreational fishing has the capacity to drive significant changes in species population structures and community
composition (Smith & Pollard 1996; Kearney 2002; Arlinghaus & Mehner 2003). Given the growing interest in
recreational fishing in Australia (Kearney, Andrew & West 1996), coupled with increasing tourism and
residential development pressure along the east coast of Australia (Yapp 1986; Zann 2000), it is important that
quantitative and predictive assessment of recreational fishing impacts be undertaken in these systems.

Potential effects of recreational fishing on ICOLLs
The extraction of fish and invertebrates from ICOLLs has the potential to significantly alter the base or path of
organic matter (energy) through the food web (Gu, Schelske & Hoyer 1997; Peterson 1999; Cole, Carpenter,
Kitchell & Pace 2002). This is particularly relevant given that the most sought after recreational and commercial
fish species are generally large predatory species (Blaber et al. 2000; Caddy & Garibaldi 2000). Significantly,
food web structure and function in ICOLLs is not well understood, although significant changes in fish
community composition depending on entrance status highlight the dynamic nature of these ecosystems (Young
et al. 1997; Bell, Cowley & Whitfield 2001; Griffiths 2001; Young & Potter 2002). Our basic understanding of
ICOLL communities reveals marked spatial and temporal variability and this variability is likely to strongly
influence system responses to nutrient inputs, predator removal and habitat modifications (Bell, Cowley &
Whitfield 2001; Mariani 2001).
Depending on the structure of food webs in any given ICOLL at any particular time, the effects of predator
removal may result in very different ecological outcomes. In an even-linked food web, removal may lead to the
proliferation of algae and aquatic macrophytes in the system, since omnivores will regulate herbivore numbers,
potentially allowing aquatic plant communities to escape grazing pressure (Carpenter, Kitchell & Hodgson 1985;
Northcote 1988; Power 1992). As such, whilst water column algal concentrations are likely to be maintained by
zooplankton grazing, substantial benthic algal growth is likely to occur owing to the comparatively weak grazing
pressures following species removal. Conversely, in an odd-linked food web, top-predator removal will lead to a
reduction in plant/algal growth, because herbivore populations will no longer be regulated by predation pressure
(Carpenter, Kitchell & Hodgson 1985). Furthermore, given that filter-feeding molluscs and crustaceans and
some fish species are the ecological integrators of benthic and pelagic food webs (Vander Zanden &
Vadeboncoeur 2002), excessive removal might significantly alter the path of energy through ICOLLs.
Overlaying these issues of predator removal are the effects of recreational (and/or commercial) harvesting of
marine algae, crustaceans and molluscs from these systems. Given that filter-feeding molluscs (oysters) and
crustaceans (barnacles) have been shown to influence water quality in estuarine environments (Nakamura &
Kerciku 2000), excessive removal of these taxa from ICOLLs might have a negative impact on water quality.
More importantly, the loss of large numbers of macroinvertebrates from ICOLLs has the potential to influence
food web structure and function through changes in the relative abundance of prey items for fish and other
higher order consumers.
In a closed ICOLL, the long-term consequences of fish and crustacean extraction may be borne out in
significantly reduced opportunities for reproduction and recruitment (Neira & Potter 1992; Bell, Cowley &
Whitfield 2001; Griffiths 2001). These population-level consequences of berm stability have the potential to lead
to significant reductions in species biomass and abundance (Bell, Cowley & Whitfield 2001). In ICOLLs open to
the ocean, recreational extraction of species should be less of an immediate problem, due to the fact that
recruitment from nearby marine environments should facilitate population maintenance (at least for species with
marine affinities). Furthermore, immigration into small ICOLLs by large predatory fish may be able to
compensate for removal of top predators. If this is the case, then removal of predatory fish by recreational fishers
might help to alleviate the pressures exerted by marine invaders on lower trophic levels, at least over the short
term (Vander Zanden, Casselman & Rasmussen 1999).
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Ultimately, the recreational extraction of fish, molluscs and crustaceans has the potential to alter the structure
and function of ICOLL food webs. The ramifications of these changes are likely, in turn, to influence the
management of the system, as symptoms of the changes emerge. For example, if fish extraction leads to
increased frequency, duration and severity of algal blooms, it is likely that local government agencies will ensure
that the frequency and duration of artificially openings of ICOLLs is increased. This in turn may set in train a
cascade of food web and other adjustments with significant consequences for ecological health.

Threatening Process 3: Artificial Berm Breaching and Modification of Flow Regimes
ICOLLs along the south-eastern coast of Australia have been drastically influenced by engineered modifications
and development over the past couple of decades (Pollard 1994a; Zann 2000). In addition to the proliferation of
housing, agricultural and industrial developments, local government agencies have also purposefully influenced
the structure and functioning of ICOLLs through mechanical alteration of opening and closing regimes (Pollard
1994a; Roy et al. 2001; Young & Potter 2002). ICOLLs are often mechanically opened (using bulldozers) for
flood-abatement and flushing purposes (Roy et al. 2001), especially when excessive urban, industrial and/or STP
inputs have stimulated undesirable macrophyte and algal growth (Twomey & John 2001). Whilst this
management strategy reduces the formation and duration of algal blooms (Grange & Allanson 1995; Twomey &
John 2001), the hydrologic changes associated with these practices (including unnaturally high frequencies of
connectance with the ocean) may affect the ecology of ICOLLs (Neira & Potter 1992; Griffiths 2001; Young &
Potter 2002).
Whilst the effects of opening and closing regimes have been investigated to some degree with regard to
changes in fish species composition and abundance (Bell, Cowley & Whitfield 2001; Cowley, Whitfield & Bell
2001; Griffiths 2001; Young & Potter 2002), the overall effect on ICOLL structure and function has not been
examined empirically. However, it is likely that ecological communities can be greatly influenced by variation in
the duration and timing of connectance with the ocean (Cappo et al. 1998; Bilton, Paula & Bishop 2002;
Loneragan & Bunn 1999). When open to the ocean, ICOLLs can be invaded by marine fish species and their
larvae (Neira & Potter 1992). Furthermore, the potential for invasion by exotic species is heightened when
systems are disturbed by hydrodynamic and habitat alterations (Bunn & Arthington 2002). In addition, marked
changes in salinity during and following marine connectance have been shown to promote spawning in some
resident fish species (Griffiths 2001; Young & Potter 2002), thereby influencing within-system population
structure and periodicity of reproductive outputs. Similar consequences are likely for other taxonomic groups;
although very little data exist detailing the response of mollusc, crustacean or polychaete worm species to
opening and closing dynamics (Roy et al. 2001).
In addition to the likely biological consequences of ICOLL connectance to the ocean, the habitat
characteristics of marine and freshwater components of these systems may also be significantly influenced
(Bunn & Arthington 2002; Lercari, Defeo & Celentano 2002). In the case of endangered habitat-specialist fauna
like the Oxleyan Pygmy Perch (Nannoperca oxleyana) and the Honey Blue-eye (Pseudomugil mellis), such
changes have the potential to affect local survival, population size and meta-population processes (Arthington &
Marshall 1999; Hughes et al. 1999; Pusey, Kennard & Arthington 2004).
Artificial opening of ICOLLs can also influence the population dynamics and community composition of
species within these systems, often catastrophically following forced opening events (Pollard 1994b). On
numerous occasions, artificial opening of ICOLLs in New South Wales has led to fish kills brought about by low
dissolved oxygen concentrations from decomposing algae in subsequently re-flooded areas of these systems
(Pollard 1994b). Whilst these dramatic responses to aseasonal and abrupt water level changes have attracted a lot
of negative local attention, resource managers still base their decisions on artificial opening practices on social
issues (flood mitigation and aesthetics) rather than biological data. As a result, the diversity of structural and
ecological conditions that typifies ICOLLs can no longer be found along the New South Wales coast (Roy et al.
2001). Natural evolutionary processes within these systems have been disturbed courtesy of increased opening
frequencies, to the point that there has been a substantial decline in the number of permanently closed ICOLLs in
New South Wales and Victoria (Roy et al. 2001).
The diversity of alterations to the opening and closing regimes of ICOLLs in coastal Australia is
overwhelming. Management plans are largely developed separately for every ICOLL within each coastal region
(depending on the protocols of each local government), ensuring a largely haphazard approach to floodmitigation and algal bloom response in the coastal zone (Roy et al. 2001).
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Effects of entrance opening events (forced and natural) on the ecological structure and
functioning of ICOLLS
ICOLL opening and closing regimes are highly variable under natural conditions (Neira & Potter 1992; Pollard
1994a; Young et al. 1997; Bell, Cowley & Whitfield 2001; Cowley, Whitfield & Bell 2001; Griffiths 2001; Roy
et al. 2001; Young & Potter 2002). Due to this variability, ICOLLs along the south-eastern coast of Australia
persist along a continuum: some behave like macrotidal estuaries (normally open to the ocean), others open once
or twice a year and others remain almost permanently closed (Pollard 1994a; Roy et al. 2001). The factors that
influence the status of an ICOLL (in terms of its opening regime) are also variable, as they depend upon
orientation, local weather patterns, catchment size and the management strategies employed by the local councils
(Roy et al. 2001).

Rainfall-initiated berm breaches
Under natural conditions, most ICOLLs along the east coast of Australia open in response to prevailing weather
conditions (Pollard 1994a; Roy et al. 2001). In many areas, extensive and/or prolonged precipitation events
trigger opening (Pollard 1994a; Roy et al. 2001; Froneman 2002; Young & Potter 2002). This rainfall-initiated
method of berm breaching is most common in northern parts of Australia, where seasonal rainfall is high and
catchments are smaller (Roy et al. 2001). In addition to re-establishing marine connectance, increased freshwater
flows can alter the physico-chemical characteristics of the system (Roy et al. 2001). Rainfall-initiated berm
breaches are rarely maintained for long periods of time, due to short duration of high rainfall events and the
sedimentation associated with increased terrestrial and marine inputs during the period of opening (Pollard
1994a; Young et al. 1997; Griffiths 2001).
The effects of rainfall-initiated berm breaching on ICOLL ecology generally relate to the consequent
increases in terrestrial inputs to the system, including the accelerated delivery and/or excessive provision of
nutrients and allochthonous organic matter (Ardisson & Bourget 1997; Verlaan, Donze & Kuik 1998; Loneragan
& Bunn 1999; Pinay, Clement & Naiman 2002). In addition, increased freshwater discharge has been shown to
influence patterns of fish species migration (Neira & Potter 1992; Pollard 1994b; Young et al. 1997; Bell,
Cowley & Whitfield 2001; Bunn & Arthington 2002; Griffiths 2001; Young & Potter 2002). Whilst adults tend
to leave ICOLLs during periods of opening, postflexion larvae migrate into these nursery areas, principally
mangrove and seagrass beds (Neira & Potter 1992; Young et al. 1997; Bell, Cowley & Whitfield 2001; Griffiths
2001; Young & Potter 2002). In addition, resident fish species may add to the planktonic diversity and biomass
through their spawning activities, which are often triggered by changes in salinity during periods of increased
freshwater discharge (Bell, Cowley & Whitfield 2001; Bunn, Loneragan & Yeates 1998; Chanton & Lewis
2002).

Marine overwashing
Marine overwashing is another mechanism by which ICOLLs can regain their hydrologic connection with the
ocean (Bell, Cowley & Whitfield 2001; Roy et al. 2001). Marine overwashing typically occurs when high tides,
storms and/or strong winds lead to the overtopping of berms with seawater (Bell, Cowley & Whitfield 2001;
Cowley, Whitfield & Bell 2001; Roy et al. 2001). Working in ICOLLs in South Africa, Bell et al. (2001) found
that marine overwashing was a much more frequent cause of ICOLL opening than rainfall events, although these
openings were of much shorter duration. In contrast, Roy et al. (2001) classified south-eastern Australian
systems prone to marine overwashing as wave-dominated estuaries, where consistent wave action can maintain
opening regimes on the order of several months.
Once open, wave-dominated ICOLLs can receive considerable quantities of marine inputs (Roy et al. 2001)
and it is possible that during these periods of marine connectance, the importance of terrestrial sources of
nutrients and organic matter to ICOLL consumers may be significantly reduced. The consequences of increased
marine contribution to coastal systems have received considerable attention in recent years. For example,
Jonsson and Jonsson (2003) found that migratory salmon can deliver significant quantities of marine-derived
carbon and nitrogen to streams and rivers, thus significantly subsidising nutrient and energy processing pathways
in inland freshwater systems. These mechanisms of energy and nutrient subsidy and their importance in ICOLL
ecosystems have not been fully investigated.

Artificial opening
As mentioned above, the artificial opening of ICOLLs has long been utilised as a management tool for flushing
purposes (removing excessive algal biomass) and/or flood abatement (Pollard 1994a; Roy et al. 2001). However,
the ecological consequences of forced openings have not been fully investigated, apart from instances in which
actions have led to ecological disasters such as significant fish kills (Pollard 1994a). Considerable research effort
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is required to assess the ecological impacts of artificial berm breaching, particularly given that these actions have
the potential to influence fisheries production (Pollard et al. 1994b; Bell, Cowley & Whitfield 2001; Griffiths
2001). Fish productivity is likely to be most affected by removal of spawning cues such as decreased salinity (a
function of increased freshwater flows). In addition to these physico-chemical changes, the biotic consequences
of forced opening of an ICOLL are likely to influence ecological structure and function of the system for an
extended period of time beyond the initial opening event (Vander Zanden, Casselman & Rasmussen 1999;
Josefson & Rasmussen 2000; Martins et al. 2001).
Artificial opening of ICOLL mouths might also influence natural opening processes, particularly through
changes to sediment and hydrological forces within the system (Cappo et al. 1998). Although there are no data to
indicate whether the removal of the natural opening and closing regime is likely to disadvantage particular
species, it is certainly likely that ICOLL ecology will be altered through the removal of rainfall-initiated berm
breaches and their associated ecological processes.

Ecologically sustainable management options with regard to ICOLL opening
In light of the increasing developmental pressure within the coastal zone (Thomson 1975; Turner 2000; Zann
2000; Bowen & Valiela 2001; Hamilton & Turner 2001; Roy et al. 2001; Struglia & Winter 2002), it is likely
that artificial opening regimes will be applied with increasing frequency to ICOLLs within urban catchments.
However, given the adverse ecological responses to artificial opening observed in many systems, it is suggested
that ecologically sound artificial opening regimes may yield better social and ecological outcomes.
With regard to flushing of ICOLLs (via artificial opening) to remove nutrients and/or excessive algal growth,
improved catchment management strategies have the potential to reduce the need for such actions (Bohn &
Kershner 2002; Nedwell, Sage & Underwood 2002; Valiela & Bowen 2002). For example, regeneration of
riparian vegetation is likely to facilitate greater soil stability and reduced sediment load delivery to the ICOLLs
(Nakamura, Swanson & Wondzell 2000; Nilsson & Svedmark 2002; Pusey & Arthington 2003). However,
current trends towards increased urban development in coastal regions promise to ensure the delivery of
excessive quantities of nutrients (Page, Petty & Meade 1995; Josefson & Rasmussen 2000; Bouillon, Raman,
Dauby & Dehairs 2002; Tong & Chen 2002). Coupled with growing water allocation issues (Bunn & Arthington
2002; Arthington & Pusey 2003), it seems likely that many ICOLLs are likely to suffer from insufficient
delivery of freshwater flows as well as excessive nutrient inputs (Roy et al. 2001). Together, these factors could
increase the propensity of ICOLLs to act as net nutrient sinks within the coastal zone (Cappo et al. 1998).
Despite the need for these substantial changes to coastal zone management, none of these alternatives are
likely to be economically feasible in the short term (Costanza et al. 1997). As a result, the ongoing artificial
opening of ICOLLs should at least be practiced with some reference to the ecology of the systems and the
implications of varying the timing and placement of berm breaches. In short, artificial opening should be
restricted to times during which the fauna of ICOLLs is most resilient to changes (or most able to take advantage
of the changes). Unfortunately, there is very little data to inform ecologically-timed opening of individual
ICOLLs, each with idiosyncratic hydrodynamic characteristics. It is therefore likely that forced ICOLL openings
are likely to continue to occur in an ad hoc reactive manner.

Ecologically sustainable management of freshwater inflows to ICOLLS
The maintenance of dynamic freshwater flows to estuaries and coastal lagoons is recognised as an integral
component of environmental flow management in coastal catchments of Australia and other countries
(Arthington & Zalucki 1998; Bunn, Loneragan & Yeates 1998; Kimmerer 2002; Montagna, Alber, Doering &
Connor 2002; Dyson et al. 2003). The design and management of estuarine environmental flows has paralleled
developments in freshwater systems (Peirson, Bishop, Van Senden, Horton & Adamantidis 2002; Arthington,
Tharme, Brizga, Pusey & Kennard 2004) such that holistic, ecosystem approaches are increasingly employed
(Adams, Bate, Harrison, Huizinga, Taljaard, van Niekerk, Plumstead, Whitifled & Wooldridge 2002; Alber
2002), linking flow to water quality, habitat, movement and recruitment of biota, maintenance of food web
structure, productivity and so forth (Estevez 2002). Recent investigations of environmental flows for rivers
discharging to the sea have aimed to integrate freshwater and estuarine flow regimes for entire catchments (e.g.
Brizga 2000; Bunn, Loneragan & Yeates 1998) following basic hydro-ecological principles (e.g. Bunn &
Arthington 2002; Nilsson & Svedmark 2002) and the natural flow regime paradigm (Poff, Allan, Bain, Karr,
Prestegaard, Richter, Sparks & Stromberg 1997; Lytle & Poff 2004). A desirable goal for the management of
freshwater flows to ICOLLs would be the provision of a near-natural flow regime (i.e. a temporal sequence of
freshwater inflows) linked to an entrance opening regime. Assessment of the flow and entrance opening
requirements of ICOLLs is only just receiving attention in Australia as a component of ICOLL sustainability
assessments (Healthy Rivers Commission 2001).
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Threatening Process 4: Tourism and Recreational Use of ICOLLs
Through their provision of sites for safe fishing and recreation and their coastal positions, ICOLLs undoubtedly
have considerable tourist appeal (Yapp 1986; Smardon 1988; Struglia & Winter 2002). In many regions, this
amenity value of ICOLLs is reflected in the provision of designated recreation areas, typically in low-lying areas
within ICOLL catchments. Furthermore, beach-goers often utilise ICOLLs as significant recreational areas,
particularly where high coastal energy precludes safe swimming conditions off the coast (Hadwen & Arthington
personal observations; Leon Zann pers. comm.). In these instances, the aesthetic and recreational appeal of
ICOLLs ensures they are highly valued by local residents and tourists.
ICOLLs are also important systems with regard to tourism in less direct ways. Whilst many are not directly
sought out for recreation or fishing purposes, the presence of an ICOLL is likely to influence the development of
the surrounding environment and overall appeal of any given region to visitor sensibilities (Hamilton 2000). The
presence of ICOLLs within the coastal landscape is also likely to influence coastal development in the region.
For example, ICOLLs can be heavily modified into residential canal estates, such as Currumundi Lake in southeast Queensland, or can prohibit excessive urban development depending on the orientation to the coastline and
proximity to infrastructure. As noted by Walsh, Soranno and Rutledge (2003), waterbodies are thus not only
indicators of catchment land use trends, but also facilitators of those trends.
Whilst ICOLLs can influence coastal zone planning, it is important to remember that marine and coastal
tourism is one of the fastest growing tourism sectors (McKercher 1992; Hamilton 2000; Hall 2001). As a result,
coastal waterways (including ICOLLs) are under increasing pressure for their use as sites for recreation.
Furthermore, increasing urban development in coastal regions (Yapp 1986; Zann 2000) ensures that residential
and tourist demand for use of ICOLLs is likely to increase well into the foreseeable future (Struglia & Winter
2002).

What are the likely impacts of recreation in small ICOLLs?
There has been very little investigation of the effects of tourist use on ICOLLs (Arthington, Burton, Williams &
Outridge 1986; Outridge, Arthington & Miller 1989; Healthy Rivers Commission 2001). Given the absence of
reliable coastal tourism information, perhaps the most relevant data upon which to assess the importance of
ICOLLs to tourists is to analyse data for recreational fishing activities. Studies of recreational fishing catches and
attitudes indicate that these systems are vitally important areas for tourists visiting northern New South Wales
(Smith & Pollard 1996). However, as Smith and Pollard (1996) noted, there is little quantitative information
regarding the intensity and frequency of recreational fishing activities in ICOLLs, although more data may be
generated given the recent introduction of recreational fishing licenses in New South Wales.
Whilst quantitative data detailing recreational use of ICOLLs is scant, the presence of designated reserve and
recreation areas around many of the small ICOLLs in northern New South Wales (e.g. Lake Woolgoolga at
Woolgoolga and Lake Ainsworth at Lennox Head) highlights the fact that these systems are valuable local
resources. Furthermore, recreation areas and caravan parks are commonplace within ICOLL catchments
(Hadwen & Arthington personal observations), suggesting that these systems are (at least) seasonally important
sites promoted for recreation, swimming and fishing pursuits.
There are a number of mechanisms through which visitors might alter the ecology of ICOLLs. People can
contribute substantial quantities of chemicals to aquatic environments, including sunscreens, soaps, detergents
and waste products (Outridge, Arthington & Miller 1989; Butler, Birtles, Pearson & Jones 1996; Hadwen,
Arthington & Mosisch 2003; Hadwen & Arthington 2003). In addition, physical destruction of ICOLL
shorelines via trampling and vehicular use may alter the stability of bank sediments and destroy littoral
vegetation, as well as provide conditions favouring the establishment of exotic weeds (Kutiel, Zhevelev &
Harrison 1999; Mosisch & Arthington 2003). As in other environments, the invasion and establishment of
terrestrial and aquatic weeds can drastically alter the ecology of aquatic systems, through modifications to water
quality, habitat structure, community composition, food resources and food web dynamics (Vander Zanden,
Casselman & Rasmussen 1999). Other tourist development driven catchment modifications (such as increased
area of impervious cement and tarmac) can also significantly alter the rate of delivery of freshwater inputs and
contaminants.
At the landscape scale, tourists can accelerate the process of eutrophication of ICOLLs, through the
generation of elevated quantities of sewage that are often discharged into these coastal waterbodies. Whilst the
ecological consequences of sewage inputs have not been investigated in ICOLLs, we have observed that elevated
nutrient concentrations periodically lead to algal blooms (e.g. Tallows Lagoon, Byron Bay, New South Wales),
which, in turn, have increased the frequency with which these systems are artificially opened for flushing
purposes. Significantly, given their presumed role as nutrient sinks, ICOLLs with a history of STP inputs may
have been irreversibly affected, to the point that blooms will occur seasonally irrespective of inputs, simply
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ECOLOGY, THREATS AND MANAGEMENT OPTIONS FOR SMALL ESTUARIES AND ICOLLS

owing to internal nutrient cycling and resuspension processes within the waterbody (Berelson, Heggie,
Longmore, Kilgore, Nicholson & Skyring 1998; Rozan et al. 2002; Tappin 2002; Soto-Jimenez, Paez-Osuna &
Bojorquez-Leyva 2003; Tengberg, Almroth & Hall 2003).

Threatening Process 5: Coastal Development and Habitat Loss – Implications for
Conservation
ICOLLs can play a vital role in species conservation through the provision of habitat and resources for rare and
endangered species (Kearney, Andrew & West 1996; Zann 2000; Roy et al. 2001; Bilton, Paula & Bishop 2002).
In fact, the unique hydrological and geomorphological characteristics of ICOLLs ensure that they provide an
array of unique aquatic habitats (Arthington et al. 1986; Roy et al. 2001; Bunn & Arthington 2002). For the
Oxleyan Pygmy Perch (Nannoperca oxleyana) and the Honey Blue Eye (Pseudomugil mellis), endangered fish
species found only in ICOLLs and coastal streams in northern New South Wales and southern Queensland
(Arthington & Marshall 1999; Hughes et al. 1999; Pusey, Kennard & Arthington 2004), the conservation of
these habitats is central to their survival.
Since fish extraction, excessive nutrient inputs and artificial opening and closing of ICOLLs can threaten
water quality, habitat complexity and food resource availability, habitat specialists like the Oxleyan Pygmy
Perch might be threatened by excessive urban and agricultural development within ICOLL catchments.
Fortunately, numerous National Parks and reserves have been established in southern Queensland and northern
New South Wales to ensure coastal habitat essential to survival of this and other habitat specialists is not lost.
However, in areas where coastal development threatens the ecological integrity of local streams and ICOLLs,
rare and restricted species are likely to be adversely affected (Hughes et al. 1999; Pusey, Kennard & Arthington
2004).
In addition to resident estuarine and marine species that breed in ICOLLs, some of the more freshwaterdominated and infrequently opened systems are home to geographically restricted acid frog species and several
restricted and endemic aquatic invertebrates (Bayly 1964; Arthington et al. 1986). The persistence of such
species is dependent upon maintenance of freshwater habitats of low salinity and in consequence, ICOLL biota
are vulnerable to the loss or reduction of freshwater inflows and alterations to the seasonal timing of flows
(Pusey, Kennard & Arthington 2004).
Flow management in the form of restrictions on water abstraction and limits or bans on the construction of
barriers to movement of biota are minimal strategies to protect freshwater inflows to ICOLLs. In those
circumstances where natural inflows have already been modified by land use, barriers and water abstraction, an
environmental water allocation (environmental flow) strategy will be needed (Adams et al. 2002; Estevez 2002;
Montagna et al. 2002; Peirson et al. 2002).

Conservation of genetic diversity enhanced through ICOLL conservation
From a population genetics perspective, ICOLLs are characterised by physical and physiological barriers to
dispersal, ensuring that populations in neighbouring systems may be genetically distinct (Bilton, Paula & Bishop
2002). As a result these systems can represent significant sites for allopatric speciation, owing to patterns of
genetic drift and variable selection pressures between neighbouring estuaries. Bilton, Paula and Bishop (2002)
showed that macrotidal estuaries can also operate in this manner, but given the dispersal barriers of the entrance
berm in ICOLLs, population mixing for less mobile species is unlikely (Neira & Potter 1992; Bell, Cowley &
Whitfield 2001; Cowley & Whitfield 2001; Cowley, Whitfield & Bell 2001; Strydom, Whitfield & Paterson
2002; Viljoen & Cyrus 2002). ICOLLs are potentially very important systems for the maintenance and
enhancement of genetic diversity for estuarine-resident and marine species (Hughes et al. 1999; Zann 2000;
Watts & Johnson 2004). As such, changes to the duration and extent of freshwater flows and hydrological
characteristics, either through patterns of water allocation (environmental flows) or forced opening of ICOLL
mouths, may strongly influence the conservation status of species within these systems.

Exotic and invasive species
The influence of human activities on the spread of exotic organisms throughout the world’s aquatic ecosystems
is of great concern (Kriwoken & Hedge 2000). In ICOLLs, changes in hydrology, particularly through extended
periods of tidal flushing, may enable ‘invasion’ by large marine predatory fish species as well as by exotic
organisms spread in bilge pumps (Kriwoken & Hedge 2000). These marine invaders may have lasting effects on
the community structure in small ICOLLs, both through competitive and consumptive processes (Vander
Zanden, Casselman & Rasmussen 1999; Kriwoken & Hedge 2000; Benoit, Johannsson, Warner, Sprules &
Rudstam 2002; Stachowicz, Fried, Osman & Whitlatch 2002). In light of these effects on community
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composition and ecosystem function, efforts to control the spread of exotic species should be increased to ensure
the survival and sustainable conservation (and harvesting) of natural resources (Lovejoy 1992; Vander Zanden,
Casselman & Rasmussen 1999; Shea & Chesson 2002). Whilst ‘invasions’ by marine species that
opportunistically utilise estuarine nursery grounds are likely to be commonplace in ICOLLs, the timing and
duration of forced openings may influence the patterns by which species utilise these coastal waterways. This is
likely to be particularly true in systems that are normally opened by high rainfall events, where freshwater inputs
are crucial to the survival of the resident biota through the promotion of spawning events (Hutchings, Beckley,
Griffiths, Roberts, Sundby & van der Lingen 2002).

Knowledge Gaps, Research Priorities and Ecologically Sustainable
Management Practices for ICOLLs
There is little doubt that coastal zone environments remain one of the most threatened biomes in the world, not
only due to increasing urban development, but also via increased pressure on estuarine and off-shore fisheries
and growing tourism industries (Ducrotoy & Pullen 1999; Kullenberg 2001; Schittone 2001; Tran, Euan & Isla
2002). The potential for all of these factors to have deleterious impacts on ICOLL ecology is substantial,
particularly in light of the fact that these systems are often overlooked in terms of the role they play in nutrient
cycling, fisheries production, environmental aesthetics, conservation of biodiversity and as significant coastal
recreation areas.
Whilst sustainable management of coastal resources is the common goal of conservation and resource
managers, the current absence of reliable ecological data for ICOLLS inhibits the design and implementation of
ecologically sustainable management actions and programs (Smith & Pollard 1996; Hutchings et al. 2002).
Empirical evidence is scattered and scant and it is likely that some of the management practices adopted for
ICOLL catchments and systems can significantly influence their health and longevity (Allanson 2001; Lewis et
al. 2001; Pearce & Schumann 2001; Bohn & Kershner 2002; Pijanowski, Shellito, Pithadia & Alexandridis
2002). For example, many studies suggest that forested catchments stabilise the delivery of sediment, nutrient
and hydrologic loads to aquatic ecosystems (Balls et al. 1995; Bowen & Valiela 2001; Habron 2003). In contrast,
catchment modification (including vegetation clearing for agriculture, industrial or urban development) is likely
to increase inputs into these coastal systems (Lewis et al. 2001; Valiela & Bowen 2002). Furthermore, reduced
catchment vegetation may influence flood periodicity, duration and extent, which in turn may influence ‘natural’
ICOLL mouth opening and closing dynamics and/or the motivation of local authorities to establish an artificial
opening regime (Snow, Adams & Bate 2000; Allanson 2001; Froneman 2002; Young & Potter 2002).
Management strategies implemented to ameliorate the threatening processes discussed above need to take
into consideration the ecology of individual ICOLL ecosystems, to ensure management efforts do not adversely
affect the health of biota within ICOLLs and their overall ecological status. Whilst much of the literature on
estuaries can inform the conceptualisation of ICOLL ecological processes and threats, only dedicated research in
these systems will ensure coastal conservation, recreation and fisheries production goals are met in the future. To
this end, the identification of key knowledge gaps is essential to prioritise research that will enable ecologically
sustainable management of these systems. Table 1 presents an overview and synthesis of the processes
threatening the long-term ecological health of ICOLLs, with usual causes, anticipated ecological effects and the
likely management actions required to ameliorate impacts and/or preserve ICOLL ecological structure and
function. The key issues are altered freshwater inflows, artificial opening regimes, inputs from STPs and
excessive runoff from industrial, urban and agricultural land uses. These issues undoubtedly threaten the longterm sustainability of ICOLLs and the species that inhabit them. The ecological status of ICOLLs in relation to
increasing coastal development will continue to be of concern unless sustainable management practices tailored
for these unique systems are researched and implemented.
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Chapter 2

MARINE SUBSIDIES SUPPORT ICOLL FOOD WEBS: THE
DEVELOPMENT OF A MARINE PULSE CONCEPT
ICOLLS are abundant and important ecosystems along the Australian coastline. In many regions along the coast,
ICOLLs provide highly sought-after sites for tourism and recreation and the sustainability of ICOLLs in light of
visitor activities has been afforded very little attention. In this component of the project, we aimed to gain a
better understanding of ICOLL ecology and the sustainability of these systems in response to increasing coastal
development, including tourism and recreational demands. Specifically, we used stable isotope signatures of
carbon and nitrogen to examine food web structure and function in small ICOLLs in northern New South Wales,
Australia, with a view to gaining a better understanding of the processes that sustain these systems.
Community composition across the study systems was highly variable, in space and time, reflecting the
strong influence of entrance status on the composition and abundance of taxa. During periods of closure,
ICOLLS support a wide variety of freshwater taxa, which subsequently are lost when connectance with the
ocean is reinstated.
Despite considerable variability in species composition and community structure, all of the sampled ICOLLS
appeared to rely on autochthonous algal production as a major carbon source. During periods of opening, marine
subsidies, in the form of macroalgae and incoming taxa appeared to be important.
Marine subsidies play a strong structuring role in influencing food webs of ICOLLS.

Implications of Catchment Modifications on ICOLL Food Web Structure
and Function
Given their variable physical and chemical characteristics, it comes as no surprise that ICOLLs are biologically
diverse, with species representative of freshwater, estuarine and marine habitats occurring concurrently in many
systems. Similarly, the natural variability in ICOLL opening and closing events may be expected to ensure that
food web structure in these systems is spatially and temporally dynamic. Furthermore, whilst there have been
some studies investigating the ecology and diets of commercially important fish species in ICOLLs, very little is
known of the productivity and trophic dynamics of these ecosystems.

Conceptual Approach to Carbon Flow in ICOLL Food Webs
There is little data on which we can base our understanding of ICOLL food webs. However, given that these
systems are fundamentally distinct from large permanently open estuaries (Pollard 1994a) and are often
characterised by conditions more typical of freshwater creeks, lakes and lagoons, conceptual and theoretical
models derived for freshwater systems might be useful in enhancing our understanding of carbon flow through
these coastal systems.
To date, there have been no models developed to describe the carbon dynamics that support food webs in
ICOLLs. Whilst some models of carbon flow have been derived from research conducted in permanently open
estuaries (e.g. Heymans & Baird 1995; Howarth, Schneider & Swaney 1996; Otero, Culp, Noakes & Hodson
2000), the documented differences between these systems and ICOLLs suggest that their applicability may be
limited. In this study, we decided to build on existing knowledge from riverine ecosystems to describe patterns
and processes in ICOLLs. This application of riverine models to ICOLL ecosystems (and subsequent
development of a novel ICOLL carbon flow model) represents a completely original approach.
Three primary conceptual models have been developed to describe the flow of energy (carbon) in riverine
ecosystems (Figure 1). The River Continuum Concept (RCC) assumes that the relative importance of
allochthonous (terrestrial) carbon sources to stream food webs will diminish progressively from small headwater
streams to large rivers (Vannote, Minshall, Cummins, Seddell & Cushing 1980; Minshall, Cummins, Peterson,
Cushing, Bruns, Seddell & Vannote 1985). The Flood Pulse Concept (FPC) suggests that in large meandering
rivers with extensive floodplains, floods provide consumers with significant pulses of organic matter derived
from the floodplain (Junk, Bayley & Sparks 1989). The Riverine Productivity Model (RPM) assumes that
within-stream production can be a significant source of carbon to consumers in medium to large systems (Thorp
& Delong 1994). Significantly, all of these carbon flow models have been developed to characterise energy flow
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in non-tidal running water ecosystems (Vannote et al. 1980; Thorp & Delong 1994). Furthermore, there has been
considerable debate regarding the general applicability of the existing models to a wide range of running waters,
with numerous empirical examinations of each of these models, across a wide range of lotic environments,
having yielded equivocal results (Hamilton, Lewis & Sippel 1992; Bunn, Davies & Winning 2003).

River Continuum Concept (RCC) Vannote et al. 1980.
Headwater stream food webs heavily reliant on allochthonous
(riparian) organic matter. Reliance on allochthonous carbon
reduces with distance downstream.

Riverine Productivity Model (RPM) Thorp &
Delong 1994. Food webs supported by instream primary production by algae and
aquatic macrophytes.

Source

Flood Pulse Concept
(FPC) Junk et al. 1989.
Riverine food web
supported by floodplain
organic matter inputs
during floods.

Marine Pulse Concept
(MPC).
Marine inputs when
ICOLL mouth is open.

Sea

Ocean
Figure 1: Conceptual model of carbon sources and pathways in an ICOLL
We propose that some, if not all, of these models are useful in conceptualising how small ICOLLs might
function. Furthermore, given that ICOLLs comprise a unique series of conditions, we add an additional and new
conceptual component (Marine Pulse Concept (MPC)) to incorporate the marine subsidies that ICOLLs receive
when connected to the ocean. The MPC is based largely on the FPC, which highlights the role of infrequent yet
substantial pulsed contributions of carbon into an aquatic ecosystem (Junk, Bayley & Sparks 1989). Whilst the
FPC focuses on lateral connectivity and floodplain carbon, the MPC focuses on marine carbon sources
(including algae – phytoplankton and macroalgae like seaweeds – and animals) that enter ICOLLs during periods
of entrance opening (Figure 1).
Given their small catchment sizes and intermittent connectance with the ocean, ICOLLs are likely to receive
varying quantities and qualities of organic matter from terrestrial, freshwater and marine sources (Nikolova
Eddins 2001; Figure 1). As a result, ICOLLs represent ideal systems in which to test (and modify) these existing
models of energy processing in aquatic food webs. In this chapter we report findings from work aimed at testing
the applicability of these four conceptual models of carbon pathways in a range of small ICOLLs in northern
New South Wales, Australia. Specifically, we aimed to develop a better conceptual understanding of the role of
marine connectance in sustaining ICOLL community structure and function from a food web perspective.
Furthermore, in light of the importance of small ICOLLs to recreational and commercial fisheries, we aimed to
assess the importance of various sources of carbon to consumer diets, particularly the abundant commercially
important species that often reside in these small coastal systems. We aimed to gain a broader understanding of
ICOLL functioning such that predictions of system response to artificial opening events might be facilitated.
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Materials and Methods
Site Selection
Given the presumed influence of opening and closing regimes on the structure of food webs, we selected
ICOLLs that spanned the range of opening frequencies typical for these systems in northern New South Wales
(Figure 2.). We chose five ICOLLs for this study; three in Byron Bay (Belongil Creek, Tallows Creek and
Taylors Lagoon), one in the Bundjalung National Park (Jerusalem Creek) and another in Woolgoolga (Lake
Woolgoolga) a small coastal town 15 km north of Coffs Harbour.

A

NSW

A
B
C

Cape Byron
Belongil Creek

Tallows Creek

Taylor’s Lagoon

C
B
Woolgoolga
Headland
Jerusalem Creek

Figure 2: Maps of study ICOLLs in northern New South Wales
A. Cape Byron region – Belongil Creek, Tallows Creek and Taylors Lagoon; B. Bundjalung National Park
region – Jerusalem Creek; C. Woolgoolga Region – Lake Woolgoolga

The features of the selected ICOLLs were highly variable and representative of the diversity of systems along
the north coast of New South Wales. Both Belongil Creek and Tallows Creek have received large amounts of
nutrients over the past 50 years, principally from STPs that discharge directly into their waters (McAlister,
Richardson, Agnew, Rowlands & Longmore 2000). In contrast, Jerusalem Creek is a relatively pristine ICOLL
whose catchment lies entirely within the relatively undeveloped Bundjalung National Park (McAlister et al.
2000). Lake Woolgoolga has a history of variable opening and closing (including artificially forced opening) as
well as contamination. Local residents do not eat fish caught in Lake Woolgoolga, although anecdotal evidence
suggests that visitors to the region often do (W. Hadwen personal observation).
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Sampling Methods
The relative proportion of naturally occurring carbon and nitrogen isotopes have been used to describe feeding
relationships and the relative importance of different carbon sources to aquatic food webs for the past 20 years
(Kitting, Fry & Morgan 1984; Peterson & Fry 1987; France 1995; Post 2002). This method has been particularly
useful in discriminating the relative importance of carbon sources from terrestrial, freshwater and marine
sources, as the carbon isotope signatures for these different environments are generally distinct (Peterson 1999;
Post 2002). In these instances, mixing models have been developed to quantitatively ascertain the role of the
dominant carbon sources to consumer diets (Post 2002).
In all ICOLLs, samples for stable isotope analyses of food web structure were collected at least once between
January and May 2003 and November 2004. In order to get a handle on variability within ICOLLs, samples were
collected from more than one site, depending on the geomorphology of the ICOLL and logistical constraints. An
effort was made to collect samples from marine-, estuarine- and freshwater-dominated sites within each system
wherever possible. Samples for stable isotope analyses involved collection of all sources of organic matter likely
to support consumers at each sampling site, including sediment, detritus, algae and terrestrial vegetation.
Invertebrate and vertebrate consumers were also collected, to enable construction of food webs on the basis of
biota and food sources from each sample site.
The primary sources of carbon sampled at all sites were riparian vegetation, mangroves, BFPOM(BFPOM),
BCPOM (BCPOM), attached algae and epilithon, seston (phytoplankton + suspended organic matter) and
macrophytes. Macrophytes, riparian vegetation and mangroves were collected by hand, while BFPOM and
BCPOM samples were collected by sifting benthic sediments through a series of graded sieves (250 µm – 500
µm – 1 cm). BFPOM samples were obtained from the 250 µm sieve and BCPOM samples were collected from
the 500 µm sieve.
Attached algae and epilithon were carefully scraped from surfaces, including mangrove pneumatophores,
rocks and woody debris using a scalpel blade and brush. Seston (phytoplankton, zooplankton and suspended
organic matter) were collected using a 65 µm plankton tow net. Freshwater aquatic insects, crustaceans and
small fish were collected using either a dip net or a small purse seine net. Fish were also collected in a larger
seine net. Sediment-dwelling organisms, including bivalve molluscs, marine yabbies and bloodworms were
collected using a yabby pump. Mobile consumers, including crabs, were opportunistically collected by hand
whenever possible.
Upon collection, all samples were immediately placed in individually labeled zip-lock bags and stored on ice.
For animals, this approach has been shown to enable them time to void their guts, thereby expediting their
processing in the laboratory (Bunn & Boon 1993; Beaudoin, Prepas, Tonn, Wassenaar & Kotak 2001; Hadwen
& Bunn 2005). Samples were frozen for transportation back to the laboratory.

Laboratory Sample Processing
In the laboratory, samples of riparian vegetation, BFPOM, BCPOM, attached algae/epilithon, macrophytes and
mangroves were rinsed with distilled water to wash away dirt and debris. All samples were dried in an oven at
60°C for at least 48 hours. Dried samples were pulverised in a puck and ring grinding mill for approximately 3
minutes, or until the sample had been reduced to a fine powder. Ground samples were subsequently stored in 5
ml vials and frozen prior to analysis.
Trichopteran larvae were removed from their cases upon collection. All aquatic macroinvertebrates were
rinsed and dried before being ground using a mortar and pestle. Individuals were ground whole, but ground
individuals were often subsequently pooled to ensure sample size was sufficient to enable isotopic analyses.
The exoskeletons of all aquatic crustaceans were removed to ensure that accumulated calcium carbonate did
not influence carbon isotopic values (Mihuc & Toetz 1994; Leggett, Servos, Hesslein, Johannsson, Millard &
Dixon 1999; Beaudoin et al. 2001). For zooplankton, samples were split in two, with half acid washed in 10%
HCl to remove exoskeletons and the remainder processed as normal for accurate quantification of nitrogen
isotope signatures (Bunn, Loneragan & Kempster 1995).
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Analytical Methods
Samples were analysed using a continuous flow-isotope ratio mass spectrometer (Micromass Isoprime
EuroVector EA300, Manchester, UK) at Griffith University. Isotope ratios are expressed as either δ13C or δ15N
and relate to the ratio of 13C:12C and 14N:15N respectively. Values were calculated according to the following
equation:
δ13C or δ15N = [(Rsample / Rstandard) – 1] x 1000
where Rsample is the isotopic ratio for the sample and Rstandard is the isotopic ratio of the standard (PeeDee
belemnite carbonate for δ13C and atmospheric N for δ15N).

Results
A wide range of taxa was collected from the study ICOLLs. Notably, representatives from both freshwater and
estuarine environments were commonly encountered, especially in systems that were closed at the time of
sampling (Table 2). This pattern held across all major taxonomic divisions, including vertebrates (fish) and
invertebrates (aquatic insects, crustaceans, polychaete worms and molluscs).
Table 2: Taxa collected from study ICOLLs
Woolgoolga

Jerusalem

Ainsworth

Taylor's

Belongil

Tallows

Marphysa spp.

Marphysa spp.

Corixidae

Marphysa spp.

Marphysa spp.

Marphysa spp.

Amphipods

Amphipods
Ligia
australiensis
Callianassa
australiensis
Mictyris
longicarpus

Anisoptera

Corixidae

Donax deltoides

Corixidae

Dytisidae

Notonectidae

Uca vomeris

Bivalvia

Invertebrates

Clibanarius spp.
Callianassa
australiensis
Donax deltoides

Gerridae
Trichoptera

Halicarcinus
spp.
Saccostrea
glomerata
Metapenaeus
bennettae
Pyrazus
ebeninus
Mictyris
longicarpus
Austrocochlea
porcata

Metapenaeus
bennettae
Callianassa
australiensis

Trichoptera
Zygoptera

Ephemeroptera

Amphipods

Zygoptera

Ligia
australiensis

Dytisidae

Donax deltoides

Anisoptera

Metapenaeus
bennettae

Gastropoda

Halicarcinus spp

Ocypode
cordimana
Callianassa
australiensis
Caridina
indistincta

Portunus
pelagicus
Scylla olivacea

Fish
Philypnodon
grandiceps
Gobiomorphus
australis
Pelates
sexlineatus
Ambassis
marianus
Centropogon
australis
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Philypnodon
grandiceps
Platycephalus
fuscus
Arothron
manilensis
Rhadinocentrus
ornatus
Achlyopa nigra

Hypseleotris
galii
Gambusia
holbrooki

Hypseleotris
galii
Gambusia
holbrooki
Mugil cephalus

Mugil cephalus
Ambassis
marianus
Favonigobius
lateralis
Centropogon
australis
Tetractenos
hamiltoni

Rhabdosargus
sarba
Platycephalus
fuscus
Philypnodon
grandiceps
Pseudomugil
signifer
Ambassis
marianus
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Woolgoolga

Jerusalem

Favonigobius
lateralis
Gerres
subfasciatus
Platycephalus
fuscus

Ainsworth

Taylor's

Sillago ciliata

Belongil

Tallows

Achlyopa nigra

Pelates
sexlineatus

Platycephalus
fuscus
Hypseleotris
galii
Philypnodon
grandiceps
Anguilla
anguilla
Pelates
sexlineatus
Gerres
subfasciatus
Arothron
manilensis
Acanthopagrus
australis
Sillago ciliata

Mugil cephalus

Sillago ciliata
Mugil cephalus
Acanthopagrus
australis

Other Verts
Larus
novaehollandiae

Mugil cephalus
Sillago ciliata
Acanthopagrus
australis
Achlyopa nigra

Larus
novaehollandiae

Bufo marinus

Isotopic Analyses
In all sites, isotopic discrimination between major principal carbon sources (namely riparian vegetation including
mangroves, marine algae, filamentous green algae and BFPOM/seston) facilitated analyses of food web structure
and consumer reliance on terrestrial, within-system and/or marine carbon subsidies. Wherever possible, replicate
samples were pooled to attain mean (± S.E.) δ13C and δ15N isotope signatures. This approach enables a more
rigorous examination of food web structure and function by facilitating greater understanding of isotopic
variability within sites.
There was considerable variability in carbon isotope signatures for some primary carbon sources among
ICOLLs (Table 3). For example, the δ13C signatures of periphyton ranged from 18.98‰ in a site from Belongil
Creek to 28.67‰ in a site in Lake Woolgoolga (Table 3). Despite this variability in algal carbon signatures, the
δ13C signatures of riparian vegetation (including mangroves) were generally consistent both within and among
sites (Table 3), ensuring a constant terrestrial end-member in the mixing model analyses.
There was a very large range in δ15N isotope signatures of primary carbon sources (and consumers) among
the study ICOLLs (Table 4). All components of the food web were heavily 15N-enriched in Tallows Creek
(relative to other ICOLLs sampled). For example, whiting (Sillago ciliata) isotopic signatures were typically
around 30‰ in Tallows Creek, yet they rarely rose above 12‰ in the other ICOLLs from which they were
collected. A more detailed appraisal of why Tallows Creek δ15N signatures are enriched and the implications of
this enrichment are presented in Chapter 3 of this report.
Table 3: Mean and S.E. δ13C values for all food web components sampled from all study ICOLLs.
(Site Codes are as follows: WOO = Lake Woolgoolga, JER = Jerusalem Creek, AINS = Lake Ainsworth, TALL = Tallows
Creek, BEL = Belongil Creek and TAY = Taylors Lagoon).
WOO 1
Sample

δ C
13

s.e.

WOO 2
δ C
13

s.e.

WOO 3
δ C
13

s.e.

JER 1
δ C
13

s.e.

JER 2
δ C
13

s.e.

AINS 1
δ C
13

s.e.

TALL 1
δ C
13

s.e.

TALL 2
δ C
13

s.e.

TALL 3
δ C
13

s.e.

BEL 1
δ C
13

s.e.

BEL 2
δ C
13

s.e.

BEL 3
δ C
13

s.e.

TAY 1
δ C
13

s.e.

BFPOM

-26.03 0.00 -27.23 0.00 -18.40 0.00 -27.97 0.00 -22.87 0.00 -27.32 0.00 -22.32 0.00 -24.09 0.00 -26.86 0.00 -27.93 0.00 -27.51 0.00 -27.20 0.00

BCPOM

-27.46 0.00 -29.10 0.00 -28.28 0.00 -29.22 0.00 -22.49 0.00 -27.32 0.00 -28.18 0.00 -29.60 0.00 -28.36 0.00 -27.44 0.00 -30.08 0.00 -28.90 0.00 -27.46 0.00

Periphyton

-20.20 0.00 -21.80 0.40 -28.67 0.00 -27.83 0.00 -24.20 0.70 -23.60 1.90

-22.10 0.58 -18.98 1.76 -25.57 0.00

Epilithon

-21.63 0.00 -20.74 0.00 -22.70 0.00

Epiphytes

-18.89 0.00

Floating Algae

-25.70 0.00

-24.48 0.00

-27.02 0.00
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WOO 1

WOO 2

Red Algae

-16.22 0.00

Eklonia radiata

-17.20 1.20

Hormosira
banksii

-12.84 0.00

WOO 3

JER 1

JER 2

AINS 1

TALL 1

TALL 2

TALL 3

BEL 1

BEL 2

-27.97 0.00 -16.87 0.00

BEL 3

TAY 1

-27.62 0.00

Avicennia
pneumatophores

-29.04 0.00

Chara spp.

-27.13 0.00

Nymphaea spp.

-24.77 0.00

Salvinia
molesta

-29.93 0.00

Seston

-12.84 0.00 -27.50 0.00

-22.58 0.00 -27.98 0.00 -26.60 0.00 -27.87 0.00 -25.94 0.00 -26.48 0.00 -26.71 0.00 -27.62 0.00 -27.50 0.00

Juncus spp.

-12.40 0.00 -11.60 0.00 -11.85 0.00

Cyperus spp.

-25.44 0.00 -25.73 0.00 -28.65 0.00 -30.09 0.00 -23.67 0.00 -12.42 0.00

Avicennia
marina

-26.60 0.90 -27.32 0.00 -29.88 0.00

-27.23 0.00

-30.17 0.00 -28.68 0.00 -11.44 0.00

-27.53 0.00 -28.85 0.00 -29.87 0.00 -27.82 0.00

Aegiceras
corniculatum

-27.25 0.00

Acrostichum
speciosum

-26.12 0.00

-25.19 0.00

-25.87 0.00 -26.46 0.00 -26.54 0.00

Succulent

-28.64 0.00 -28.34 0.00 -26.54 0.00

-27.13 0.00

Phragmites
australis

-27.63 0.00 -29.40 0.00 -28.64 0.00

Riparian
Vegetation
Grasses

-13.62 0.00

-26.16 0.00 -28.39 0.00 -28.93 0.00 -27.33 0.00 -30.37 0.00 -29.16 0.00 -27.70 0.00 -29.55 0.00 -29.96 0.00 -29.44 0.00 -29.24 0.00 -28.85 0.00
-14.75 0.00 -14.35 0.00

-13.22 0.00

-12.19 0.00 -12.89 0.00

-12.34 0.00 -14.54 0.00 -11.86 0.00

Anisoptera

-26.01 0.00

-26.34 0.00

Coleoptera

-24.49 0.00

-32.99 0.00

Corixidae
(Hemiptera)

-25.98 0.00 -23.96 0.00 -25.33 0.00

-21.70 0.00

-20.54 0.00

Ephmeroptera

-29.42 0.00

Zygoptera

-27.24 0.00

Notonectidae
(Hemiptera)

-22.18 0.00

-18.31 0.00

Trichoptera

-26.20 0.00

Gerridae
(Hemiptera)

-23.60 0.00

Nepidae
(Hemiptera)
Saccostrea
glomerata

-25.60 0.78

Jellyfish

-18.18 0.00

Marphysa spp.

-20.46 0.00 -19.72 0.00

-21.53 0.00

Ligia
australiensis

-20.57 0.00

Amphipods

-15.95 0.00

Callianassa
australiensis

-19.10 0.17 -20.00 0.18

-25.89 0.05 -25.12 0.57 -22.39 1.08

-22.63 0.00

-23.00 1.00

Macrobrachium
spp.

-25.76 0.00

Clibanarius spp. -17.62 0.00 -16.60 1.10
Mictyris
longicarpus

-18.20 0.00

Halicarcinus
spp.

-27.49 0.00

Ocypode
cordimana

Metapenaeus
bennettae
Fingerlings
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-18.36 0.00

-17.23 0.00

Donax deltoides -10.58 0.00 -22.29 0.00

Austrocochlea
porcata

-22.77 0.00

-18.91 0.00

Bivalvia
(Mollusca)

Pyrazus
ebeninus

-24.93 0.00

-15.70 0.44

-24.27 0.00
-25.09 0.02

-28.77 0.00

-18.57 0.12

-18.10 0.70
-17.50 0.27
-19.93 0.00

-21.3

0 -21.23 0.47 -28.43 0.00 -24.85 0.53 -27.75 0.29
-24.98 0.00
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WOO 1

WOO 2

WOO 3

JER 1

JER 2

Gambusia spp.
Mogurnda spp.

-25.04 0.00

Hypseleotris
spp.

-26.83 0.88

AINS 1

TALL 1

TALL 2

TALL 3

BEL 1

BEL 2

BEL 3

-25.63 0.43

-24.40 0.49

-25.50 0.19

-27.31 0.00

TAY 1

Pseudomugil
signifer

-27.22 0.05

-25.36 0.17

Philypnodon
spp.

-23.54 0.63

-25.32 0.19 -27.90 1.07

Terapon jarbua

-21.51 0.37

Centropogon
australis

-27.14 0.00

Anguilla
anguilla
Gobiomorphus
spp.

-20.20 0.77

Ambassis
marianus

-25.60 0.50

Arothron
manilensis

-29.79 0.00

-24.41 0.55

-21.18 0.00

-22.21 0.00

-23.30 0.00

-24.84 0.33

-24.40 0.40

-21.72 0.63

-24.90 0.65

-24.45 0.00

Gerres
subfasciatus
(large)

-16.20 0.00 -19.10 0.05

Gerres
subfasciatus
(small)

-23.60 0.50 -30.10 0.00 -23.40 0.74

Acanthopagrus
australis (large)

-21.02 0.00 -21.25 0.00 -21.70 1.08

-27.73 0.30

-21.58 0.24 -19.88 0.39
-21.33 1.91 -20.60 0.00

Acanthopagrus
-14.50 0.80 -19.67 0.00
australis (small)
Rhabdosargus
sarba

-21.95 0.00 -20.96 1.05 -22.62 0.00

Platycephalus
fuscus (large)

-18.13 0.00

Platycephalus
fuscus
(medium)

-17.02 0.00 -18.75 0.00

Platycephalus
fuscus (small)

-15.47 0.00

-19.20 0.00
-22.87 0.00

Sillago ciliata
(large)

-15.84 0.00

-13.85 0.00

Sillago ciliata
(medium)

-12.23 0.00 -16.50 0.15

-18.07 0.00

Sillago ciliata
(small)

-15.62 0.00

-15.62 0.00

Mugil cephalus
(large)

-14.98 0.00 -16.00 0.55 -18.00 0.00

-20.53 0.00

Mugil cephlaus
(medium)

-16.19 0.00

Mugil cephalus
(small)

-18.46 0.00

Achylopa nigra

-19.67 0.00

-20.82 0.95 -22.02 0.47 -18.53 0.41

-20.73 0.00

-21.50 1.55

-16.39 0.00

-22.90 2.57 -23.36 0.64 -19.72 1.69

-28.55 0.00 -26.77 0.90

-14.55 0.08

-20.10 0.27 -23.33 0.82

-24.67 2.55

-15.26 0.00

-20.24 0.00

Bufo marinus

-25.50 1.73

Larus
-22.45 0.00
novaehollandiae

Table 4: Mean and S.E. δ15N values for all food web components sampled from all study ICOLLs
(Site Codes are as follows: WOO = Lake Woolgoolga, JER = Jerusalem Creek, AINS = Lake Ainsworth, TALL = Tallows
Creek, BEL = Belongil Creek and TAY = Taylors Lagoon).
WOO 1
Sample

δ15N

s.e.

BFPOM

WOO 2
δ15N

s.e.

WOO 3
δ15N

s.e.

JER 1
δ15N s.e.

JER 2
δ15N

s.e.

AINS 1
δ15N

s.e.

TALL 1
δ15N

s.e.

TALL 2
δ15N

s.e.

δ15N

s.e.

BEL 1
δ15N

s.e.

BEL 2

BEL 3

δ15N

s.e.

δ15N

s.e.

TAY 1
δ15N

s.e.

2.80 0.00

2.48 0.00

3.45 0.00

1.41 0.00

3.93 0.00

7.92 0.00 11.42 0.00 14.91 0.00

2.06 0.00

1.74

0.00

2.22

0.00

2.77 0.00

4.08 0.00

0.00 12.79 0.00

1.89 0.00

-1.52

0.00

-0.28

0.00

0.11 0.00

16.52 0.50

6.16 0.88

-0.30

0.00

6.76

0.00

BCPOM

2.08 0.00

1.51 0.00

1.40 0.00

0.62 0.00

2.51 0.00

3.03 0.00

Periphyton

3.41 0.00

3.85 1.05

3.33 0.00

1.99 0.00

4.70 1.60

8.40 0.50

1.85

Epilithon

3.10 0.00 16.29 0.00 17.44 0.00

Epiphytes

17.97 0.00

Floating Algae
Red Algae

TALL 3

2.32 0.00

1.72 0.00
8.88 0.00

12.05 0.00

8.87

0.00

2.67

0.00
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WOO 1

WOO 2

Eklonia radiata

5.75 0.35

Hormosira
banksii

4.01 0.00

WOO 3

JER 1

JER 2

AINS 1

TALL 1

TALL 2

TALL 3

BEL 1

BEL 2

Avicennia
pneumatophores
Chara spp.

4.70 0.00

Nymphaea spp.

7.72 0.00

Salvinia
molesta

3.79 0.00

Seston

6.57 0.00

1.91 0.00

6.80 0.00

5.94 0.00

Juncus spp.

4.06 0.00

-2.59

0.00 14.09 0.00

1.68 0.00

13.47 0.00 17.02 0.00 13.32 0.00

Cyperus spp.

2.73 0.00

0.41 0.00

2.48 0.00

Avicennia
marina

2.95 0.65

2.58 0.00

2.32 0.00

5.08 0.00

1.08 0.00

14.28 0.00

16.44 0.00

10.24 0.00

Succulent

12.77 0.00 19.78 0.00 20.65 0.00

Phragmites
australis

11.42 0.00 15.92 0.00 11.95 0.00

Grasses

1.11 0.00

-1.61 0.00

1.10 0.00

0.67 0.00

-2.02 0.00

0.00

0.00

2.24

0.00

2.87 0.00

3.76

0.00

4.47

0.00

3.05 0.00

3.37

0.00

3.58

0.00

4.85

0.00

1.89

0.00

3.38 0.00

Acrostichum
speciosum

-1.17 0.00

3.87

TAY 1

6.86

5.44 0.00

Aegiceras
corniculatum

Riparian
Vegetation

BEL 3

2.76 0.00

7.42 0.00

0.88 0.00

17.00 0.00

-0.38

0.00

5.90

0.00

9.32

0.00 13.74 0.00

7.14

0.00

7.97 0.00

3.36 0.00

-1.77

0.00

-1.16

0.00

-1.89

0.00

-2.16 0.00

-1.03

0.00

2.65

0.00

3.79 0.00

Anisoptera

6.97 0.00

4.65

0.00

Coleoptera

5.53 0.00

5.00

0.00

Corixidae
(Hemiptera)

7.04 0.00

4.38 0.00

0.31 0.00 21.59 0.00

8.44 0.00

Ephmeroptera

4.08 0.00

Zygoptera

6.28 0.00

Notonectidae
(Hemiptera)

8.20

0.00

2.79 0.00

Trichoptera

4.13 0.00

Gerridae
(Hemiptera)

5.90 0.00

Nepidae
(Hemiptera)
Saccostrea
glomerata

5.23 0.23

Jellyfish

8.68 0.00

Marphysa spp.

10.32 0.00

5.74 0.00

6.00 0.00

Ligia
australiensis

3.00 0.00

Amphipods

2.00 0.00

Callianassa
australiensis

6.53 0.23

6.20 0.17

22.39 0.26 23.64 0.01

7.38 0.64

6.75

0.00

4.90 0.30

Macrobrachium
spp.
Clibanarius spp.

9.18 0.00
6.00 0.00

5.80 0.15

Mictyris
longicarpus

2.13 0.00

Halicarcinus
spp.

15.87 0.00

Ocypode
cordimana

0.00
5.03 0.00

14.24 0.00

Donax deltoides

4.30 0.00

Pyrazus
ebeninus

6.36 0.50

Metapenaeus
bennettae

5.17

21.37 0.00

Bivalvia
(Mollusca)

Austrocochlea
porcata

22.42 0.00

4.00 0.00

6.18 0.00
18.96 0.15

4.31 0.00

6.58 0.11

5.30 0.40
5.73 0.38
7.24 0.00

23.2

0.00

8.61 0.45

5.75

0.00

Fingerlings
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9.43 0.44
7.48 0.00

Gambusia spp.
Mogurnda spp.

7.39 0.33

11.20 0.38
8.77 0.00

11.92 4.57

ECOLOGY, THREATS AND MANAGEMENT OPTIONS FOR SMALL ESTUARIES AND ICOLLS

WOO 1

WOO 2

WOO 3

Hypseleotris
spp.

JER 1

JER 2

8.10 0.25

AINS 1

TALL 1

TALL 2

Philypnodon
spp.

23.45 0.61

8.91 0.17
21.79 0.22

Centropogon
australis

17.86 0.00

Anguilla
anguilla

Ambassis
marianus

9.80 0.40

Arothron
manilensis
Gerres
subfasciatus
(large)

20.36 0.54

Acanthopagrus
australis (large)

11.72 0.00 11.77 0.00 10.10 0.35

9.80 0.00 11.80 0.19

0.00

24.64 0.00

7.46 0.58
9.48 0.09

9.27 0.57

10.43 0.43

24.25 0.12

9.32 0.08

27.03 2.03 28.25 0.00

9.55 0.05 11.74 0.00
17.01 0.00

Platycephalus
fuscus (large)

10.60 0.00

Platycephalus
fuscus
(medium)

11.75 0.00 12.02 0.00

Platycephalus
fuscus (small)

10.92 0.00

10.64 0.00

10.26 0.00
9.24 0.00 11.10 0.30

9.50 0.00

9.94 0.00

9.41 0.00

10.99 0.00 10.60 0.45
9.32 0.00

Mugil cephalus
(small)

11.36 0.00

Achylopa nigra

0.00

25.07 0.00

8.40 0.00

23.49 0.39 25.79 0.54 10.20 0.65

10.47 0.00

9.88 0.00

11.30 0.10

11.55 0.00

Bufo marinus

9.76

12.21 0.00

Sillago ciliata
(small)

Mugil cephlaus
(medium)

9.64 0.39

20.58 0.00

Sillago ciliata
(medium)

Larus
novaehollandiae

7.49

15.88 3.46

Rhabdosargus
sarba

Mugil cephalus
(large)

12.62 0.00

8.90 0.23

9.40 0.00 12.00 0.15

11.00 0.20

Sillago ciliata
(large)

TAY 1

9.51 0.00

Gerres
subfasciatus
(small)

Acanthopagrus
australis (small)

BEL 3

7.88 0.03

Terapon jarbua

7.90 0.00

BEL 2
8.42 0.00

17.19 0.13

8.80 0.35

BEL 1

11.70 0.15

Pseudomugil
signifer

Gobiomorphus
spp.

TALL 3

20.94 0.83 22.26 1.45
5.95 0.75

10.45 2.97

7.27 0.00

27.76 0.00

7.32 0.10

7.87 0.24

8.62 0.00

7.90 0.74

10.00 2.56

5.93 0.55
9.66 0.00

10.68 0.00

Mixing model analyses of the importance of marine, terrestrial and freshwater carbon
sources to consumers in ICOLLs
Given our a priori interest in the relative contribution and importance of marine, terrestrial and freshwater
sources of carbon to consumers in ICOLLs, we used end-members from each of these systems in our mixing
model analyses. For example, riparian vegetation was used as the dominant terrestrial end-member. Withinsystem carbon sources, typically attached algae, were used as the freshwater carbon sources and marine algae
represented the marine source of carbon available to consumers in these systems. In upstream sites in which
marine sources of carbon were scarce or totally absent, our mixing model analyses used other sources of carbon
to assess their importance to consumers. In most instances this was seston or some other recalcitrant carbon
component of the system.
We identified a pattern of increasing marine influence (evidenced by increased δ15N) towards ICOLL mouths
– even when the systems are closed. This reflects the strong immediate and persistent importance of marine
contributions of carbon and nitrogen in influencing ICOLL food web structure and function.
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Discussion
Biological Diversity and Conservation Value of ICOLLs
There have been several studies that have aimed to compare either the productivity or diversity of ICOLLs with
those of permanently open estuaries (Pollard 1994b; Valesini et al. 1997; Sarre, Platell & Potter 2000).
Significantly, many of these studies have concluded that despite their productivity, ICOLLs do not support as
diverse invertebrate and fish assemblages as comparable permanently open estuaries (Pollard 1994b; Gray &
Kennelly 2003). Despite these reports, we found remarkable diversity in invertebrate and fish taxa sampled
across the five ICOLLs assessed in this study. Whilst no single ICOLL exhibited diversity like that found in
large open estuaries, a significant and broad range of taxa was collected. Significantly, this combined
biodiversity highlights the substantial conservation importance of ICOLLs in providing habitat for a
taxonomically wide range of organisms (Watts & Johnson 2004).
We recommend that a greater understanding of the role of ICOLLs in supporting and maintaining biological
diversity throughout the coastal zone is required before management plans and objectives, which typically only
focus on single systems, are implemented. For example, although diversity is low in some ICOLLs, they do
provide important habitat for species that may not be found in neighbouring systems (Watts & Johnson 2004).
We also provide, in this study, evidence that suggests the diversity of ICOLLs is highly variable through time,
with opening regimes being the key driving process in influencing species composition (see below).

Stable Isotope Signatures of Biota in ICOLLs
The stable carbon and nitrogen isotope signatures measured in this study provide support of our proposed MPC.
The less depleted δ13C signatures in consumer tissues from systems that are open to the ocean (in comparison to
closed systems) supports our hypothesis that marine sources of carbon are being used by consumers in ICOLLs.
In addition, with the exception of Tallows Creek, which has a strong sewage nitrogen signature (see next
Chapter), there was also a tendency for consumers in open ICOLLs to have higher δ15N signatures than those
from closed ICOLLs. As numerous researchers have shown that marine nitrogen isotope signatures are generally
higher than terrestrial and freshwater nitrogen signatures (Thornton & McManus 1994), this finding offers an
additional line of evidence supporting the MPC.

Opening Regimes and Carbon Flow in ICOLLs
On the basis of the stable isotope data presented in this chapter, we hypothesise that opening regimes play a
strong structural and functional role in influencing food web patterns. For example, we found that even in closed
ICOLLs, there are strong isotopic patterns that reveal significant marine carbon resource use by invertebrate and
fish taxa. We suggest this finding is probably a consequence of the fact that marine carbon sources are more
labile and accessible to consumers than are terrestrial carbon sources with high carbon-nitrogen ratios (Thornton
& McManus 1994).
This research provides the first succinct evidence for applying existing and novel conceptual models of
carbon flow to ICOLL environments. We have demonstrated that ICOLL food webs can be characterised by a
combination of riverine models, although the degree to which any model is relevant will depend largely on
system entrance status at the time of assessment.

Conclusions and Implications
The consequences of these research findings are two-fold. First, we have demonstrated the importance of marine
sources of carbon in supporting consumers in ICOLLs (even those closed to the ocean for extended periods of
time). This has implications for fisheries production, recreational use and management of ICOLLs. For example,
ICOLLs with more frequent marine connectance are likely to support more estuarine and coastal species, many
of which are important food resources (Pollard 1994b; Gray 2001; Gray & Kennelly 2003).
Second, we provide evidence to suggest that ICOLLs need to be managed across the coastal landscape with a
view to maintaining coastal biodiversity. It is highly likely that systems managed independently of this
landscape-level approach will lead to increased entrainment of entrances and subsequent and perhaps irreversible
changes in community composition and patterns of carbon flow in these systems. Whilst managers may find
opening ICOLL entrances mitigates flooding risks and flushes out algal blooms (Griffiths 1999), the long-term
sustainable use of ICOLLs is more likely to be enhanced via a landscape scale rationalisation of entrance
modifications. We recommend that if ICOLLs with important recreational and commercial fisheries interests are
to be managed to sustain and enhance catches, then neighbouring systems should be retained in pristine
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conditions to facilitate maintenance of biodiversity and provision of recruits to the system targeted for fish and
crustacean production.
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Chapter 3

SEWAGE EFFLUENT SIGNIFICANTLY INCREASES THE δ15N
SIGNATURES OF RESIDENT BIOTA IN AN INTERMITTENTLY
OPEN ESTUARY
Despite their appeal as sites for tourism and recreation, many ICOLLS have been deleteriously impacted by
coastal development. The key impacts to date have often manifested as deteriorated water quality. This is
generally the result of eutrophication or excessive delivery of nutrients from industry, agriculture and urban
sources.
Conditions in ICOLLS range from freshwater-dominated when closed, to estuarine and marine when open to
the ocean. This variability in physical and chemical attributes ensures that ICOLLs have variable biotic
community composition in time and space. When closed to the ocean, nutrient added to ICOLLs can lead to
reduced water quality and increased frequency, duration and intensity of algal blooms. One of the major point
source inputs of nutrients comes from STPs and these sources can be traced using stable isotopes of carbon and
nitrogen. Nutrient inputs from industrial and urban sources have been shown to increase the δ15N isotope
signatures of biota in other types of receiving waterbodies.
In this study, we used stable isotopes of carbon and nitrogen to examine food web structure and function in
two ICOLLs in northern New South Wales, Australia. Specifically, our focus was on examining the effects of
sewage effluent inputs on food web structure and function. To do this, we compared the nitrogen isotope
signatures of resident biota, as one of our study systems (Tallows Creek) has a history of secondary treated
sewage inputs (McAlister et al. 2000). We predicted that this system would have significantly higher δ15N
signatures than the neighbouring, less impacted system (Belongil Creek). We also predicted that the community
composition and food web structure of Tallows Creek would differ from that of Belongil Creek, due to the
influence of sewage discharge and possibly, entrance status.
The composition of the food web in Tallows Creek appeared to be influenced both by the sewage effluent
(and increased nutrient availability) and the entrance status at the time of sampling. Freshwater taxa collected
from this system revealed a strong riverine contribution to community composition, in contrast to the estuarinemarine characteristics of the biota in Belongil Creek.
As expected, all samples forming the Tallows Creek food web were enriched in δ15N signatures relative to
biota sampled from Belongil Creek. However, despite these differences, mixing model analyses revealed that
both systems were primarily driven by autochthonous (algal) sources of carbon. Interestingly, some of the
organisms collected immediately following an entrance opening event in Tallows Creek had δ15N signatures
more typical of unenriched estuaries. We suggest these isotopically light individuals were recent migrants into
Tallows Creek and that δ15N signatures can act as a guide to the importance of heavily polluted systems as
nursery grounds for mobile taxa, owing to this distinction between resident and migrant δ15N signatures.

Introduction
Eutrophication is one of the greatest threats to aquatic ecosystem health and integrity around the globe (Balls et
al. 1995; Braga, Bonetti, Burone, & Bonetti Filho 2000). Whilst urban stormwater, industrial and agricultural
inputs can represent substantial sources of nutrients to receiving waters (Bowen & Valiela 2001; Anderson,
Glibert & Burkholder 2002; Nedwell, Sage & Underwood 2002), STP discharges often represent the most
significant point source of nutrients and contaminants to waterways, particularly in populated regions (Cromey,
Black, Edwards & Jack 1998; Alonso-Rodriguez, Paez-Osuna & Cortes-Altamirano 2000; Costanzo, O'Donohue
& Dennison 2003). Numerous studies in coastal environments have demonstrated the extent and effects of
sewage discharges on water quality and organism health (Hall, Frid & Gill 1997; Seguel, Mudge, Salgado &
Toledo 2001; Costanzo, O’Donohue & Dennison 2003). Significantly, many of these studies use nitrogen isotope
signatures in biota to assess the impacts of sewage discharge, as STP effluent typically has an enriched δ15N
signature relative to that of the receiving waters (Waldron, Tatner, Jack & Arnott 2001; Parnell 2003; Gaston,
Kostoglidis & Suthers 2004). Several species-focused studies have also used δ15N signatures to provide evidence
of the spread and trophic implications of sewage in coastal waters (Risk & Erdmann 2002; Gaston, Kostoglidis
& Suthers 2004).
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Whilst techniques for examining the impacts of sewage discharges are applicable to a wide range of aquatic
environments, the effects of STP effluent discharge have most often been examined in large macrotidal estuaries
(Hall, Frid & Gill 1997; Leeming & Nichols 1998; Costanzo, O’Donohue & Dennison 2003), bays and open
coastal waterways (Tucker, Sheats, Giblin, Hopkinson & Montoya 1999; Seguel et al. 2001; Rogers 2003) and
more recently, coral reefs (Risk & Erdmann 2000; Umezawa, Miyajima, Yamamuro, Kayanne & Koike 2002;
Yamamuro, Kayanne & Yamano 2003). However, given the number and distribution of ICOLLS in Australia
(Roy et al. 2001), it is timely that an investigation of the effects of STP inputs be conducted in this subset of
estuaries.

Materials and Methods
Sampling Sites
This study was conducted in Tallows and Belongil Creeks; two ICOLLS in northern New South Wales, Australia
(Figure 3). These systems are typical of many of the small ICOLLS in eastern Australia and are characterised by
having relatively small catchments with a diverse range of land uses.

A
Australia
Cape Byron
Belongil Creek

A
NSW

Tallows Creek

Taylor’s Lagoon

Figure 3: Map of study ICOLLs in Byron Bay, New South Wales, Australia
Both Belongil Creek and Tallows Creek have received large amounts of nutrients over the past 50 years,
principally from STPs that discharge into their waters (McAlister et al. 2000). However, the Belongil Creek
system receives sewage from the West Byron Treatment Plant, which discharges treated wastewater into an
extensive treatment wetland system before it enters the waters of the creek. The success of this treatment is
reflected in the nutrient concentrations in this system. For example, McAlister et al. (2000) reported that
Belongil Creek nutrient concentrations are within ANZECC water quality guidelines during wet weather
conditions, but may partially exceed the guidelines during dry periods. In contrast, Tallows Creek receives
effluent directly from the South Byron Treatment Plant, which uses comparatively old treatment technologies.
McAlister et al. (2000) investigated the fate and effects of these direct inputs and found that nutrient
concentrations in Tallows Creek consistently exceeded the ANZECC water quality guidelines (ANZECC 1999),
with total nitrogen ranging from 1 – 6 mg/L and total phosphorus from 0.2 – 1.8 mg/L over the course of their
study.

Sampling Methods
Samples for stable isotope analysis of food web structure were collected in both systems in early May 2003.
Significantly, sampling occurred immediately following an artificial opening event in Tallows Creek, whereas
Belongil Creek had been open and subject to tidal influences for the proceeding two months. In both systems,
samples were collected from two sites less than 500 m from the entrance. Where possible, replicate samples of
key taxa were processed separately. The reported mean (± S.E.) stable isotope signatures consequently revealed
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information about the variability in source and consumer isotopic signatures in the proximity of the mouth of
both systems.
The primary sources of carbon sampled were riparian vegetation, mangroves, BFPOM, BCPOM, attached
and free-floating algae and seston (suspended particulate organic matter). Riparian vegetation and mangroves
were hand collected, while BFPOM and BCPOM samples were collected by sifting benthic sediments through a
series of graded sieves (250 µm - 500 µm - 1 cm). BFPOM samples were obtained from the 250 µm sieve and
BCPOM samples were collected from the 500 µm sieve. Using a scalpel blade and brush, attached algae were
carefully scraped from all available surfaces, including mangrove pneumatophores, rocks and woody debris.
Aquatic insects, crustaceans and small fish were collected using a dip net and a small purse seine net. Fish
were also collected in a larger seine net (measurements required) and unbaited fish traps. Sediment-dwelling
organisms, including bivalve molluscs and polychaete worms, were collected using a yabby pump. Mobile
consumers such as crabs were opportunistically hand collected wherever possible.
Upon collection, all samples were immediately placed in individually labelled zip-lock bags and stored on
ice. For the smaller organisms collected, this approach has been shown to enable them time to void their guts to
expedite processing in the laboratory (Bunn & Boon 1993; Beaudoin et al. 2001). Samples were frozen for
transportation back to the laboratory.

Laboratory Sample Processing
In the laboratory, samples of riparian vegetation, BFPOM, BCPOM, attached algae and mangroves were rinsed
with distilled water to wash away dirt and debris. All samples were dried in an oven at 60°C for at least 48 hours.
Dried samples were pulverised in a puck and ring grinding mill for approximately 3 minutes, or until the sample
had been reduced to a fine powder. Ground samples were subsequently stored in 5 ml vials and frozen prior to
analysis.
Trichopteran larvae were removed from their cases upon collection. All aquatic macroinvertebrates were
rinsed and dried before being ground using a mortar and pestle. Individuals were ground whole, but ground
individuals were often subsequently pooled to ensure that sample size was sufficient to enable isotopic analyses.
The exoskeletons of all aquatic crustaceans were removed to ensure that accumulated calcium carbonate did not
influence carbon isotopic values (Mihuc & Toetz 1994; Leggett et al. 1999; Beaudoin et al. 2001).

Analytical Methods
Samples were analysed using a continuous flow-isotope ratio mass spectrometer (Micromass Isoprime
EuroVector EA300, Manchester, UK) at Griffith University. Isotope ratios are expressed as either δ13C or δ15N
and relate to the ratio of 13C:12C and 14N:15N, respectively. Values were calculated according to the following
equation:
δ13C or δ15N = [(Rsample / Rstandard) - 1] x 1000
where Rsample is the isotopic ratio for the sample and Rstandard is the isotopic ratio of the standard (PeeDee
belemnite carbonate for δ13C and atmospheric N for δ15N).
For abundant taxa, nitrogen isotope signatures were statistically compared between samples from Tallows
and Belongil Creeks using one way ANOVAs (Sokal & Rohlf 1999).
Food web analyses were conducted using IsoSource mixing model software (Phillips & Gregg 2003).
Trophic fractionations of carbon and nitrogen signatures were set at 0.2‰ and 1.5‰ respectively, based on
values reported in the stable isotope literature (Peterson & Fry 1987; McCutchan, Lewis, Kendall & McGrath
2003; Hadwen & Bunn 2004).

Results
Community Composition
The composition of the Tallows Creek food web was distinctly different from that of Belongil Creek. There were
generally more species collected from Tallows Creek, although some of these additional taxa reflected the status
of Tallows Creek at the time of sampling (closed) more so than the influence of the STP inputs. For example,
numerous freshwater macroinvertebrates were collected from Tallows Creek, highlighting the low salinity and
absence of tidal fluctuations in the system. In contrast, moderate tidal exchange in Belongil Creek ensured that
only estuarine/marine taxa were present at the time when collections were made.
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In both creeks there were seven major primary food sources collected, namely riparian vegetation, BCPOM,
BFPOM, seston (particulate matter from the water column), mangroves (Avicennia marina), epilithon and
filamentous algae.
Aquatic macroinvertebrates sampled from both systems included polychaete worms (Marphysa spp.), bivalve
molluscs, greasyback prawns (Metapeneaus bennettae) and false spider crabs (Halicarcinus sp.) (Table 5). In
addition, freshwater bugs (Corixidae, Hemiptera) were collected from Tallows Creek. Fish diversity also differed
between the two systems, with more taxa collected from Tallows Creek than Belongil Creek (Table 5). Five fish
species were collected from both sites, namely Sillago ciliata, Mugil cephalus, Gerres subfasciatus, Ambassis
marianus and Rhabdosargus sarba. Only one additional fish species was collected from Belongil Creek
(Philypnodon grandiceps), whereas seven additional fish species were collected from Tallows Creek (Table 5).
Table 5: Macroinvertebrate and fish taxa collected from Tallows Creek and Belongil Creek in May 2003
Taxa

Tallows Creek

Belongil Creek

Invertebrates
Bivalvia

Bivalvia

Corixidae

Marphysa sp.

Marphysa sp.

Metapenaeus bennettae

Halicarcinus spp.
Metapenaeus bennettae
Fish
Centropogon australis

Gerres subfasciatus

Mugil cephalus

Sillago ciliata

Anguilla anguilla

Mugil cephalus

Rhabdosargus sarba

Rhabdosargus sarba

Ambassis marianus

Ambassis marianus

Pelates sexlineatus

Philypnodon grandiceps

Gerres subfasciatus
Sillago ciliata
Platycephalus fuscus
Gobiomorphus sp.
Achlyopa nigra
Acanthopagrus australis

Common names for these taxa are reported in Appendix B.

Stable Isotopes
As expected, all components of the Tallows Creek food web were enriched in nitrogen relative to those sampled
in Belongil Creek (Figure 4). The degree of enrichment was substantial at all trophic levels, with a mean
enrichment of 9.1 δ15N ‰ between primary carbon sources and 11.6 δ15N ‰ between consumers. Elevated
BCPOM δ15N values (relative to riparian vegetation) reflect contributions from seston (dominated by the sewage
effluent) and Avicennia marina, both of which have enriched δ15N signatures relative to samples collected from
Belongil Creek. In contrast to BCPOM, BFPOM isotope signatures tended to be intermediate between riparian
and algal sources, reflecting the mixed nature of this size class of benthic organic matter.
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Figure 4: Mean (± SE) δ15N signatures of all food web components collected from both Tallows and
Belongil Creeks in May 2003
The primary producers in Tallows and Belongil Creeks had δ13C signatures that spanned a wide range of
values (Figure 5), facilitating our analyses of the percent contribution of the major food resources to consumer
diets (using the IsoSource Mixing Model). In both systems, benthic algae were consistently 13C-enriched
relative to other primary food sources (Table 6). However, benthic algal δ13C signatures ranged from -17 to -26
‰, reflecting both the spatial variability of algal sources as well as the variety of algal types in these systems.
For example, epilithon collected from the sediment tended had δ13C values ranging from –22‰ to –27‰,
whereas filamentous algae collected from large woody debris (LWD) and/or cobbles ranged from –16‰ to –
20‰ (Figure 5).
Sources of riparian vegetation had depleted δ13C signatures relative to other primary sources, with values
consistently around -29‰. BCPOM isotope signatures reflected a high contribution of these riparian sources,
with very similar δ13C values.
Food web structure differed substantially between Tallows and Belongil Creeks, although most consumers
spanned the range of δ13C signatures of algal resources (filamentous green algae and epilithon) (Figure 5).
IsoSource analyses of stable carbon and nitrogen isotope data revealed that despite differences in community
composition and δ15N values, these sources of algal carbon fuelled both the Tallows Creek and Belongil Creek
food webs (Table 6 Mixing Model Results). This finding is supported by the documented high productivity of
both of these systems and reflects the value of within-system production in sustaining fish communities.

Intraspecific Variation in δ15n Signatures in Tallows Creek
Examination of fish isotope signatures in Tallows Creek revealed that some individuals of certain taxa were less
enriched in δ15N than would be expected if they were long-term residents of this system (Figure 5). For example,
mean δ15N isotope signatures of Ambassis marianus and M. cephalus were considerably depleted relative to the
other fish taxa sampled. These lower mean δ15N values were due the presence of fish with δ15N-depleted
signatures. We propose that these fish with comparatively depleted δ15N signatures are likely to be new recruits
that had only recently entered the Tallows Creek system following the artificial opening event. Significantly,
these new recruits had isotope signatures more typical of Belongil Creek than Tallows Creek, indicating that they
had been recruited from a comparatively pristine system (Figure 5).
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Figure 5: δ15N and δ13C signatures of all food web components collected from a) Belongil Creek and b)
Tallows Creek in May 2003
Boxes represent mean (SE) values from 3 replicate samples of all components. Codes for species are as follows: 1 =
Centropogon australis, 2 = Mugil cephalus, 3 = Anguilla sp., 4 = Rhabdosargus sarba, 5 = Ambassis marianus, 6 = Bivalve
molluscs, 7 = Corixids (Corixidae, Insecta), 8 = Polychaete worms (Marphysa), 9 = Halicarcinus sp., 10 = Pelates
sexlineatus, 11 = Metapeneaus bennettae, 12 = Gerres subfasciatus, 13 = Sillago ciliata, 14 = Platycephalus fuscus, 15 =
Gobiomorphus sp., 16 = Achylopa nigrus, 17 = Acanthopagrus australis and 18 = Philypnodon grandiceps.
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Table 6: Percent contribution of epilithon, filamentous green algae, mangroves and riparian vegetation to
consumers in Belongil and Tallows Creeks, May 2003
Results calculated using IsoSource Mixing Model (Phillips & Gregg 2003) using δ13C and δ15N signatures of source and
consumer tissues.
Taxa

Epilithon
Mean

Belongil Creek
Bloodworms
(Marphysa)
Bivalves (Donax)
Prawn
Philypnodon
Silver Biddys
Estuary Perchlet
Tarwhine 1
Tarwhine 2
Tarwhine 3
Whiting
Mullet 1
Mullet 2
Mullet 3
Mullet 4
Mullet 5
Mullet 6
Mullet 7
Averages
Algal
contributions
Tallows Creek
Bloodworms
Corixids
Bivalves
Prawn
Glass Eels
Gobies
Fortesque
Stripeys
Silver Biddys
Tarwhine
Whiting
Sole
Ghost Crab
False Crab
Estuary Perchlet 1
Estuary Perchlet
2*
Estuary Perchlet 3
Bream 1
Bream 2
Bream 3
Flathead 1
Flathead 2
Mullet 1*
Mullet 2
Mullet 3
Mullet 4
Mullet 5
Mullet 6*
Mullet 7*
Mullet 8*
Mullet 9*
Mullet 10
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SD

Min

Max

Filamentous Green
Algae†
Mean SD Min Max

Mangrove
Mean

SD

Riparian Vegetation
Min

Max

Mean

SD

Min

Max

35.0

4.0

31.0

39.0

55.0

1.0

54.0

56.0

3.0

3.0

0.0

6.0

7.0

0.0

7.0

7.0

37.0
2.0
18.0
1.4
26.1
7.0
1.3
38.0

2.8
2.8
9.8
1.5
17.6
5.2
1.3
5.2

35.0
0.0
4.0
0.0
0.0
1.0
0.0
32.0

39.0
4.0
32.0
5.0
61.0
13.0
4.0
44.0

37.5
60.5
28.5
88.8
47.8
77.5
97.8
51.5

0.7
0.7
2.4
1.0
4.5
1.3
1.2
1.3

37.0
60.0
25.0
87.0
39.0
76.0
96.0
50.0

38.0
61.0
32.0
91.0
55.0
79.0
100.0
53.0

2.5
3.5
53.5
0.8
25.9
5.5
0.9
4.5

2.1
2.1
7.3
1.0
13.0
3.9
1.0
3.9

1.0
2.0
43.0
0.0
0.0
1.0
0.0
0.0

4.0
5.0
64.0
3.0
46.0
10.0
3.0
9.0

23.0
34.0
0.0
9.0
0.2
10.0
0.0
6.0

0.0
0.0
0.0
0.9
0.4
0.0
0.0
0.0

23.0
34.0
0.0
8.0
0.0
10.0
0.0
6.0

23.0
34.0
0.0
11.0
1.0
10.0
0.0
6.0

21.9
1.7

15.0
1.7

0.0
0.0

53.0
6.0

55.0
94.1

3.7
1.1

47.0
92.0

61.0
97.0

23.0
1.0

11.3
1.1

0.0
0.0

41.0
4.0

0.1
3.2

0.3
1.1

0.0
2.0

1.0
6.0

3.1

2.4

0.0

7.0

0.6

0.7

0.0

2.0

96.3

1.9

93.0

99.0

0.0

0.0

0.0

0.0

37.0
17.7

11.0

21.0

53.0

34.0
56.0

2.7

30.0

38.0

19.0
18.4

8.2

7.0

31.0

10.0
7.9

0.0

10.0

10.0

73.7

19.2
29.5
28.5
80.5
18.8
55.4
4.2
89.0
62.9
72.1
69.5

11.6
7.7
20.5
0.7
10.9
14.6
3.0
1.4
8.4
6.9
5.2

0.0
17.0
14.0
80.0
1.0
30.0
0.0
87.0
50.0
63.0
63.0

38.0
40.0
43.0
81.0
37.0
79.0
8.0
91.0
74.0
83.0
78.0

9.8
5.9
9.0
17.0
51.5
12.2
1.8
10.3
24.1
15.8
22.0

5.6
3.7
9.9
0.0
5.2
7.0
1.5
0.8
4.0
3.3
2.5

1.0
1.0
2.0
17.0
43.0
1.0
0.0
9.0
19.0
11.0
18.0

19.0
12.0
16.0
17.0
60.0
24.0
4.0
11.0
30.0
20.0
25.0

65.9
61.4
56.5
2.5
15.5
25.7
90.8
0.7
9.9
9.9
7.0

9.1
6.0
16.3
0.7
8.7
11.6
2.4
0.8
6.6
5.5
4.1

51.0
53.0
45.0
2.0
1.0
7.0
88.0
0.0
1.0
1.0
0.0

81.0
71.0
68.0
3.0
30.0
46.0
94.0
2.0
20.0
17.0
12.0

5.1
3.1
6.0
0.0
14.2
6.7
3.2
0.0
3.1
2.1
1.5

3.1
2.1
5.7
0.0
3.0
4.0
0.8
0.0
2.2
1.9
1.4

0.0
0.0
2.0
0.0
9.0
0.0
2.0
0.0
0.0
0.0
0.0

10.0
6.0
10.0
0.0
19.0
13.0
4.0
0.0
6.0
5.0
4.0

45.5
70.5

0.7
2.4

45.0
68.0

46.0
73.0

1.0
1.0

0.0
1.2

1.0
0.0

1.0
2.0

53.5
28.0

0.7
1.8

53.0
26.0

54.0
30.0

0.0
0.5

0.0
0.6

0.0
0.0

0.0
1.0

26.0

6.3

18.0

34.0

34.0

1.6

32.0

36.0

40.0

4.7

34.0

46.0

0.0

0.0

0.0

0.0

44.8
60.0

2.8
13.0

41.0
39.0

48.0
82.0

1.3
10.2

1.4
6.2

0.0
0.0

3.0
20.0

52.8
24.5

2.3
10.2

50.0
7.0

56.0
41.0

1.0
5.2

0.9
3.5

0.0
0.0

2.0
11.0

68.5
54.0

0.7
1.0

68.0
53.0

69.0
55.0

30.0
45.7

0.0
0.6

30.0
45.0

30.0
46.0

1.5
0.3

0.7
0.6

1.0
0.0

2.0
1.0

0.0
0.0

0.0
0.0

0.0
0.0

0.0
0.0

1.1
22.2
22.5
44.5

1.4
13.1
5.0
0.7

0.0
2.0
14.0
44.0

4.0
42.0
29.0
45.0

90.3
56.4
4.0
1.0

0.9
6.3
2.5
0.0

89.0
47.0
1.0
1.0

92.0
66.0
8.0
1.0

0.5
15.8
71.3
54.5

0.7
10.3
3.9
0.7

0.0
0.0
66.0
54.0

2.0
32.0
78.0
55.0

8.1
5.5
2.2
0.0

0.7
3.6
1.4
0.0

7.0
0.0
0.0
0.0

9.0
11.0
4.0
0.0

11.8
21.3
26.1
8.0
45.9

7.5
15.0
18.7
5.2
8.2

0.0
0.0
0.0
2.0
33.0

26.0
56.0
73.0
14.0
59.0

78.7
47.4
36.2
69.5
5.9

2.1
3.6
4.5
1.3
3.9

74.0
39.0
25.0
68.0
0.0

82.0
53.0
43.0
71.0
12.0

9.3
31.4
37.7
10.5
44.8

5.5
11.5
14.2
3.9
6.6

0.0
5.0
2.0
6.0
34.0

19.0
48.0
58.0
15.0
55.0

0.2
0.0
0.0
12.0
3.4

0.4
0.0
0.2
0.0
2.3

0.0
0.0
0.0
12.0
0.0

1.0
0.0
1.0
12.0
7.0
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Taxa
Mullet 11
Mullet 12
Averages
Algal
Contributions

Epilithon
52.3
52.3
40.0

14.6
14.6

28.0
28.0

77.0
77.0

Filamentous Green
Algae†
12.5 7.0
1.0
12.5 7.0
1.0
24.7

Mangrove
24.0
24.0

28.9
28.9
28.5

11.6
11.6

Riparian Vegetation
9.0
9.0

48.0
48.0

6.3
6.3
3.3

4.0
4.0

0.0
0.0

13.0
13.0

64.7

† In Belongil Creek, filamentous green algae was a green alga. In Tallows Creek, this component was a red alga.
* Mixing model analyses were completed using Belongil source values for these 15N-depleted consumers in Tallows Creek.

Discussion
Sewage Effluent and δ15n Signatures of Biota in Tallows Creek
Previous studies have shown sewage effluent to be a major contributor to the nitrogen and carbon isotope
signatures of algae (Costanzo, O'Donohue & Dennison 2000), macroinvertebrates (Risk & Erdmann 2000;
deBruyn & Rasmussen 2002), individual fish species (Gaston, Kostoglidis & Suthers 2004) and taxonomic
groupings (e.g. the entire fish assemblage in Schlacher, Liddell, Gaston & Schlacher-Hoenlinger 2005).
However, surprisingly few studies have investigated the effect of 15N-enriched sewage effluent on the entire
aquatic food web (but see Hansson, Hobbie, Elmgren, Larsson, Fry & Johansson 1997).
Our findings suggest that sewage effluent enriched the isotope signatures of all biota across all trophic levels
in Tallows Creek (Figure 2). Significantly, the degree to which biota in Tallows Creek was enriched by sewage
inputs was much higher than levels reported in the recent literature for rivers (deBruyn & Rasmussen 2002;
deBruyn, Marcogliese & Rasmussen 2003), estuaries (Costanzo, O’Donohue & Dennison 2003; Schlacher et al.
2005), bays (Hansson et al. 1997; Tucker et al. 1999; Waldron et al. 2001) and coral reefs (Heikoop, Risk,
Lazier, Edinger, Jompa, Limmon, Dunn, Browne & Schwarz 2000; Gaston, Kostoglidis & Suthers 2004). A
notable exception is the study by Jones, O'Donohue, Udy and Dennison (2001) in southeast Queensland, where
algal δ15N values were as high as 19.6‰ in an estuary immediately downstream from a STP. Algal sources
(epilithon and filamentous green algae) sampled in our study were less 15N-enriched than that value, but fell well
within the range reported throughout their study region (algal δ15N ranged from 6.4‰ to 19.6‰ in Jones et al.
2001). Unfortunately, Jones et al. (2001) did not measure responses at higher trophic levels. As Schlacher et al.
(2005) observed, measuring sewage impacts in aquatic ecosystems only at the primary producer level (e.g. algae
and seagrass) may be misleading due to the lack of evidence relating to assimilation and trophic transfer of
effluent nitrogen up through the food web.
The recent study by Schlacher et al. (2005) provides a useful study for comparisons with ours as it was
geographically in close proximity (less than 300km to the north) and many of the species they assessed were
present in our collections from Tallows and Belongil Creeks. In our study, Sillago ciliata individuals from
Tallows Creek had a mean δ15N value of 24.64‰ (SE ± 0.60) (Figure 2). In a comparable system (albeit a
permanently open estuary) also receiving sewage effluent discharges, Schlacher et al. (2005) reported mean δ15N
signatures for S. ciliata only as high as 15.11‰ (Table 3). With the exception of Rhabdosargus sarba, the δ15N
signatures of specimens from Tallows Creek were consistently enriched (with a mean difference of +7.57‰)
relative to the δ15N signatures presented in Schlacher et al. (2005) (Table 3). This substantial degree of
enrichment highlights the significance of differences in hydrology and nitrogen cycling between permanently
open macrotidal estuaries (like those in Schlacher et al. 2005) and intermittently open estuaries (like Tallows
Creek).

Food Web Structure and Function in Tallows and Belongil Creeks
The impacts of sewage effluent on aquatic biota are generally reported as an increase in primary production,
changes to water quality (e.g. reduced DO), a reduction in biodiversity (as only species tolerant of reduced water
quality remain) and an increase in secondary productivity, as tolerant species proliferate on abundant food
resources and reduced competition (Waldron et al. 2001; deBruyn, Marcogliese & Rasmussen 2003).
Despite the heavily enriched nitrogen isotope signatures (this study) and high ambient nutrient concentrations
(McAlister et al. 2000) in Tallows Creek (relative to those in Belongil Creek), there was surprisingly little
difference in the structure of the food webs of these two intermittently open estuaries. Both were predominantly
fuelled by the abundant algal resources. This finding is supported by the documented high productivity of both
of these systems (McAlister et al. 2000) and reflects the well-documented importance of within-system
production (usually of microalgae or microphytobenthos) in supporting fish communities in estuarine
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environments (Kitting, Fry & Morgan 1984; Miller, Geider & MacIntyre 1996; Middelburg, Barranguet,
Boschker, Herman, Moens & Heip 2000).
In addition to the influence of sewage discharges on community composition, it is likely that hydrology
(entrance status) may have also influenced the sampled diversity of Tallows Creek in this study. For example,
the presence of some taxa with strong freshwater affinities (e.g. Corixids) in our samples reflects the closed
entrance status of Tallows Creek at the beginning of our sampling. As Griffiths (1999) and Dye and Barros
(2005a) observed, time since connection with the ocean is likely to be a key driving force in determining the
structure of communities in intermittently open estuaries. Our collections, although restricted in space and time,
appear to support these conclusions, although more detailed studies that follow a series of opening and closing
events are required to independently quantify the influence of entrance status on community structure and
composition.

Patterns of Fish Movement Inferred from Nitrogen Isotope Signatures
Many researchers have used stable isotopes to assess movements of biota within and between aquatic ecosystems
(Hobson 1999; Rubenstein & Hobson 2004; Herzka 2005). Whilst most studies use δ13C signatures to examine
patterns of movement of consumers between two or more habitats with different source δ13C signatures (Cunjak,
Roussel, Dietrich, Cartwright, Munkittrick & Jardine 2005), Hansson et al. (1997) showed that enriched δ15N
signatures from sewage effluent can also provide useful information relating to residency and movement of fish
between sites. On the basis of our findings, we propose that the greatly enriched nitrogen isotope signatures of
biota in Tallows Creek can provide useful information on the movement of commercially important fish species
into and out of this system during the intermittent periods of connectance with the ocean (i.e. when the entrance
is artificially or naturally opened).
Schlacher et al. (2005) proposed the use of fish δ15N signatures as an indicator in estuarine environments
receiving wastewater. They provided evidence of high site fidelity for a range of estuarine fish species and claim
this residency facilitates their use as an indicator of nutrient inputs. In our study, we confirmed that resident taxa
have elevated δ15N signatures in Tallows Creek, a system receiving substantial sewage inputs. However, the
presence of comparatively unenriched individuals in Tallows Creek following an entrance opening event during
our sampling period revealed that recent recruits into the system could be discriminated on the basis of their
comparatively lower δ15N signatures. This discrimination between residents and recent immigrants provides
evidence for movements of fish species into Tallows Creek and can provide useful insights into increasing our
understanding of movements between habitats with vastly different nitrogen isotope baseline signatures.
Knowledge of patterns of movement into and out of estuaries is scant for most species. For Mugil cephalus,
there is conflicting evidence for the site fidelity proposed by Schlacher et al. (2005). While Field (1987) reported
that juvenile mullet (including Mugil cephalus) show a high level of site fidelity and tend not to mix with
neighbouring groups or move between neighbouring estuaries, Pusey, Kennard and Arthington (2004) report that
at various points in their life cycle, substantial movements within and between estuaries is a common trait of this
species (particularly on the east coast of Australia). Specifically, individuals have been reported to re-enter the
marine environment (from estuaries) during periods of high rainfall (due to washing out of their detrital food
resources). Pusey, Kennard and Arthington (2004) note that when such movements occur, M. cephalus
individuals tend not to feed and this has important implications for the use of elevated nitrogen isotope
signatures (like those observed in resident biota in Tallows Creek) as potential indicators of movements of M.
cephalus individuals caught offshore. We propose that these characteristics of M. cephalus movements facilitate
their use as indicators of emigration and immigration patterns into and out of neighbouring estuarine habitats,
particularly when heavily 15N-enriched systems (like Tallows Creek) can leave such a strong and lasting mark
(especially during periods of non-feeding movements) on individual δ15N signatures. Pusey, Kennard and
Arthington (2004) indicated that following these ‘wash out’ runs, M. cephalus individuals tend to re-enter the
original estuary or move to a neighbouring estuary (typically to the north). Monitoring stable isotope signatures
of immigrants in neighbouring estuaries (like Belongil Creek in this study) might therefore aid in assessing
movement patterns in this species and the contribution of sewage effluent across broader spatial scales.
For the other species for which we identified new recruits into Tallows Creek (Ambassis marianus), there is
very little information on movement patterns into and between estuaries. However, Pusey, Kennard and
Arthington (2004) indicate that substantial upstream and downstream migrations occur for many freshwater
ambassid species and Broadfoot, Berghuis and Heidenreich (2000) observed upstream migrations of Ambassis
spp (thought to be mostly A. marianus) through a tidal barrage fishway in the Kolan River (in south-east
Queensland). Given that A. marianus inhabits brackish waters along the Queensland and New South Wales
coasts (Grant 2002), it is not surprising that movements within and between estuaries would occur. We propose
that the enriched isotopic signature of Tallows Creek and its resident biota may be able to provide ideal
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opportunities for gathering more information of patterns of movements for species like A. marianus where
existing data is scant.
Whilst we did not sample nearshore environments in the current study, we propose that fish emigrating from
Tallows Creek will maintain these enriched δ15N signatures for a reasonable period of time (at least weeks),
particularly for species that undertake non-feeding movements in response to environmental cues (e.g. Mugil
cephalus – Pusey, Kennard & Arthington 2004). These enriched isotope signatures in emigrants might be useful
in determining patterns of movement into and out of neighbouring offshore and estuarine habitats (Hansson et al.
1997; Herzka 2005). Given that many of the species that inhabit intermittently open estuaries are of marked
commercial and recreational value (Griffiths 1999; Griffiths 2001b), the use of these stable isotope markers to
improve our understanding of recruitment and movement patterns deserves further attention.
We have shown in this study that in small intermittently open estuaries, sewage effluent can enrich all
components of the food web. The enriched δ15N signatures of resident biota can be used to assess patterns of
movement by mobile taxa like fish (Hansson et al. 1997; Herzka 2005). We propose that heavily enriched
systems like Tallows Creek can provide excellent opportunities for assessing patterns of fish recruitment and
ecosystem processes (like nutrient cycling), without the inherent costs and impacts associated with adding 15Ntracers and nutrients to an otherwise undisturbed site (Peterson 1999; Bedard-Haughn, van Groenigen & van
Kessel 2003). Studies of this nature are likely to be particularly relevant to coastal resource and fisheries
managers, as the findings will enable the evaluation of the role that intermittently open estuaries play in
sustaining the viability of commercially and recreationally valuable fish populations (Griffiths 1999; Watts &
Johnson 2004).
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Chapter 4

COMPARISON OF DIETS OF FOUR COMMERCIALLY AND
RECREATIONALLY IMPORTANT FISH SPECIES IN TWO
ICOLLS IN NORTHERN NEW SOUTH WALES
Abstract
Tourism and recreation in and around ICOLLS often revolves around their suitability as sites for recreational
fishing. In this component of the project, we sampled commercially and recreationally significant fish species
from two ICOLLs in northern New South Wales. Our objective was to assess the diets of yellowfin bream
(Acanthopagrus australis), dusky flathead (Platycephalus fuscus), sand whiting (Sillago ciliata) and sea mullet
(Mugil cephalus) and compare them against literature data from permanently open estuaries.
All four target species demonstrated a narrower dietary breadth in the study systems when compared to
literature data for estuaries within the same geographic region. In addition, we found that for the opportunistic
predator species (A. australis, P. fuscus and S. ciliata), diets tended to reflect apparent preferential feeding on
abundant prey items, despite the availability of a wider range of invertebrate taxa. A. australis had the most
diverse diet of the four species analysed, suggesting a generalist feeding strategy that enables it to flourish in
ICOLL habitats. Discrepancies between estuarine literature and our findings were most significant for S. ciliata,
as we found decapod crustaceans (a reportedly very significant component of the diet) to be completely absent
from most guts and replaced, in terms of abundance and biomass, by polychaete worms. Significantly, we
sampled reasonable numbers of decapods from both ICOLLs and suggest that S. ciliata diets are influenced by
availability as well as ease of capture.
The differences in dietary compositions of commercially and recreationally valuable fish species between the
two study ICOLLs and permanently open estuaries (assessed from literature data) revealed that for these four
species, ICOLLs support unique trophic pathways that are strongly mediated by the variable connectivity with
the ocean. The impact of artificial opening regimes on teleost species and prey assemblages is therefore
important when considering the recreationally and commercially valuable fisheries supported by these abundant
coastal environments.
In contrast to permanently open estuaries, ICOLLs are characterised by few or no true seagrasses, and tend to
be dominated by Ruppia spp. (sea tassel) and a wide variety of algal species (Pollard 1994a). In addition the
diversity and distribution of vegetation is another significant difference between ICOLLs and permanently open
estuaries. ICOLLs tend to have higher densities of algal species and have fringing wetlands dominated by
Casuarinas and Melaleucas with few mangrove species (Lugg, Williams, Fairfull & Grey 1998).
Salinity levels in ICOLLs are highly variable and are best described as poikilosaline, emphasising the
importance of variation rather than absolute levels (Bayly 1980). Loneragan, Potter and Lenanton (1989)
demonstrated a distinct change in the relative contribution of marine, estuarine and freshwater ichthyofauna over
the salinity gradient of an open estuary but salinity levels in these systems are comparatively stable. Salinity
stability is known to be an important factor that influences an ICOLL’s ability to support both marine and
estuarine fishes (Griffiths 2001). For example, temporal and spatial variations in the salinity of an ICOLL,
resulting from extended periods of closure, rainfall events and bar breaching, can cause a shift in ichthyofauna
composition and abundance (Young et al. 1997; Young and Potter 2002). Macroinvertebrate communities have
also been shown to respond to changes in salinity, indicating that the contribution of prey types to fish diets is
likely to be a function of their response to salinity regimes (Williams & Williams 1998).
The differences between permanently open estuaries and ICOLLs in terms of community composition,
physiochemical properties and marine, terrestrial and freshwater influences suggests that unique dietary
compositions and food webs may exist in these systems. Work across a variety of open and intermittently open
systems in Western Australia has already shown this to be the case, with the dietary composition of
Acanthopagrus butcheri individuals differing significantly between sites (Sarre, Platell & Potter 2000). In
addition to differences between systems, upstream shifts in dietary composition have also been detected in larger
systems (Sarre, Platell & Potter 2000). Given their physical and chemical variability, ICOLLs may only support
species that are opportunists and/or generalists in their feeding habits, enabling them to shift readily between
prey items based on the dynamic nature of their availability in these systems.
Differences in resources between natural wetlands (seagrass) and artificial waterways (algae) have recently
been shown to affect diet composition of a garfish and a sallaginid species (Connolly 2003). A similar difference
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might be expected between ICOLLs and estuaries, owing to high algal production in ICOLLs compared to
estuaries. Furthermore, variation in habitat complexity and opening and closing regimes are likely to a large
degree of variability of habitats supporting the food resources of fish between ICOLLs.
The encroachment of urban centres around ICOLLs has resulted in the common practice of local authorities
artificially opening these lakes and lagoons (predominantly for flood mitigation and water quality concerns)
without any definitive knowledge of the short and long-term impacts on aquatic community assemblages (Lugg
et al. 1998). In light of the abundance and importance of ICOLLs, and the paucity of information, an increased
understanding of the ecology and trophic interactions within these systems is required to ensure sustainable
management of Australia’s coastal fisheries. Understanding the effects of intermittent opening regimes on the
dietary composition of commercially important teleosts will allow more informed decision making regarding the
optimal timing and duration of artificial opening practices.
In this chapter we present the findings of a study that investigated the diets of commercially important fish
species in two ICOLLs in northern New South Wales. We used gut contents analysis and stable isotope
techniques to reconstruct fish diets on the basis of resident and available prey items. Our primary goal was to
assess the breadth and differences in dietary composition within four commercially and recreationally valuable
fish species. This study of fish diets in response to the variable influence of marine, terrestrial and freshwater
environments created by intermittent opening events in ICOLLs is completely novel.

Materials and Methods
Study Species
The four fish species that formed the focus of this study were yellowfin bream (Acanthopagrus australis), dusky
flathead (Platycephalus fuscus), sand whiting (Sillago ciliata) and sea mullet (Mugil cephalus). These species
were selected due to their known abundance in ICOLLs and their importance to both recreational and
commercial fisheries (Pollard 1994b). Furthermore, the diets of these species (or closely related species) have
previously been assessed in estuarine and coastal waters and reported in the literature, thereby allowing
comparisons to be drawn across a variety of aquatic systems and identifying dietary compositional differences to
be analysed.

Study Area
The four target species were collected from two ICOLLs located within Byron Shire on the New South Wales
north coast, 790kms north of Sydney (Figure 3). Belongil and Tallows Creek are close to the urban settlements
of Byron Bay and Suffolk Park, respectively. Belongil Creek, located just north of Byron Bay, includes a
relatively small catchment area of 18km2 and has an annual rainfall of 1850mm (NSW Department of Land and
Water Conservation 2000). Tallows Creek is situated south of Cape Byron and the township of Byron Bay. Both
systems have water quality that is impacted by acid-sulphate soils, stormwater run-off and point source pollution
derived from residential, industrial and agricultural land-use within their respective catchments (NSW
Department of Land and Water Conservation 2000). In addition, an STP discharges treated wastewater directly
into Tallows Creek.
Sampling for the four target fish species occurred on a series of dates between 27 November and 18
December 2003. One study site at the mouth of each ICOLL was selected, thereby reducing the effects of any
spatial variability that may exist within each system. At the time of sampling Belongil Creek was open to the
ocean, whilst Tallows Creek had been closed for a period of time.
At the time of sampling, the tidally active Belongil Creek had salinity levels near that of seawater (Table 7).
A small drop in salinity from 29.0ppK to 26.9ppK was evidenced over a falling tide, highlighting the variability
of physical and chemical conditions in this tidally influenced system. We also noted a dramatic change in water
clarity over the tidal cycle, with clarity declining over a falling tide (W. Hadwen and G. Russell, personal
observation). In contrast, the closed Tallows Creek had consistent and very low salinities (Table 7). Water clarity
within Tallows Creek was affected by tannin-stained water and a high suspended solids load caused by
discharged treated sewage (McAlister et al. 2000).
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Table 7: Physical properties recorded at the time of sampling for each location
Belongil Ck. (High Tide) Belongil Ck (Low Tide)

Tallows Ck

10/12/03. 11am

10/12/03. 1.30pm

15/12/03. 11am

pH

7.91

7.98

7.9

DO

6.74ppM

6.03ppM

5.21

Date/Time

o

o

Temp.

24.6 C

28.6 C

26.4 o C

Cond.

47.9mS

44.6mS

10.2mS

Salinity

29.0ppK

26.9ppK

5.62ppK

Sampling Methods
Fish were collected using a 20m seine net with 6mm mesh trawled over predominately sandy substrates in close
proximity to littoral vegetation and submerged structures and debris. Seine trawls were conducted between
9:00am and 2:00pm on each sampling occasion. Captured fish were removed from the net after each trawl and
placed immediately into an ice-slurry for transportation back to the laboratory for processing. Sampling of
potential prey items was also conducted using a dip net and a small seine net with a mesh size < 2mm. All
components of the food web were sampled across a range of habitat types representing those available at each
site. Sampling protocols were identical to those outlined in Chapters 2 and 3.

Sample Processing
The total length of each fish was measured and recorded in the laboratory to the nearest 5mm at the conclusion
of each field collection. The gut contents of each fish were removed and preserved in 4% formalin. Gutted fish
were frozen for proposed tissue sampling for stable isotope analyses of trophic relations (following the methods
detailed in Chapters 2 and 3). Two days prior to microscopic investigation the preserved stomach contents were
transferred to a solution of 70% ethanol.
Before ingested items were removed, the gut cavity contents were dried with blotting paper and excess
ethanol allowed to evaporate before being weighed in grams to two decimal places. The entire contents of the
digestive tract were removed by dissection and placed in a Petri dish with 70% ethanol. The contents were then
sorted taxonomically under a Wild M3Z dissecting microscope (6.5-40X). Prey items were recorded under nine
broad dietary categories adapted from existing literature and personal observation of possible prey items found in
the food web sampling.

Dietary Analysis
Gut contents analyses
The dietary analyses utilised three main parameters proposed by Hyslop (1980). These methods have been
widely adopted for the analysis of teleost diets (Edgar & Shaw 1995; Hyndes, Platell & Potter 1997; Sarre,
Platell & Potter 2000; Schafer et al. 2002) and therefore facilitated comparisons between studies. The percent
frequency of occurrence of each dietary item in the stomachs of all fish and the relative contributions of each
dietary item to the number and volume in the stomach of each fish were calculated. Volumes of dietary
categories were calculated indirectly, whereby the items within each diet category were pooled and their
percentage contribution estimated against a standard 1mm grid. This method takes into account the stomach
fullness of each individual analysed (Hyslop 1980). Gut content analyses were restricted to those individuals
whose stomachs contained dietary items at the time of capture. However, individuals with no gut contents were
still included in the isotopic analyses of diet composition, as this method uses muscle tissue as an integrated
measure of diet over a longer period of time than instantaneous gut content methods (Jones & Waldron 2003).
Since volumetric data best represents the relative importance of each dietary category, especially when a
combination of both large and small prey items are eaten that may over- or under-emphasise their importance
(Hyslop 1980), subsequent analyses were performed using only volumetric data for each dietary category. The
use of the volumetric contribution also allows amorphous food items such as algae and detritus to be included for
analysis (Hyslop 1980). Furthermore, comparison of diet reconstructions using gut contents and stable isotope
methods is facilitated using this parameter (Jones & Waldron 2003).
Indices of diversity (Shannon-Wiener, H`) and evenness (J) were calculated to examine the dietary breadth of
each species at each location (Marshall & Elliot 1997). These indices have been widely used to assess teleost
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diets and whilst it is impossible to compare values of H` across studies, this is possible for the standardised
evenness value (J) (Hyndes, Platell & Potter 1997).

Stable isotope analyses
For food web analyses and diet reconstructions based on stable isotope signatures in fish muscle tissue, samples
were processed as per the methods outlined in Chapters 2 and 3. Ground and dried sampled were analysed using
a continuous flow-isotope ratio mass spectrometer (Micromass Isoprime EuroVector EA300, Manchester, UK)
at Griffith University. Isotope ratios are expressed as either δ13C or δ15N and relate to the ratio of 13C:12C and
14
N:15N respectively and values were calculated according to the following equation:
δ13C or δ15N = [(Rsample / Rstandard) - 1] x 1000
where Rsample is the isotopic ratio for the sample and Rstandard is the isotopic ratio of the standard (PeeDee
belemnite carbonate for δ13C and atmospheric N for δ15N).
Food web and diet analyses were conducted using IsoSource mixing model software (Phillips & Gregg
2003). Trophic fractionations of carbon and nitrogen signatures were set at 0.2‰ and 1.5‰ respectively, based
on values reported in the stable isotope literature (Peterson & Fry 1987; McCutchan et al. 2003; Hadwen & Bunn
2004).

Results
Catch Data
A total of 93 fish, across the four target species, was collected for analyses from Belongil and Tallows Creeks
(Table 8). Marked differences in catch rates between systems were evident, with 64 individuals recorded for
Belongil Creek in contrast to 24 from Tallows Creek. The catch rates for S. ciliata and A. australis showed the
greatest differences between each system, with the highest catches coming from Belongil Creek for both species.
Only three individuals of S. ciliata were collected from Tallows compared to 36 for Belongil Creek. Similarly,
13 individuals of A. australis were captured from Belongil Creek and only one small individual from Tallows
Creek. Comparable numbers were recorded for each system for the other two species (M. cephalus, P. fuscus).
Overall S. ciliata was the most commonly caught species, comprising 41.9% of the teleosts captured at the two
sites.
Table 8: Catch data and individual characteristics for A. australis, P. fuscus, S. ciliata and M. cephalus in
Belongil and Tallows Creek

Species
A. australis
Empty
0-100mm
101-150mm
151-200mm
201-300mm
301-400mm
400mm+
P. fuscus
Empty
0-100mm
101-150mm
151-200mm
201-300mm
301-400mm
400mm+
M. cephalus
Empty
0-100mm

Sample
Size
13
1 - 7.69%
4
6
2
5
2 - 40%
1
2
10
0 - 0%
-

Belongil Creek
Mean Stomach
Weight (g)
5.53 (0.73)
2.54 (-)
2.585 (0.48)
6.736 (0.62)
7.84 (0.88)
4.06 (1.56)
9.08 (0.66)
1.31 (-)
5.44 (1.28)
21.39 (6.13)
-

Mean Total
Length (cm)
18.08 (1.12)
17 (-)
14 (0.58)
18.66 (0.61)
24.5 (0.5)
23.5 (3.27)
32 (0)
17 (-)
26.75 (0.75)
21.25 (3.16)
-

Sample
Size
1
1
12
6 - 50%
1
5
13
0 - 0%
-

Tallows Creek
Mean Stomach
Weight (g)
1.1 (-)
1.1 (-)
12.18 (2.2)
8.06 (3.23)
9.41 (-)
12.73 (2.61)
22.38 (15.6)
-

Mean Total
Length (cm)
9 (-)
9 (-)
33.5 (1.43)
29.83 (3.49)
30 (-)
34.2 (1.53)
18.08 (2.75)
-
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101-150mm
151-200mm
201-300mm
301-400mm
400mm+
S. ciliata
Empty
0-100mm
101-150mm
151-200mm
201-300mm
301-400mm
400mm+

5
3
2
36
9 - 25%
4
22
1
-

Belongil Creek
2.33 (0.2)
34.57 (4.85)
41.09 (8.73)
1.83 (0.16)
1.30 (0.12)
0.93 (0.09)
1.95 (0.12)
4.86 (-)
-

12
28.66 (0.88)
33.25 (1.25)
18.11 (0.28)
16.83 (0.12)
13.75 (0.44)
17.14 (0.19)
21 (-)
-

10
1
1
1
3
1 - 33.3%
2
-

Tallows Creek
4.1 (0.37)
4.74 (-)
38.25 (-)
206.90 (-)
6.69 (0.26)
1.68 (-)
6.69 (0.25)
-

14.3 (0.15)
16 (-)
27 (-)
49 (-)
27.5 (1.5)
16.5 (-)
27.5 (4.5)
-

( ) = Standard Error
The proportion of individuals with empty digestive tracts varied greatly between species (Table 8). For
example, no individuals of M. cephalus were found to have an empty stomach, yet 47% of the P. fuscus
individuals had empty stomachs. Within species the occurrence of empty stomachs was similar across both
ICOLLs. Furthermore, the size classes collected for each species were similar between the two systems (Table
8).

Dietary Composition
Gut contents analyses
A. australis demonstrated the most diverse diet of the four teleost species examined (Table 9 and 10). In Belongil
Creek, molluscs dominated the diet of A. australis with a mean volumetric contribution of 22.17% and an
occurrence frequency of 66.6%. In contrast, the single individual collected from Tallows Creek contained no
molluscs and relied more on crustaceans and polychaetes (Table 9 and 10). Algae was the most commonly
ingested item in the diet of A. australis caught in Belongil Creek, being found in 83.33% of individuals and on
average contributing 15% to the dietary volume.
Table 9: Dietary categories in the stomach contents of A. australis and P. fuscus in Belongil and Tallows
Creeks
Species
ICOLL

Acanthopagrus australis
Belongil Creek Tallows Creek

Number

n=12

Platycephalus fuscus
Belongil Creek
Tallows Creek

n=1

Taxa

%F %N %V

Crustacea
Decapoda

n=3

n=6

%F %N %V

%F

%N

%V %F %N %V

8.3 16.4

5.8 100.0 90.0 45.0

-

-

- 66.6 63.6 62.5

8.3 16.4

5.8 100.0 10.0 30.0

-

-

- 66.6 63.6 62.5

Isopoda

-

-

- 100.0 60.0 10.0

-

-

-

-

-

-

Amphipoda

-

-

- 100.0 20.0

5.0

-

-

-

-

-

-

Polychaeta

33.3 65.6 10.0 100.0 10.0 45.0

-

-

-

-

-

-

Mollusca

66.6 80.3 22.1

-

-

-

-

-

-

-

-

-

Bivalvia

58.3 70.5 20.5

-

-

-

-

-

-

-

-

-

Gastropoda

25.0

9.8

1.6

-

-

-

-

-

-

-

-

-

Teleosts

25.0

8.2 17.9

-

-

- 100.0 100.0 100.0 33.3 45.4 31.6

8.3

1.6

2.9

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

83.3 *** 15.0

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

66.6 *** 17.5 100.0 *** 10.0

-

-

- 33.3 ***

5.8

FW Inverts *
Sediment
Algae
Plant Material
Other

8.3 ***

7.0

%F = Frequency of occurrence, %N = percentage contribution by number, %V = volume of the dietary categories in the stomach contents; *
FW Inverts were collapsed into one category due to the occurrence of specific taxa (Chironomids – S. ciliata, Coleopterans – A. australis and
Hemipterans – M. cephalus); *** indiscrete dietary items inappropriate for numerical classification.
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Table 10: Dietary categories in the stomach contents of S. ciliata and M. cephalus in Belongil and Tallows
Creeks
Species
ICOLL

Sillago ciliata
Belongil Creek
Tallows Creek

Number
Taxa

n=27

Mugil cephalus
Belongil Creek
Tallows Creek

n=2

%F %N %V

n=10

n=13

%F %N %V %F %N %V %F %N

Crustacea

-

-

-

50.0 8.2

7.5

-

-

-

Decapoda

-

-

-

50.0 0.6

Isopoda

-

-

-

-

-

-

Amphipoda
Polychaeta

7.7 98.1

%V
4.6

5

-

-

-

-

-

-

-

-

-

-

-

-

-

-

50 7.6

2.5

-

-

-

7.7 98.1

4.6

100.0 41.7 84.3 100.0 2.5 55.0

-

-

-

-

-

-

-

Mollusca

44.4 59.7 13.5

50.0 5.0 10.0

-

-

-

-

-

-

Bivalvia

44.4 59.7 13.5

50.0 5.0 10.0

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

- 100.0 8.4

7.5

-

-

-

7.7

1.8

0.4

-

- 50.0 *** 45.0

-

-

-

-

- 40.0 *** 40.0 92.3 ***

57.3

Gastropoda

-

-

-

-

-

Teleosts

-

-

-

-

FW Inverts *

-

-

-

-

-

-

3.7 ***

1.8

-

Sediment
Algae
Plant Material
Other

-

-

-

3.7 ***

0.4

50.0 ***

2.5

-

-

- 30.7 ***

2.3

50.0 *** 17.5 20.0 *** 15.0 61.5 ***

35.4

%F = Frequency of occurrence, %N = percentage contribution by number, %V = volume of the dietary categories in the stomach contents; *
FW Inverts were collapsed into one category due to the occurrence of specific taxa (Chironomids – S. ciliata, Coleopterans – A. australis and
Hemipterans – M. cephalus); *** indiscrete dietary items inappropriate for numerical classification.

The diet of P. fuscus from Tallows Creek was consistently less diverse than those of the other three teleosts
(Table 9 and 10). Guts from P. fuscus were comprised predominately of decapods of the genus Metapenaeus
(62.5%V), and unidentifiable teleosts (31.67%V) (Table 9 and 10). In Belongil Creek, individuals with gut
contents had only fed on teleosts (Table 9 and 10). Interestingly the diet of P. fuscus generally consisted of a
single large prey item swallowed whole (G. Russell, personal observation).
Reconstructing the diets of M. cephalus individuals is notoriously difficult given their benthic feeding habits
and their tendency to consume large quantities of unidentifiable material. In this study, all individuals had
relatively full stomachs (Table 8). Large quantities of sediment, algae and unidentifiable particulate matter made
up the bulk of diets, except for one large individual collected from Tallows Creek which had consumed
crustaceans and aquatic insects (Table 9 and 10). For that individual, about 10% of the stomach volume was
taken up by these aquatic macroinvertebrates.
Polychaete worms were by far the most commonly consumed prey item in the diet of S. ciliata, as
emphasised by the fact that they were present in all guts (with contents) across both ICOLLs (Table 8).
Volumetrically, polychaetes contributed 84.26% and 55% of the diets of S. ciliata in Belongil and Tallows
Creeks respectively (Table 8). Bivalve molluscs were the second most important item by volume in each location
and were the dominant item ingested by number at Belongil Creek (59.72%). Crustaceans, namely decapods and
amphipods, occurred in 50% of the individuals from Tallows Creek, but none were recorded from the guts of any
of the 27 individuals analysed from Belongil Creek.

Stable isotope analyses
Given the appreciable number of individuals collected with no gut contents (Table 8), there were many more
individuals whose diets were assessed using stable isotope data relative to gut contents data. For example, while
only 27 S. ciliata individuals had prey items in their guts, 36 individuals were available for stable isotope
analyses. This is because stable isotope analyses of diets tend to be based on muscle tissue isotope signatures and
does not therefore rely on the presence of prey items in individual guts.
In many instances, small catch sizes in one or both ICOLLs prohibited comparisons of gut contents and
stable isotope analyses. For example, A. australis and S. ciliata catches in Tallows Creek were extremely low
(relative to Belongil Creek) so comparisons of the two methods were only possible for the Belongil Creek
individuals. Similarly, there were too few individuals (with and without gut contents) to facilitate comparisons
between gut contents and stable isotope dietary reconstructions for P. fuscus (Table 8).
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For A. australis individuals there was general agreement between the contributions of prey items to
individual diets (Figure 6). However, mixing model analyses indicated that a greater contribution from teleost
fish was to be expected on the basis of muscle carbon and nitrogen signatures (Figure 6). Furthermore,
difficulties associated with identification of prey items in some guts (high miscellaneous contribution in Figure
6) makes comparisons between these two methods difficult.

100%
80%
Gastropods

60%

Polychaetes
40%

Decapods
Fish

20%

Miscellaneous

0%
Gut Contents

Mixing Model

Figure 6: Comparison of gut contents and stable isotope analyses of percent contribution of prey types to
the diet of A. australis individuals in Belongil Creek
Given that the diet of M. cephalus is generally dominated by miscellaneous detritus and particulate matter
(Table 9 and 10) and that similar catch sizes were recorded in Belongil and Tallows Creeks (Table 8), we used
mixing model reconstructions of dietary compositions from primary carbon sources to compare the basis of M.
cephalus nutrition in the two sites. Whilst epilithon contributed almost 100% of the carbon and nitrogen in M.
cephalus muscles in Belongil Creek, equivalent contributions were made from epilithon, seston and riparian
vegetation in Tallows Creek (Figure 7).

100%
80%

Epilithon
Seston
Riparian Vegetation

60%
40%
20%
0%
Tallows

Belongil

Figure 7: Mixing model analyses of sources of carbon contributing to M. cephalus diets from individuals
caught in Tallows (n=12) and Belongil (n=13) Creeks
Stable isotope analyses revealed that S. ciliata individuals fed on a broader range of prey taxa than was
revealed on the basis of gut contents analyses (Figure 8). While the guts of many individuals were full of
polychaete worms (Table 9 and 10), isotope data indicates that these prey items had contributed only a small
proportion of the dietary carbon and nitrogen in their muscle tissues. Other teleost fish, decapod crustaceans and
gastropod molluscs also contributed to S. ciliata diets despite the low abundance or complete absence from the
guts of individuals in both sites.
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100%
80%
Gastropods
60%

Polychaetes
Decapods

40%

Fish
Miscellaneous

20%
0%
Gut Contents

Mixing Model

Figure 8: Comparison of gut contents and stable isotope analyses of percent contribution of prey types to
the diet of S. ciliata individuals in Belongil Creek

Dietary Breadth
The dietary breadth index of each species was highly variable between locations and across each species (Figure
9). A. australis had the widest dietary breadth (particularly at Belongil Creek, N=13), and relatively high
evenness indices for both locations. The greatest differences in dietary breadth and evenness between ICOLLs
were evident for S. ciliata. S. ciliata from Belongil Creek had the lowest dietary breadth and evenness of any
species from the two locations. In contrast S. ciliata from Tallows Creek had the second greatest dietary breadth
across all species and locations with an evenness value (J) of 0.71 (Figure 9).
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Figure 9: Dietary breadth of P. fuscus, A. australis, S. ciliata and M. cephalus as determined by ShannonWiener (H`) and Evenness (J) indices
* = No. individuals analysed with prey items)
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Differences in the dietary breadths between ICOLLs were inconsistent for the four species. A. australis and
M. cephalus both demonstrated a higher index of diversity and evenness in Belongil Creek whereas the reverse
was observed for S. ciliata and P. fuscus (Figure 9).
Across ICOLLs, the within-species dietary breadth was most similar for M. cephalus, although a much lower
evenness for individuals at Tallows Creek was identified (Figure 9). No dietary breadth index could be
calculated for P. fuscus from Belongil Creek as the diet of the individuals analysed consisted exclusively of a
singular dietary category, namely small teleost fish species.

Discussion
Physio-chemical and hydrological properties for Belongil and Tallows Creeks were clearly different at the time
of sampling and were strongly influenced by the status of their entrance. This variation in opening regimes is a
significant factor influencing teleost community composition, resulting in comparatively low species richness
within ICOLLs (Pollard, 1994b), as well as affecting recruitment into and migration out of these systems (Bell et
al. 2000). The variations in catch rates between the two systems for individual species, particularly for S. ciliata
and A. australis, may be an indication of the stress they were experiencing in Tallows Creek. As Young et al.
(1997) and Young and Potter (2002) showed, variable salinity regimes and extended periods of entrance closure
can reduce recruitment opportunities and alter fish community structure through tolerance limits of certain
species. The low catches in Tallows Creek might reflect the effect these physico-chemical drivers have on these
two species.
ICOLLs are known to be highly productive systems that support large commercial fisheries despite a reduced
species richness relative to similar size estuaries (Pollard 1994b). A similar relationship is likely to hold for
macro-invertebrates, the major food source for S. ciliata, A. australis and P. fuscus within Belongil and Tallows
Creeks. The contribution of dietary categories to fish species within ICOLLs may therefore be a function of
macro-invertebrate responses to changing salinity regimes (Williams & Williams 1998). In the current study,
large numbers of odonate nymphs were collected in Tallows Creek, but were not found in the guts of fish
collected from this system. This is a surprising finding given the wide dietary breadths reported for S. ciliata and
A. australis in the literature (Hyndes, Platell & Potter 1997; Sarre, Platell & Potter 2000). One possible
explanation for the exclusion of these prey items from fish diets in this study may relate to the abundance of
alternative and more typical or preferred prey types.
Evidence of the productivity of ICOLLs can be seen through the low occurrence of individuals with no
dietary items found in the stomach at the time of capture. There was no difference in the occurrence of
individuals with an empty stomach evident between Belongil and Tallows Creeks, however significant
differences were observed between different species. The low incidence of empty stomachs recorded for M.
cephalus (0%) is indicative of the species’ feeding strategy, requiring large amounts of small dietary items
readily available and potentially unlimited within these habitats (Froese & Pauly 2003). In contrast, P. fuscus had
the highest incidence of empty stomachs (47%), and this is indicative of its feeding strategy. As an ambush
predator, P. fuscus is reliant on the movement of potential prey items, predominately larger decapods and
teleosts, within its striking range. The sporadic nature of this feeding strategy lends itself to extended periods
where no prey items are ingested and hence the comparatively high proportion of empty stomachs found in this
study. Similar proportions of empty stomachs have been found in other dietary analyses for this genus
(Humphries, Potter & Loneragan 1992; Edgar & Shaw, 1995).
Evidence of feeding strategies can also be seen from the dietary composition of A. australis within Belongil
Creek, which had the most diverse diet of all species across both locations. This genus of Sparidae has been
found to have significantly different dietary compositions across a variety of open and intermittently open
systems in Western Australia, suggesting they are generalists and opportunistic in their feeding habits (Sarre,
Platell & Potter 2000). The high evenness index calculated for this species (J=0.92) in Belongil Creek supports
the findings of Sarre, Platell and Potter (2000) and suggests there was little dietary preference. The dietary
breadth flexibility of this species may be a major factor in its successful utilisation of highly variable ICOLL
habitats. The high incidence of algae in the diet of A. australis refutes current dietary literature (Froese & Pauly
2003) and presumably reflects the occurrence of algae in close proximity to bivalve molluscs often found in A.
australis guts (personal observation). If this is the case, algae ingested by A. australis may have been taken
incidentally when feeding on molluscs and may not serve any nutritional value for the species. Proposed isotopic
analyses of feeding relations promise to determine whether or not this is the case.
The absence of crustaceans from the diet of S. ciliata from Belongil Creek and the relatively small volumetric
contribution in Tallows Creek are in stark contrast to the dietary compositions identified for Sillaginid species in
coastal waters (Hyndes, Platell & Potter 1997). Hyndes, Platell and Potter (1997) identified crustaceans as the
dominant prey item across a number of Sillaginid species, occurring in between 52% and 100% of individuals. In
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both of these studies polychaetes were identified as the second most dominant food source, indicating the
abundance of polychaetes in this study is typical for this genus. Molluscs, primarily bivalves, are also of similar
importance in ICOLLs as reported for Sillaginid species in coastal waters. In Belongil Creek the exclusion of
crustaceans from the diet of S. ciliata appears to have been compensated by an increased reliance on polychaetes.
Sillaginid species are opportunistic feeders and the absence of crustaceans from the diet of S. ciliata was
unanticipated, as numerous penaeid prawns (Metapenaeus spp.) were collected from the mouth of each ICOLL
where seine netting was conducted (personal observation). The exclusion of decapods from the diet of the 27
individuals from Belongil Creek suggests that S. ciliata may preferentially feed on abundant prey items. Whilst
polychaetes were abundant in this system, there is currently no quantitative data to test this hypothesis. The low
dietary evenness identified for S. ciliata further emphasises the dominance of polychaetes in the diet. The
abundance of different prey within ICOLLs could be an influential factor in facilitating dietary shifts regardless
of the availability of a more diverse range of macro-invertebrate taxa. The high productivity typical of ICOLLs
(Pollard 1994b) may facilitate preferential ingestion of some dietary items to occur based on relative ease of
locating and capture, or nutritional preference.
M. cephalus from Belongil and Tallows Creeks showed little dietary variation with the exception of
sediment, ingested in significant quantities in Belongil Creek, yet absent from the diet of Tallows Creek
individuals. The discharge of treated effluent from an STP into Tallows Creek is likely to be a primary factor in
this difference. The effects of effluent, including sediment hypoxia, are known to result in benthic in-faunal
communities with high abundances for a limited diversity of taxonomic groups (Hall, Frid & Gill 1997). The
effects on benthic in-fauna, coupled with high algal production driven by nutrient loading and shallow water
depths, may allow M. cephalus within Tallows Creek to feed on algae and particulate organic matter in the water
column. Many M. cephalus individuals were observed feeding in this manner at an STP outflow pipe in Tallows
Creek.
The lower dietary evenness reported for M. cephalus at Tallows Creek was heavily impacted by a single large
individual (49cm) whose diet included amphipods and hemipterans that did not occur in any other individuals of
this species from either ICOLL. This individual was the largest of all M. cephalus analysed and this finding
probably represents an ontogenic shift in dietary composition for this species. Similar results have been found for
M. cephalus in Moreton Bay (Froese & Pauly 2003).

Conclusion
The dietary responses of commercially and recreationally important teleosts within ICOLLs have been shown to
differ from the diets known for these species within estuaries (Pollard 1994b). In this study, the dietary breadths
of the teleosts in two Byron Bay ICOLLs were less diverse than those specified for estuaries. This result reflects
the documented high productivity and low species diversity of food resources such as invertebrates and small
fish species in ICOLLs. The implication for ICOLLs is that only a limited number of species can utilise these
abundant habitats, as indicated by the low species richness found for these systems (Pollard 1994b). Teleosts
within these ICOLLs need to be generalists in their feeding strategy to accommodate dramatic shifts in prey
availability and abundance over relatively short temporal scales. These taxa are also required to tolerate large
physio-chemical fluctuations brought about by intermittent opening events (Pollard 1994b).
The frequency and timing of opening events may be vital for the long-term persistence of teleosts within
ICOLLs based on the availability of prey items and the ability of teleosts to utilise them. Continual artificial
opening events, and extended periods of closure, are both likely to significantly alter the prey assemblages
within ICOLLs and may therefore threaten the sustainability of teleost populations. The implications of varied
opening regimes on fisheries production are an important consideration for authorities based on the high
economic production of ICOLLs.
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APPENDIX A: THE INTERMITTENTLY CLOSED AND OPEN
LAKES (ICOLLS) SPECIAL SESSION AT THE ‘ESTUARIES AND
CHANGE’ CONFERENCE
Background
In addition to the ecological work conducted as part of this project, we also sought to raise awareness and
appreciation of ICOLLs among stakeholder and research scientist groups. To this end, Dr Wade Hadwen and
Prof Angela Arthington coordinated an ICOLLs Special Session at the “Estuaries and Change” conference in
Ballina, New South Wales. This was an international conference, co-sponsored by the Estuarine Coastal and
Shelf Association (ECSA) and Estuarine Research Federation (ERF), which are the two largest scientific
organisations that focus on estuarine research and management.
The ICOLLs special session was first advertised on the conference website in the form of an abstract inviting
participants to submit their abstracts for presentations into this session. The abstract for the special session read
as follows:
Special Session Abstract
Intermittently Closed and Open Lakes and Lagoons (ICOLLs)
Session Convener: Dr Wade Hadwen w.hadwen@griffith.edu.au
Griffith University, Australia
Despite their abundance in many coastal regions, very little is known of the ecology, hydrology and
geomorphology of ICOLLs. This special session aims to raise the profile of ICOLLs and estuaries and
facilitate discussion and recognition of the role they play in maintaining key coastal processes.
Particular emphasis is to be placed on eutrophication, commercial fishing, the forced opening and
closing of ICOLL connections to the sea, and the effects that human activities may have on the ecology
of these ecosystems.
The response to this invitation to participate in the ICOLLs special session was extremely positive. A total of
38 abstracts were submitted via this special session, making it the most popular of all sessions offered at the
conference. Unfortunately, timetabling logistics allowed only 22 of the initial submitted abstracts to be accepted
for the ICOLLs special session. Nevertheless, the ICOLLs special session ran over three days, as detailed in the
table below. Significantly, there was a very wide range of issues covered across the presentations in the special
session. The topics ranged from studies of water quality and artificial opening events to assessments of nutrient
loads, fauna and flora and ecosystem responses to perturbations in these unique coastal environments.
Furthermore, the geographical distribution and relevance of the ICOLLs session was evident given that
contributions came from within Australia (New South Wales, Victoria, Western Australia), India and Sri Lanka,
South Africa and Namibia and the southern part of North America (see table below). All abstracts submitted in
the ICOLLs special session of the “Estuaries and Change” conference are presented in Appendix C.
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Author and Title details of presentations from the ICOLLS Special Session chaired by Dr Wade Hadwen
at the “Estuaries and Change” Conference in Ballina, New South Wales, June 2004. Presenting author
annotated in bold.
Date and
Time

Author(s)

Title
Tuesday 22 June 2004

3.40pm

Angela Arthington and Wade
Hadwen

Sustainable Management of ICOLLS: Knowledge Gaps and
Threatening Processes

4.00pm

Philip Haines

Important Water Quality Processes in New South Wales
Coastal Lagoons

4.20pm

Emma Gale, Charitha Pattiaratchi,
Roshanka Ranasinghe

A comparison of the Hydrodynamics of an Opening Event
in two Coastal Lagoons

4.40pm

Enrique Reyes and Christopher A.
Spring

Modeling Watershed Change in Coastal Louisiana

Wednesday 22 June 2004

9.40am

Piet Huizinga, Lara van Niekerk

Physical Processes of Intermittently Closed and Open
Estuaries in South Africa

10.00am

Lara van Niekerk, S Taljaard, and
Piet Huizinga

An assessment of the impacts of anthropogenic influences
on the dynamics of the temporarily open and closed Orange
River Estuary

Philip Haines

Morphology of coastal lagoons and its impact on dominant
environmental processes

Paul Close and Andrew Maughan

Ecological considerations for manually reconnecting
ICOLLS and the ocean in southwestern Australia

David Rissik and Iain Suthers

The importance of volume correction when investigating
plankton dynamics in intermittently opening and closing
lagoons

10.20am
11.10am

11.30am

11.50am

Wilson Inlet – A case example of seasonally closed
estuaries in the SW of WA

Malcolm Robb

Thursday 24 June 2004
9.10am

9.30am

9.50am

10.10am

11.00am

Linda Grant

Estuary Entrance Management Decision Support System

Melissa Thompson

Where estuary science meets estuary management: the role
of scientific information in estuary management in southeastern Australia

Hamish Malcolm, Rus Glover,
Rob Williams, Brett Louden, Alan
Genders, Lachie Whetham

Estuarine fishes within ICOLLS and Barrier Lagoons in the
Solitary Islands Marine Park, northern New South Wales,
Australia

Paul Boon

Landscape-scale manipulations of water regime to
rehabilitate coastal paperbark (Melaleuca ericifolia)
swamps

Janine Adams

The response of macrophytes to changes in physicochemical conditions in temporarily open/closed estuaries
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11.20am

Robert Dalton, W Maher and D
Williams

Wrack: a gross source of nutrients in some ICOLLs

Daniel Spooner

Nutrient, organic carbon and suspended solid loadings in
two ICOLLS, New South Wales Australia –
biogeochemical response

Kylie Pitt, Klaus Koop and David
Rissik

Contributions of jellyfish to nutrient regeneration in coastal
lagoons

Darren Akhurst

The application of sediment capping agents on phosphorus
speciation and mobility in Lake Ainsworth sediments,
Northern New South Wales

1.40pm

Jason Everett, Mark Baird, Iain
Suthers

A numerical model of autotrophic growth in a seagrass
dominated ICOLL – the impact of different opening
regimes.

2.00pm

Beth F. Hastie and Stephen D. A.
Smith

Benthic Macrofaunal Communities in Intermittent Estuaries
During Extended Closure: the Consequences of Drought in
New South Wales

2.20pm

Wade Hadwen, Grant Russell and
Angela Arthington

Feeding ecology of commercially valuable fish species in
two ICOLLs in northern New South Wales, Australia

11.40am

12.00pm

1.20pm
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APPENDIX B: TAXA (SCIENTIFIC AND COMMON NAMES)
COLLECTED FROM STUDY ICOLLS
Taxa

Scientific Name

Common Name

Ancient Arthropoda

Amphipoda

Amphipods

Ligia australiensis

Marine slater

Annelida

Marphysa spp

Sandworms / Bloodworms

Mollusca

Donax deltoides

Pippies / Ugaris

Saccostrea glomerata

Commercial oyster

Pyrazus ebeninus

Whelk

Austrocochlea porcata

Zebra top shell

Trichoptera

Caddisfly

Ephemeroptera

Mayfly

Corixidae

Corixids

Notonectidae

Back swimmers

Gerridae

Water Striders

Nepidae

Water Scorpions

Dytisidae

Water Beetle

Zygoptera

Damselfly

Anisoptera

Dragonfly

Arthropoda – Insecta

Arthropoda – Crustacea – Caridina indistincta
Decapoda
Metapenaeus bennettae

Atyid Shrimp
Greasyback Prawn

Mictyris longicarpus

Soldier Crab

Ocypode cordimana

Common Ghost Crab

Uca vomeris

Orange clawed Fiddler Crab

Clibanarius spp.

Hermit Crab

Callianassa australiensis Marine Yabby / Ghost Shrimp

Fish

Halicarcinus spp.

False Spider Crab

Portunus pelagicus

Blue Swimmer Crab

Scylla olivacea

Mud Crab

Gambusia holbrooki

Gambusia / Mosquito Fish

Rhadinocentrus ornatus

Ornate rainbowfish

Hypseleotris galii

Fire-tailed Gudgeon

Pseudomugil signifer

Southern Blue Eye

Philypnodon grandiceps

Flathead Gudgeon

Favonigobius lateralis

Goby

Gobiomorphus australis

Striped Gudgeon

Pelates sexlineatus

Eastern Striped Trumpeter

Centropogon australis

Barred Fortesque

Tetractenos hamiltoni

Common Toadfish

Arothron manilensis

Narrow-lined Toadfish
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Other Vertebrates

Ambassis marianus

Estuary Perchlet

Gerres subfasciatus

Silver Biddy

Anguilla anguilla

Glass Eels

Platycephalus fuscus

Dusky Flathead

Sillago ciliata

Sand Whiting

Acanthopagrus australis

Yellowfin Bream

Rhabdosargus sarba

Tarwhine

Achlyopa nigra

Sole

Mugil cephalus

Sea Mullet

Larus novaehollandiae

Silver Gull

Bufo marinus

Cane Toad

Details on site-specific collections are presented in Table 2.
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APPENDIX C: ALL ABSTRACTS SUBMITTED TO THE ICOLLS
SPECIAL SESSION AT THE ‘ESTUARIES AND CHANGE’
CONFERENCE
Title of paper: Trends in sediment and water quality in relation to riverine sediment loads to estuaries in south
Western Australia
Author: L.C. Radke, D. T. Heggie, I. Prosser, M. Robb, B. Brooke, D. Fredericks and J. Skemstad
Author's email: Lynda.Radke@ga.gov.au
Abstract: This paper examines trends in sediment geochemistry and water quality in relation to riverine
sediment loads to a suite of estuaries in south Western Australia. The surface sediment samples analysed are
from 12 wave-dominated estuaries, while sediment loads are derived from erosion and sediment transport
modelling for the catchments of these estuaries, conducted as part of the Australian National Land and Water
Resources Audit. As expected, sediment total nitrogen, phosphorus and organic carbon concentrations varied
inversely with sediment loads because mineral-bearing sediment dilutes organic matter concentrations. The
TOC:TS ratio of sediment is also negatively correlated with sediment loads, presumably because sulfate
reduction becomes more important for organic matter degradation as sediment loads increase. Significantly,
there is a pronounced curvilinear relationship between a weathering index for the estuarine sediment and
sediment load, with soil erosion explaining the rising phase of the curve at low to intermediate loads. Bedrock
erosion could explain the declining phase of the curve at higher sediment loads. The pattern of change for water
column total nutrients (nitrogen and phosphorus) with sediment loads is similar to that of the weathering index.
Most water quality problems occur in association with soil erosion, and at sediment loads that are intermediate
for the data set.
Title of paper: Nutrient distribution and behaviour in the Pichavaram Mangroves, India
Author: Ramanathan Alagappan
Author's email: alr0400@mail.jnu.ac.in, alrjnu@hotmail.com
Abstract: The coastal regions are where terrigenous materials are introduced to the ocean, where productive
wetlands have developed and the biogenic zones are the most productive regions of the oceans. The elevated
phytoplankton productivity of the neritic waters is in part due to the fertile input from rivers and the coastal
boundary currents promote primary productivity. The river dominated coastal margins are thus important both
for the regional enhancement of primary productivity and also for the biogeochemical changes occurring due to
changing sea levels. Pichavaram mangrove ecosystems have their center of distribution in the tropics and subtropics; the global distribution of mangroves is likely to be most affected by temperature changes in the longer
term, shorter and medium term changes can be expected in individual mangrove communities as a consequence
of Changes to the physico-chemical environment and anthropogenic factors. In this paper, we focus on the
sources of energy to the mangroves; the nutrient input-export characteristics. The extensive spatial and temporal
measurements carried out in this study provide facts to highlight the extent of human intervention in the
mangrove ecosystems. Sampling of surface water was carried out throughout the year, on a monthly basis, at the
Pichavaram mangroves of south India. Surface water samples (1 litre) were collected in polyethylene bottles for
the determination of various physico-chemical and biological factors. The filtered samples were then analysed
for nutrients (NO3-NO2-, NH4+, PO4, Total Dissolved Phosphorus [TDP] and H4SiO4) using standard
procedures (APHA: Standard Methods for Water and Waste Water Analysis, 1985). In situ measurements of pH,
conductivity [EC], water temperature, total dissolved solids [TDS] and Biological Oxygen Demand (BOD) were
carried out using standard methods. In the Pichavaram mangroves, three different zones based on surface salinity
gradient and species diversity were identified for this study: i) the high salinity (>33‰); ii) intermediate salinity
(between 15 and 25‰) and iii) low salinity zone (<15‰). The intermediate salinity prevails over a large extent
of the mangrove area (>60%) and a freshwater zone can be demarcated only during the monsoon. The maximum
depth of water in the Pichavaram mangrove area varies between 3 and 4 m near the main channel and the
minimum range is between 30 and 50 cm, with a mean depth of 1.5 m. Semi-diurnal tides flush this ecosystem,
with fluctuating tidal amplitude of 0.5 to 1 m. At each site four replicate samples of gas, water and soil were
collected and the water level from the sediment surface at the time of sampling was noted. Dissolved oxygen
(Winkler method), pH, and EC, were also measured in situ in the surface water using a portable field laboratory
kit. The nutrients distribution shows temporal and spatial variations. The nutrient budget using the LOICZ model
has predicted that input of nutrients is more than the out put. The N is the limiting factor. The Org. C is more in
the interior channel sediments and the DIC is very less in pre-monsoon seasons. The silt and sand fraction are
dominant here and the Clay mineral is dominated by montmorllionite and Kaolinite in the sediments. The Nitrate
and phosphate concentrations show the anthropogenic signature in the mangroves.
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Title of paper: Landscape-scale manipulations of water regime to rehabilitate coastal paperbark (Melaleuca
ericifolia) swamps
Author: Paul Boon
Author's email: paul.boon@vu.edu.au
Abstract: The eastern coast of Victoria is characterised by many shallow estuarine areas open only
intermittently to the ocean (e.g. Lake Tyers, Sydenham Inlet). The largest of these systems is the Gippsland
Lakes, which since the end of the 19th century has been opened permanently to the sea to facilitate navigation
and professional fishing. The lakes system has become progressively more saline since the artificial opening was
created, resulting in the loss of fringing marshes and swampland. These threatened wetlands are Ramsar-listed
and important recreational (water-bird hunting) sites. We are currently trialling landscape-scale experimental
changes (1,500 ha) to water regime in order to determine the relative impacts of various threats to the wetland
systems (e.g. inappropriate water regime, increasing salinity, acid-sulfate soils, presence of carp, and nutrient
enrichment via roosting birds) using a BACI experimental design. Both on-ground and remote-sensing (aerial
photography and satellite imagery) approaches are used to quantify responses to shifts in water regime and
salinity. The intention is to use this information, together with complimentary glasshouse experiments, to
rehabilitate the fringing wetlands, in concert with active revegetation trials undertaken by the local community.
Results indicating the pre-drawdown condition (2003) will be compared with preliminary results from the first
year of water-regime manipulation.
Title of paper: Wrack: a gross source of nutrients in some ICOLLs
Author: Robert Dalton, W Maher and D Williams
Author's email: dalton@scides.canberra.edu.au
Abstract: There are many small ICOLLs on the South-East Coast of Australia. They are subject to pressure
from urban and rural development, yet we know little about their biogeochemical cycles, their biota or their
value to fisheries. We need information about their basic functioning so as to minimise damage from
development in their catchments. We studied macroinvertebrates, algae and physicochemical parameters, such as
dissolved oxygen, nutrient concentrations and salinity, in a series of ICOLLs over a 24 month period in order to
determine relationships between the abundance and diversity of macroinvertebrates and the prevailing
conditions. For two of the four ICOLLs, wrack appears to be a major source of nutrients. In one small urban
ICOLL, Wimbie Creek, of the order of 600 tonnes of seaweed was washed into a lagoon volume of less than 1
megalitre. The water of the lagoon became completely anoxic, with redox potential of less than –300 mV in the
top 10cm of water. Some of the wrack was buried by sand and subsequently methane vents appeared in the
bottom of the lagoon expressing at their peak over 200 litres a minute of methane. Some vents were still
operating 5 months later. Wimbie Creek has a long history of odour problems. During the initial phase, no
macrophytes grew in the lagoon but thick cyanobacteria (Oscillatoria) mats appeared on the edges. There were
no macroinvertebrates found in these conditions. Eventually, after much tidal flushing the macrophyte,
Enteromorpha ralfsii, became dominant at densities high enough such that diurnal fluctuation of DO still
produced anoxic conditions in the nocturnal water column. The only macroinvertebrates found in these
conditions were a few chironomid midges in the shallows. When the lagoon closed again the macrophytes died
and the cyanobacteria reestablished. These conditions do not appear to be unique in space or time. During this
study, Quieriga Lagoon, a small ICOLL with a forested catchment, experienced similar but less extreme
conditions. For local councils to manage problems such as odours they can be courageous and say that these are
naturally occurring events and the local residents just have to put up with it. Or they can spend effort to reducing
the build up of wrack. There are also health issues arising from the build up of the cyanobacteria and fish stock
issues arising from fish kills.
Title of paper: Classification of coastal lagoons in southeastern New South Wales using remotely sensed data
and GIS
Author: Simon Foster
Author's email: foster@scides.canberra.edu.au
Abstract: Coastal lagoons are classified as barrier estuaries that are periodically open to the ocean. They are
bodies of shallow saline water semi-isolated from oceanic water by a barrier composed of sand that may be
intermittently open or closed to the sea (ICOLLs), through one of more narrow channels. ICOLLs lagoons
represent a highly variable transition zone between terrestrial, freshwater and marine, environments whose
physical, chemical and biological attributes are in a state of flux. We have been classifying the various types of
small (<10 Ha) ICOLLs lagoons in southeastern New South Wales using remotely sensed data and GIS.
Hydrologists and geomorphologists use catchment features to classify rivers (i.e. catchment shape, slope,
drainage pattern, and land use) but this approach rarely is extended to estuaries. In this poster we present the
physical features of the catchments of small ICOLLs and determine the relationships between catchment
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characteristics and the morphology of the ICOLLs. This will aid in our understanding of how changes in
catchment features such as land-use may affect ICOLLs.
Title of paper: Morphology of coastal lagoons and its impact on dominant environmental processes
Author: Philip Haines
Author's email: phaines@wbmpl.com.au
Abstract: Coastal lagoons in New South Wales vary significantly in size, depth and planform shape. The lagoon
catchments also vary significantly with regard to size and condition (including extent of development). The
general morphology of coastal lagoons and their catchments dictate, to a large degree, the dominant physical,
chemical and biological processes occurring within the lagoons. The size of the lagoon catchment, and hence the
amount of runoff generated, relative to the waterway area of the lagoon, will determine how the lagoon responds
physically to rainfall. For large catchments compared to the lagoon size, water levels respond rapidly to rainfall.
If entrances are mostly closed, these lagoons would tend to breakout often. If mostly open, the condition of the
entrance would likely be influenced by dominant meteorological conditions (i.e. drought / flood cycles). The
amount of runoff generated by the catchment, relative to the resident lagoon volume, will determine the physical
assimilation capacity (i.e. dilution capacity) of the lagoon. As a result, chemical characteristics of lagoons with
relatively small volumes will be heavily influenced by the characteristics of the catchment runoff waters.
Meanwhile, lagoons with relatively larger volumes can receive catchment runoff without detrimental impacts on
lagoon water quality, even if parts of the catchment are developed for agricultural or urban uses. The physical
dimensions of the lagoons can also be an important determinant to the dominant biological processes,
particularly the depth range of the lagoon. The relative depth of the lagoon influences the proportion of the
waterway’s bed that is present within the photic zone. Beyond the photic zone, seagrasses cannot grow and
benthic microalgae production is reduced. This can then have follow-on effects to the chemical and biological
properties of the lagoon, including sediment nutrient release rates, pelagic algae productivity and fisheries
productivity. Deeper lagoons can also be more susceptible to stratification, which can alter benthic processes and
sub-environments.
Title of paper: Nutrient, organic carbon and suspended solid loadings in two ICOLLs, New South Wales
Australia – Biogeochemical response
Author: Daniel Spooner
Author's email: d.spooner@niwa.com.au
Abstract: Nutrient loads to ICOLLS (Intermittently Open and Closed Lake Lagoon Systems) have increased
because of changed land use in the catchments, from forests to agriculture and urban developments. These
systems are particularly vulnerable to eutrophication and increased loads may result in negative ecological
changes, such as alterations of algal and plant biomass and changed redox conditions in benthic sediments. This
research project focused on two ICOLLS, located in the Eurobodalla Shire on the south coast of New South
Wales. The main objectives were to quantify the nutrient and organic matter loads from the catchments and
determine the internal lake response to these external loadings, focusing on water quality and dissolved nutrient
benthic fluxes. Automated stream sampling equipment was employed collect and store water samples and
hydrological data. Catchment inflow locations were the primary site for the benthic nutrient flux assessment due
to the localised nature of nutrient deposition. C, N, P stoichiometric ratios in sediment and water, in conjunction
with direct N2 gas measurements, were assessed for nutrient dynamics in the benthic zone. This presentation will
briefly define the research objectives, methods employed, and the overall trends and conclusions.
Title of paper: Estuary Entrance Management Decision Support System
Author: Linda Grant
Author's email: l.grant@ghcma.vic.gov.au
Abstract: Estuary Entrance Management in Western Victoria is a high priority in regional strategic planning for
natural resources. The majority of estuaries in the southwest region of Victoria are subject to periodic closure of
the river mouth by formation of sandbars. These estuaries support rare and threatened flora and fauna of
international, national, state and regional significance. Water levels in these estuaries have been historically
managed for the protection of agricultural land and infrastructure and to date regulation of artificial river mouth
openings has been based on intuitive decision making processes that have compromised estuary ecology. This
has lead to significant impacts on biodiversity. Fish kills in southwest Victoria as a result of manual breaching of
river mouths are an example of this. Project Description: This project will develop a Decision Support System
(DSS) for application to the management of Artificial River Mouth Openings (ARMOs). The DSS will allow
stakeholders to: · weigh up the environmental, social and economic values of their estuary and the threats that
ARMOs present to these values and make sound YES or NO decisions for the approval of ARMOs, based on
best available scientific information. The DSS will be developed for application to estuary management across
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Victoria, and has the potential for national and international application. Application of this tool to estuary
management will bring environmental considerations into balance with social and economic values.
Title of paper: Coastal-oasis zone management. Mulege estuary region in the Gulf of California, Mexico
Author: Oscar Arizpe & Angeles Cobarrubias1
Author's email: oarizpe@uabcs.mx
Abstract: The Mulege estuary region is located at the southeastern part of the Baja California Peninsula. The
coastal-oasis and adjacent areas with an extension of 550 km2 are highly valued by local population as well as
visitors from many countries, because it has been a pristine, scenic, and also a highly productive habitat in the
Gulf of California. Since 2001 as a part of Gulf of California Regional Integrated Coastal Management we have
conducted many specific studies to terrestrial and aquatic zoning in order to allocate environmental policies and
specific uses in each zone. The former approximation with a scale of 1:25 000 were derived from ASTER
imagery: False color composite for land use and digital elevation model for the micro-basins. The marine littoral
zoning is an overlapping outcome from wave energy, depth and coastal geomorphology. The terrestrial zoning
was derived overlapping micro-basins, terrestrial geomorphology and land use. The zoning outcomes were 19
terrestrial and 14 aquatic environmental units. For the evaluation processes of the environmental units, a
weighting rating technique was used for three types of policies allocations: protection, conservation and
development. The evaluation is based on a set of 30 environmental and 21 socioeconomic terrestrial indicators
and 13 environmental and 16 socioeconomic marine littoral indicators. The preliminary results show that the
26% of the total area is recommended for the protection policy, 33% conservation and the 41% for the
development policy. We developed and presented a planning process with management objectives to approach
the conservation and sustainable development of this relevant coastal estuarine system.
Title of paper: Important Water Quality Processes in New South Wales Coastal Lagoons
Author: Philip Haines
Author's email: phaines@wbmpl.com.au
Abstract: The water quality of New South Wales coastal lagoons is dependent on a number of factors, including
catchment runoff conditions, the behaviour of the entrance and the physical characteristics of the lagoon. Typical
water quality results for New South Wales coastal lagoons have been compiled and reviewed. The results
illustrate the influence of catchment development on water quality parameters, such as Total Phosphorus and
Chlorophyll-a, with increasing concentrations for increasing amounts of development. Total Nitrogen on the
other hand is more influenced by the dominant entrance condition of the lagoon. For lagoons that are mostly
open, typical total nitrogen concentrations were lower than those lagoons that are mostly closed. Detailed water
quality results for two coastal lagoons in Sydney (Dee Why Lagoon and Curl Curl Lagoon) were correlated
against periods of open and closed entrance conditions between 1994 and 2003. The results show that the water
quality of the lagoons changes significantly based on entrance conditions. In particular, oxidised nitrogen
concentrations were notably different between periods of open and closed entrance conditions, with much higher
concentrations recorded when the entrances were open. The data also shows differences in the response of the
two lagoons to entrance breakout, based on their physical (morphometric) characteristics. Dee Why Lagoon,
which is roughly circular in shape, was generally well flushed of chlorophyll-a by opening of the entrance. Curl
Curl Lagoon, however, which is comparatively long and linear, was only flushed of chlorophyll-a in the most
downstream section of the lagoon immediately adjacent to the entrance. Relatively high chlorophyll-a
concentrations were maintained in the remainder of the lagoon regardless of entrance condition. Clearly these
results have implications from a management perspective, as some New South Wales coastal lagoons are opened
artificially in an attempt to improve water quality.
Title of paper: Use of flooded margins of a stratified estuary by fish and invertebrates
Author: Alistair Becker, Laurie Laurenson, Paul Jones
Author's email: abeck@deakin.edu.au
Abstract: The formation of a sand bar and closure to the ocean is a common feature of estuaries in temperate
regions of Australia. Following closure many estuaries begin to flood providing new habitat for fish that offers
cover and rich food sources. The Surrey Estuary, located in southwest Victoria, Australia, follows predictable
seasonal patterns of mouth closure and flooding. The mouth of the estuary is often opened artificially if waters
flood surrounding infrastructure and pastures. Being a salt wedge estuary the water column becomes highly
stratified during protracted periods of the year. Following mouth closure the saline bottom water stagnates,
becoming anoxic and unsuitable for ichthyofauna. The extent of flooding is a function of estuary depth, flooding
is currently being mapped at a variety of depths to determine the extent of flooded areas and variations in habitat
associated with flooding. As part of this process, a digital elevation model of the estuary and surrounding terrain
is being developed. Fish are being sampled monthly using fyke and seine nets from both the flooded margins of
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the estuary as well as the main channel. Combinations of the biological and physical data in the form of the
elevation model will allow the development of a better understanding of the spatial dynamics of the biota using
the estuary. Of particular interest is the potential of a mass migration of fish from the main channel out onto the
shallow flooded land following a severe loss of oxygen from the water column of the main channel, which is a
feature of the Surrey Estuary. Temporal trends in the fish community are also to be investigated which will focus
on the distribution of fish throughout the estuary as well as the migration of fish between the estuary and ocean
during times when the mouth is open.
Title of paper: The response of macrophytes to changes in physico-chemical conditions in temporarily
open/closed estuaries
Author: Janine Adams
Author's email: btajba@upe.ac.za
Abstract: Increased freshwater abstraction from estuaries can have a major influence on the physico-chemical
characteristics of temporarily open-closed systems. A reduction in freshwater inflow increases the frequency and
duration of mouth closure. Changes in salinity and increased water levels then cause changes in the macrophyte
communities. South Africa has approximately 186 temporarily open / closed estuaries. These estuaries are
characterised by lower species richness than permanently open estuaries. The impacts of freshwater abstraction
are often greatest in the smaller estuaries. For example the Klipdrif (oos) and Slang estuaries have changed from
intermittently to almost permanently closed. Reeds have expanded due to sedimentation and dune encroachment.
Floods that are important in re-setting the estuary and removing the macrophytes from the main water channel no
longer occur. In other estuaries management interventions have mitigated the impacts of freshwater abstraction.
For example in the Great Brak Estuary, South Africa, a mouth management plan and water releases from the
Wolwedans dam have ensured that the mouth has remained open at important times i.e. spring / summer. Long
term monitoring has shown that the salt marsh is in a healthy condition as a result of this. Low water levels
during the open mouth condition ensure the germination of seeds and growth of seedlings. Both intertidal and
supratidal species are found and the salt marshes show distinct zonation brought about by tidal inundation. When
freshwater releases weren’t made, a year of prolonged mouth closure (1 year), high water level and flooding of
the marsh reduced the cover of supratidal (Chenolea diffusa and Sporobolus virginicus) and intertidal salt marsh
species (Triglochin spp. and Cotula coronopifolia). Besides salinity and water level fluctuations other important
factors controlling macrophytes in temporarily open / closed estuaries are light and nutrient input. The lack of
submerged macrophytes in KwaZulu-Natal estuaries on the east coast of South Africa has been attributed to an
increase in catchment and bank erosion, sedimentation and lack of available light. In some estuaries nutrient
input coupled with prolonged mouth closure has resulted in excessive macroalgal growth. Although temporarily
open closed estuaries are dynamic, resilient systems, degradation of macrophytes and species losses can occur in
response to changes in freshwater inflow.
Title of paper: The effect of catchment runoff on the ecology and chemistry of Myall Lakes
Author: Joanne Wilson and Matthew Dasey
Author's email: joanne.wilson@dipnr.nsw.gov.au
Abstract: The Myall Lakes system is made up of four interconnected brackish lakes covering over 100km2 and
is the central feature of Myall Lakes National Park, 300km north of Sydney. It has a limited connection to the
ocean via the Lower Myall River. Myall Lakes was considered pristine until harmful algal blooms (Anabaena
and Microcystis) were reported in 1999 indicating the potentially eutrophic status of the lakes. Most nutrients are
sourced from catchment runoff delivered during rain events. The aim of this study was to examine short-term
changes in the lakes after a rain event. Nine sites throughout Myall Lakes were sampled on 8 occasions over a
34-day period after a small rain event in December 2002. Measures included water quality profiles, inorganic,
organic and total nutrients (nitrogen, phosphorus and silica), turbidity, chlorophyll a, and phytoplankton counts.
The results showed a 3-20 fold increase in concentrations of NOx, NH4+, FRP and TP in fresh, surface water
inflows from the Upper Myall River, which has agricultural activities in its catchment. In contrast, runoff from
Boolambayte Creek, which has a largely undisturbed catchment, showed only slightly elevated levels of NOx
and TP. Elevated nutrient levels did not persist for more than 2 – 4 days, indicating rapid dilution, uptake and
recycling within the lake. Stratification was an important feature of the water column at some sites after the
freshwater inflow and was associated with high ammonia levels in bottom waters. Counts of a number of
phytoplankton species increased at some sites 4-6 days after the rain event. This study has demonstrated the link
between catchment runoff and the nutrient status of the lake. This information will be used to develop effective
nutrient reduction programs in the catchment and cost effective sampling programs that accurately reflect the
types of inputs and nutrient status of coastal water bodies.
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Title of paper: Predicting responses of New South Wales Coastal Lakes to changing nutrient loads
Author: Barbara Robson
Author's email: barbara.robson@csiro.au
Abstract: The coast of New South Wales is dotted with more than 100 shallow lagoons that receive fresh water
from their catchments and have intermittent or permanent connections to the ocean. As the human population
continues to expand along the coast, coastal catchments are subject to increasing development pressure, which
leads to changes in the quantity and quality of fresh water reaching coastal lagoons. To facilitate management of
these ecosystems, there is a need for better understanding of their resilience and likely response to increased
nutrient loads. In this study, an ecological box model with input from hydrodynamic and catchment models has
been applied to eight New South Wales coastal lakes (Cudgen Lake, Coila Lake, Merimbula Lake, Back Lagoon,
Burrill Lake, Narrawallee Inlet, the Myall Lake system and Lake Wollumboola). By applying the model with a
range of nitrogen load scenarios, response curves have been generated for each system in terms of macroalgae,
seagrass, microphytobenthos and phytoplankton biomass and seasonality. The results highlight the importance of
factors such as lagoon area and morphology, residence time and denitrification efficiency in determining the
sensitivity of coastal lagoons to changes in nitrogen loads. The study also indicates where more work is needed
to fill gaps in essential data for these systems.
Title of paper: A comparison of the Hydrodynamics of an Opening Event in two Coastal Lagoons
Author: Emma Gale (UWA), Charitha Pattiaratchi (UWA), Roshanka Ranasinghe (DIPNR)
Author's email: gale@cwr.uwa.edu.au
Abstract: Intermittently Closing and Opening Lakes and Lagoons (ICOLL’s) are an important sub category of
lagoons, and are characterised by their intermittent opening events to the ocean. The opening events, usually
made artificially, are related to variable rainfall events that, over time, produce super-elevated lake levels that
breach the beach berm and release the lake water to the ocean. An opening event introduces appreciable water
level fluctuations (1-3m’s) accompanied by large salinity variability’s (7 – 30ppt) on a sub daily time scale and
the duration and frequency of the opening may also vary between each ICOLL, from weeks to months, and inter
and intra annually, respectively. The opening event for two ICOLLs, located in eastern Australia, Smiths Lake
and Wamberal Lagoon, have been examined as a comparative study due to their similar bathymetry’s yet
significantly different opening regimes. It has been found that the dominant physical forcing during these events
appear to be a combination of low frequency sea level forcing, tidal forcing and an eroding-accreting inlet. The
varying nature of these forcings and their interactions generate changes to the dominant processes controlling
internal mixing and circulation, allowing the setup and breakdown of stratification, and the potential depletion of
dissolved oxygen at depth. This talk shows that defining the hydrodynamics throughout the different stages of
the opening event is important in understanding the water quality.
Title of paper: Physical Processes of Intermittently Closed and Open Estuaries in South Africa
Author: Piet Huizinga, Lara van Niekerk
Author's email: p.huizinga@adept.co.za
Abstract: The physical processes operating in the temporarily open and closed estuaries, including semi-closed
systems will be discussed in the paper, by using examples from several studies of estuaries in South Africa.
Approximately 70 per cent of the more than 250 estuaries in South Africa are intermittently closed and open.
This aspect has a major influence on the ecological processes of these estuaries. Increases in closed mouth
conditions can prevent fish and invertebrate recruitment from the sea into the estuary. Many of the small and
very small estuaries in South Africa (often one to five km long) are temporary open and closed, but also some of
the largest systems such as St Lucia, Bot and Swartvlei are in this category. The major force keeping the mouth
of such an estuary open is the river flow, but large differences in river flow required to keep an inlet open occurs
between different estuaries. For two small estuaries of similar size the differences in flow required to keep the
inlet open can be twenty times or more. The river flow needed to maintain an open inlet is a major component of
the freshwater requirements of estuaries and it is therefore most important that for each estuary this flow is
determined. An interesting feature is that sometimes in small estuaries a semi-closed state of the inlet between
open and closed can be distinguished. The inlet is then in a perched position on the sand berm and continuous
over flow occurs from the estuary to the sea. However, this position can be so high that even at high tide influx
of seawater into the estuary does not occur. This results in changes in the physico-chemical characteristics and
biota of the estuary.
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Title of paper: Identifying anthropogenic sources of fish assemblage instability in Lake Pontchartrain,
Louisiana (USA), a degraded oligohaline estuary
Author: Martin T. O'Connell
Author's email: moconnel@uno.edu
Abstract: Lake Pontchartrain, an oligohaline estuary in southeastern Louisiana (USA), has been subject to
numerous anthropogenic impacts over the last half century including urban and agricultural runoff, shell
dredging, over-fishing, artificial saltwater and freshwater inputs, shoreline alteration, and industrial discharges.
Previous analysis of long-term fish data showed that significant changes in fish assemblages had occurred
between 1954 and 2000, with demersal assemblages experiencing more instability during this period than either
inshore or pelagic fishes. To assess the current condition of fish assemblages in Lake Pontchartrain relative to
multiple ongoing and past environmental stressors, we conducted a three-year (2000-2003) monthly survey of
fishes using trawls (8 sites), gillnets (5 sites), and beach seines (5 sites). Because increased fish assemblage
variability has been used as an identifiable symptom of perturbed situations, we compared relative multivariate
dispersion indices for assemblages representing different sites to determine which region appeared most affected
by anthropogenic impacts. Assemblage variability was highest for fishes collected by gillnets and beach seines
from a site in southeastern Lake Pontchartrain which is located near an artificial saltwater connection, the
Mississippi River Gulf Outlet (MRGO). At this site, the relative dispersion indices for gillnet and beach seine
collections over three years were 1.285 and 1.213, respectively (range of relative dispersion indices for other
sites = 0.702-1.090). In contrast, demersal assemblages (i.e., fishes collected by trawls) were relatively stable at
the MRGO site. This stability, though, is more a reflection of the assemblage being dominated by a single
species, the bay anchovy (Anchoa mitchilli): numbers of A. mitchilli were significantly higher at the MRGO site
compared to other Lake Pontchartrain sites (Friedman Test, p = 0.001). These results suggest that although most
regions of the estuary exhibited habitat degradation to some degree, the greatest ecological instability occurred in
an area associated with an artificial saltwater connection.
Title of paper: The application of sediment capping agents on phosphorus speciation and mobility in Lake
Ainsworth sediments, northern New South Wales
Author: Darren Akhurst
Author's email: darrenakhurst@hotmail.com
Abstract: Experimental sediment cores from Lake Ainsworth were exposed to an induced 46 day, anoxic/oxic
cycle in the laboratory, mimicking the seasonal thermal stratification cycle commonly observed in the lakes
waters every summer. Under oxic conditions the supply of P and Fe to the overlying water was slow however,
induced anoxia led to an enhanced release of P and Fe from the sediments to the water column. An inverse
relationship between total P, Fe and redox potential suggests that Lake Ainsworth sediments are redox sensitive.
P speciation analysis of Lake Ainsworth sediments revealed the presence of a large pool of reactive Fe-bound P.
Two sediment-capping agents, a lanthanum modified bentonite clay and Bauxsol (a waste product from the
aluminium smelting industry) were assessed at reducing the levels of P released from Lake Ainsworth sediments
over the 46 day, anoxic/oxic cycle. The bentonite clay was highly effective at reducing plant available P in
anoxic/oxic conditions, but enhanced levels of dissolved Fe occurred with its use. Whilst Bauxsol’s use to
remove plant available P is not recommended in anoxic waters, its use in suspension in oxic waters warrants
further study.
Title of paper: A depositional record of large-scale oceanic inundation from a coastal freshwater swamp,
Killalea Lagoon, New South Wales, Australia
Author: Adam D. Switzer, Brian G. Jones, Charles S Bristow, Nupur Saini, Edward A Bryant, Rabea A Haredy
and Adriana Garcia.
Author's email: ads05@uow.edu.au
Abstract: A thin laterally extensive sandy deposit exists in the upper embayment fill of Killalea lagoon, a
predominantly freshwater swamp. Coring of the deposit suggests it extends continuously up to 450m inland and
tapers landward rising to ~1.6m AHD. The deposit sharply overlies the peaty lagoonal sequence and consists of
fine- to medium-grained sand with some organic material dominated by fragments and rootlets of Spinifex
grasses. In places the sand is overlain by accumulations of organic-rich silt that contain charophytes suggesting
re-establishment of lagoon conditions. Microfaunal investigation was limited by dissolution due to the presence
of organic acids associated with the freshwater lagoonal environment. Ground penetrating radar transects of the
seaward dune system suggest a penecontemporaneous erosional contact between a series of truncated pre-event
dunes and several small overlying post-event dunes. Although somewhat problematic, dates derived from peat
taken from just below the sharp contact of the sand sheet all provide a calibrated peak that suggests the sandy
deposit occurred around 1500AD. Hypothesis considered for the deposition of the sand sheet are higher
Holocene sea-level, storms and tsunami. The silty organic nature of the overlying sediments suggests that the
57

ECOLOGY, THREATS AND MANAGEMENT OPTIONS FOR SMALL ESTUARIES AND ICOLLS

event was short lived and lagoonal sedimentation resumed soon after deposition. The late Holocene age of the
sand sheet along with the lack of associated beach deposits and evidence of wave scouring suggest that a higher
sea level hypothesis is unlikely. This deposit is probably the result of rapid high-energy oceanic inundation from
the southeast. The study of washover deposits is often complicated by interpretation, as there is a significant grey
area between deposits attributed to tsunami or storm. We conclude that the sand deposit is the product of a shortlived, large-scale overwash event attributed to a possible late-Holocene tsunami or exceptionally large storm
event.
Title of paper: Sustainable Management of Intermittently Closed and Open Lakes and Lagoons (ICOLLs):
Knowledge Gaps and Threatening Processes
Author: Angela Arthington and Wade Hadwen
Author's email: a.arthington@griffith.edu.au
Abstract: Sustainable management of ICOLLS is currently hampered by our lack of understanding of the key
processes that maintain these complex ecosystems. Whilst data from permanently open estuarine systems is
likely to be somewhat applicable to ICOLLs, the unique and highly variable physical, chemical and biological
characteristics of these systems suggest that the processes that drive ICOLLs may be somewhat different. To
date, very little research has attempted to determine the ecological structure and functioning of ICOLLs and their
responses to natural and anthropogenic perturbations. Fish faunal surveys dominate the otherwise scant
literature, owing to the numerous commercially valuable species that inhabit these coastal waterways. At present,
there is a lack of integrated research investigating the major processes threatening the ecological sustainability of
ICOLLs. We suggest that the major threatening processes are: eutrophication, contamination, fish extraction,
modification of flow and opening and closing regimes, tourism/recreational use, and coastal development. The
status of ICOLLs in relation to increasing coastal development is of concern, particularly with regard to artificial
opening regimes, STP inputs and excessive runoff from industrial, urban and agricultural land uses. These
human influences undoubtedly threaten the long-term sustainability of ICOLLs and the species that inhabit them.
This paper will highlight areas of research required to strengthen our understanding of ICOLL ecosystems, and
the role they play in sustaining biodiversity, ecological function and fisheries production in the coastal zone.
Title of paper: Contributions of jellyfish to nutrient regeneration in coastal lagoons
Author: Kylie Pitt, Klaus Koop & David Rissik
Author's email: K.Pitt@griffith.edu.au
Abstract: Scyphozoan jellyfish abound in coastal lagoons of New South Wales and at times their biomass can
exceed 500 tonnes km-1. The rhizostomes Catostylus mosaicus and Phyllorhiza punctata are the most common
species. Both species contain symbiotic zooxanthellae but concentrations appear to be much greater in P.
punctata. Our experiment measured the rates at which NH3, PO4 and NOX were taken up or excreted by each
species and in two controls: a “water only” control and a “mucus” control. Experiments were repeated twice
during the day and twice at night and were conducted under both ambient and enriched nutrient conditions. P.
punctata excreted small concentrations of NH3 under ambient nutrient conditions (average 37 mg kg-1 WW hr1) but under enriched conditions excreted NH3 during the night (49 mg kg-1 WW hr-1) and took up NH3 during
the day (123 mg kg-1 WW hr-1). In contrast, C. mosaicus excreted NH3 at a rate of 1505 mg kg-1 WW hr-1
during the day and 1016 mg kg-1 WW hr-1 during the night. P. punctata neither took up nor excreted PO4 but
C. mosaicus excreted PO4 at a faster rate during the day than night (173 cf 104 mg kg-1 WW hr-1). Both C.
mosaicus and P. punctata excreted NOX and, although the rate of excretion for P. punctata varied between the
two experiments conducted during the day, the rate of excretion was consistently greater than for C. mosaicus
(52 and 80mg kg-1 WW hr-1 cf 26 mg kg-1 WW hr-1). The contribution of P. punctata to nutrient regeneration
appears to be small but during times of population blooms, excretion of NH3 by C. mosaicus may meet up to 8%
of the NH3 required by phytoplankton
Title of paper: Aspects of the Quaternary Geomorphology of the Belongil Swamp, Byron Bay, New South
Wales, Australia.
Author: Mitchell Tulau
Author's email: Mitch.Tulau@dipnr.nsw.gov.au
Abstract: Geomorphic investigations have revealed aspects of the Quaternary geomorphic history of the
Belongil Swamp, a back-barrier swamp at Byron Bay. High resolution elevation data with an elevation accuracy
of +/- 25 mm was acquired at approximately 7500 sites by a 6WD all-terrain vehicle linked to GPS satellites.
After post-processing of the data, high resolution contour plans were drafted using software applying a number
of interpolation techniques and presented on a rectified aerial photo base. Detailed soil and stratigraphic
investigations have also been carried out in the wetland and associated Quaternary deposits. Two cores dating to
8710 +/- 50 years BP and yielding pollen and phytoliths have been recovered from near the West Byron STP.
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The resultant chronology and vegetation history is complemented with vegetation records from earliest portion
plans. Two major Holocene land surfaces are inset to an earliest Holocene/Pleistocene topography comprising
aeolian and marine sands. The upper Holocene surface at 2.0 – 2.5 m AHD contains mangrove pollen to 1.5 m
AHD and is consistent with a higher mid-Holocene sea level. This surface is separated by a marked break of
slope from a lower basin surface at 0.8 – 1.2 m. Geomorphic features preserved within this most recent
sedimentary basin include depositional fans, stream cut scarps, a flood-tide point bar and former flowlines into
Cumbebin Swamp. The elevation, hydrology and vegetation history of the Belongil land surfaces are contrasted
with those of true backswamps such as Shark Creek on the Richmond floodplain. The lower Belongil basin is up
to 0.8 m higher than those of backswamps; the hydrology and therefore native vegetation is controlled by a berm
which opens in large local rainfall events, whereas the hydrology of backswamps is controlled by a permanent
levee and remains filled after local rainfall, and are generally wetter and free of trees as a consequence. The
relevance of geomorphic history to the occurrence of acid sulfate soil \'hot spots\', artificial drainage and
remediation measures is discussed.
Title of paper: Organic matter degradation and denitrification in a hydrogen sulfide-rich, saline coastal lagoon,
southeast Australia
Author: Emma Murray, David Heggie, Graham Skyring
Author's email: emma.murray@ga.gov.au
Abstract: Internal nutrient cycling is a significant process influencing trophic state in intermittently open/closed
lakes/lagoons (ICOLLs). Restricted or non-existent flushing to the ocean can allow nutrient build-up in ICOLLs,
even when nutrient inputs from the catchment are small. Lake Wollumboola is an example of an ICOLL
approaching eutrophic conditions despite its relatively pristine catchment. We investigated nutrient cycling in
Lake Wollumboola by measuring nutrient and metabolite fluxes at the sediment-water interface using benthic
chambers. Benthic respiration rates were high with CO2 fluxes between 27 and 110 mmol m-2 day-1. Also, large
H2S concentrations between 70 ƒÝM and 647 ƒÝM in surface sediment porewaters indicated sulfate reduction
was a major organic matter degradation pathway. H2S oxidation was found to contribute significantly to oxygen
demand as organic matter degradation alone could not account for oxygen uptake rates. Supporting this were
negative alkalinity fluxes, which indicated acid (H2SO4) production through the reaction of H2S and oxygen.
Our study also investigated denitrification, as this is a process by which ICOLLs may cleanse themselves of the
nutrient, nitrogen. Denitrification, measured as N2 production, accounted for 25 to 87% of the total nitrogen
flux. These denitrification efficiencies were unusual in respect of the high ambient H2S concentrations. Previous
laboratory studies have shown H2S concentrations greater than 50 ƒÝM can inhibit denitrification. One
explanation is patchiness in the sediment, where denitrification is occurring in H2S-free patches, or some other
physicochemical constraint is obstructing H2S toxicity to the nitrifying bacteria. These results highlight two
important considerations for nutrient cycling in ICOLLs, particularly in sulfide-rich systems: (1) that high levels
of H2S will not necessarily completely inhibit denitrification from occurring in estuarine sediments; and (2)
sulfide oxidation can contribute significantly to oxygen demand
Title of paper: Benthic Macrofaunal Communities in Intermittent Estuaries During Extended Closure: the
Consequences of Drought in New South Wale
Author: Beth F. Hastie and Stephen D. A. Smith
Author's email: bhastie@nmsc.edu.au
Abstract: Our understanding of the ecology of intermittent estuaries is limited, relative to other estuarine
systems. The drought occurring throughout 2001-2003 presented an opportunity to examine the effects of
extended closure on the communities inhabiting the intermittent estuaries of the Solitary Islands Marine Park,
New South Wales. A survey of the subtidal benthic macrofauna of 6 intermittently open estuaries and 3
permanently open estuaries was conducted during the height of the drought in January 2003. The study
incorporated sites established at three equivalent positions along the length of each estuary and infaunal samples
were collected using a van Veen grab. Multivariate analyses of community data revealed a significant difference
between the fauna of the intermittently open and permanently open estuaries in all positions within the estuaries.
These differences were primarily explained by the contributions of suites of species that were characteristic of
each estuary type. In general, intermittent estuaries were dominated by species that are considered to be
opportunistic, whilst fauna that are less stress tolerant dominated in the permanently open estuaries. Significant
differences were also observed between community patterns in estuaries within the 2 estuarine types. Univariate
analyses of summary community variables (the number of individuals and the number of species) revealed
significant differences between estuaries in each estuarine type, but not between permanently open and
intermittent types. These results indicate that extended closure due to drought has a noticeable and significant
effect on the composition of benthic communities in these dynamic estuarine environments. The considerable
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range of community patterns evident between estuaries emphasises the importance, where feasible, of managing
them on an individual basis.
Title of paper: Tidal Inlets: their response to natural and anthropogenic changes
Author: Chris Voisey
Author's email: chris.voisey@epa.qld.gov.au
Abstract: The interface between an estuary and the open ocean is a dynamic and complex system which
influences estuarine processes and is influenced by estuarine processes. In order to gain a better understanding of
this system a Moveable Bed Physical model was constructed and tested by the CRC for Coastal Zone, Estuary
and Waterway Management to look at the characteristics of ebb delta growth and response for two different tidal
conditions and the influence of artificial sand bypassing in a trained tidal inlet. Southport Seaway and the Tweed
River Entrance are two examples where artificial sand bypassing methods are employed. Using observations
from the model research and the current state of understanding in tidal inlet processes this paper will discuss the
expected implications of natural and anthropogenic changes to tidal inlet systems.
Title of paper: A preliminary survey of estuaries in northeast coast of Tamilnadu, India, with particular
reference to plankton and water quality
Author: Elayaraja Paramu
Author's email: elayakals@sify.com
Abstract: Problems associated with increasing pollution of estuarine systems have stimulated many
investigators to examine the spatial and temporal patterns of water quality and biodiversity of these water bodies.
Plankton contributes about 95% of the productivity of the marine system and forms the basis of the aquatic food
chain. Ecological factors can affect the physiology of an organism and can regulate their distribution over space
and time. Ecological observations were carried out in five estuaries of Northeast coast of Tamilnadu (between N
13o27’34.4” to N 12o56’15.5” and E 80o18’30.0” to E 80o 05’10.4”) from July 2002 to June 2003. Surface
water temperature of these systems depended on the atmospheric temperature with an exception at Ennore,
where the coolant water of a thermal power plant increased the temperature up to 34oC. Salinity was seasonal
and monsoon regulated. While the dissolved oxygen varied from below detectable level (BDL) to 5.3 ml. L-1.
Chlorophyll a which depended on the nutrient loading could be an indicator of eutrophication and pollution.
Nutrient loading was mainly from the point sources. Phytoplankton formed blooms during the periods of higher
nutrient concentrations. Spirulina laxssima, Microcystis flos aquae, Asterionella glacialis and Oscillatoria
limosa were the major bloom forming species. The zooplankton were dominated by the copepods in their species
richness and occurrence, while the tintinnids were more in species. The rotifers were dominated by Brachionus
plicatilis in abundance (up to 16,300 individuals. L-1). An herpacticoid copepod was prominent in waters with
higher temperatures and they could be the best indicators of thermal pollution.
Title of paper: Mouth closures and ephemeral streams: The variable hydrology of intermittent estuaries and
implications for seagrass
Author: Adam J. Pope, John E. Sherwood & Peter G. Fairweather
Author's email: adamp@deakin.edu.au
Abstract: Many temperate estuaries are not only intermittently open and closed but also have an intermittent
freshwater input. These systems, often overlooked due to their size, can have large hydrological variability over
medium-term time scales. This variability presents potential difficulties for estuarine species and requires a well
considered approach by managers. This is particularly true where anthropogenic alterations to freshwater flows
can cause large deviations from natural patterns of tidal influence and inundation of habitat. Influences of natural
and hydrologic variability on seagrasses were examined in two central Victorian estuaries with intermittent
freshwater flow and mouth openings. Hydrological changes during the three year study were affected by the
ending of a drought and a major flood a year later as well as by anthropogenic flow reduction and augmentation.
These anthropogenic influences on hydrology were compared with responses of seagrasses to overall hydrologic
regimes. Such influences and responses change both seasonally and in response to climactic events. This
combination of predictable and stochastic variability is considered in the context of management of such
estuaries.
Title of paper: A numerical model of autotrophic growth in a seagrass dominated ICOLL – the impact of
different opening regimes
Author: Jason Everett, Dr. Mark Baird, Assoc. Prof. Iain Suthers
Author's email: Jason.Everett@student.unsw.edu.au
Abstract: Opening regimes are an important factor in the overall health of intermittently open and closed
lakes/lagoons (ICOLLs), impacting upon flushing time, nutrient and plankton dynamics, turbidity, water depth
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and larval recruitment of fish and invertebrates. In this study we consider field data and numerical model results
in order to assess the impact of different opening scenarios on autotrophic growth and nutrient and plankton
dynamics, in a seagrass-dominated ICOLL – Smiths Lake, New South Wales. Simulations of the numerical
model will examine varying opening scenarios along with differing nitrogen, phosphorus and sediment loads
entering the estuary. An emphasis is placed on the underlying physical processes affecting the growth of
phytoplankton, epiphytes and seagrasses.
Title of paper: Feeding ecology of commercially valuable fish species in two ICOLLs (Intermittently Closed
and Open Lakes and Lagoons) in northern New South Wales, Australia
Author: Wade Hadwen, Grant Russell and Angela Arthington
Author's email: w.hadwen@griffith.edu.au
Abstract: ICOLLs provide valuable habitat for a wide range of commercially valuable fish species in eastern
Australia. However, very little is known of the feeding ecology of key species and the sources of energy
sustaining food webs in these complex coastal ecosystems. In this study, we examined food web structure and
the feeding ecology of commercially important fish species in two ICOLLs in Byron Bay, northern New South
Wales, Australia, through analyses of stable isotope data and fish gut contents. The two study ICOLLs were
physically and chemically different when sampled in December 2003. Tallows Creek was closed to the ocean
and had salinity values of 6 ppK, in contrast to the open Belongil Creek that had salinity values ranging from 26
– 29 ppK across the tidal cycle. Gut content analyses indicated that Sand Whiting (Sillago ciliata) and Yellowfin
Bream (Acanthopagrus australis) feed on a narrow range of food resources in these ICOLLs, despite the
abundance of potential prey types across a wide range of marine and freshwater taxa and the broad diets reported
for these species in large permanently open estuaries. Furthermore, no crustaceans were found in Sand Whiting
guts, despite the dominance of this prey group in published diet data for this species. However, stable isotope
analyses suggested a wider range of likely dietary components than those directly recorded in fish guts,
highlighting the utility of this method in reconstructing the major dietary components of generalist carnivores
with high temporal variability in prey composition. These findings have significant implications for the
assessment of the sustainability and productivity of ICOLLs for commercially valuable fish populations,
particularly in systems characterised by short-term changes in salinity and prey availability.
Title of paper: Ecological considerations for manually reconnecting ICOLLS and the ocean in southwestern
Australia.
Author: Paul Close and Andrew Maughan
Author's email: pclose@agric.wa.gov.au
Abstract: Periods of connection with the ocean are likely to be crucial drivers in the ecology of ICOLLS. With
growing concern for the environmental water requirements of estuaries and ICOLLS it is imperative that
management of ICOLLS recognises the ecological role of oceanic exchange. In Australia, ecological
considerations have not represented primary criteria in the decision to manually reinstate connectivity between
the ocean and ICOLLS. Instead the decision to manually break the sand bar may depend on a variety of social,
aesthetic and land-use criteria. Although these criteria are often geographically remote from the related coastal
water body, the timing of reconnection, duration of connectivity and the magnitude of water exchange are likely
to have substantial and direct ecological implications on the ecosystem. ICOLLS along the south coast of
Western Australia exhibit a variety of hydrodynamics ranging from systems that naturally open to the ocean
numerous times a year, to systems that remain isolated for up to several years. The ecological role of oceanic
exchange in these systems will depend on the natural opening and closing regime and therefore may vary
substantially between systems. This paper explores some of the ecological processes that may be useful in
formulating criteria to use in the decision to manually break the sand bar and reinstate oceanic connection in
southwestern Australian ICOLLS. We will review existing knowledge of specific south coast ICOLLS and
examine some preliminary data on estuarine/riverine hydrology, larval fish community dynamics and estuarine
food webs from an ongoing study on estuarine water requirements.
Title of paper: Impacts of freshwater discharge regulation on a shallow tropical lagoon – Puttalum Lagoon, Sri
Lanka.
Author: Kanapathipilli Arulananthan
Author's email: arulananthan@hotmail.com
Abstract: Puttalum Lagoon is a shallow vertically homogenous tropical lagoon with a spring tidal range of 60
cm. It receives an annual mean rainfall of 1200 mm, whereas the evaporation amounts to 1900 mm. The
freshwater discharge into the lagoon is 5 m3 s-1, however prior to the damming the upstream in 1980, the
discharge amounted to 25 m3 s-1. The southern mouth, which use to opens naturally during the Northeast
Monsoon to drain the floodwater directly into the ocean, became permanently closed since early 90ies, while the
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northern mouth remained open as ever. The annual mean salinity of the lagoon, prior and after the damming of
the upstream is 27 and 37 psu respectively, thus the normal estuary turned into a perennial hypersaline estuary
after the damming. However, after the closer of the southern mouth, the salinity is below the oceanic during the
Northeast Monsoon, otherwise it remain as a hypersaline estuary with a week horizontal salinity gradient. In the
inner end, the salinity increases far beyond the oceanic, some times to 55 or 60 because of evaporation whereas
the rain periods may lower the salinities to between 20 and 30. Stronger exchange is observed during periods of
slack water and neap tide. The periods of weak or non-existent horizontal gradients are coincided with poor
exchange. The salinity is in constant raise and the water exchange is poor even during the periods of stronger
evaporation, possibly due to the convectional mixing, which may hinder inverse estuarine circulation from being
established. The residence times of the lagoon during the wet and dry seasons are between 40 -100 days but even
longer during the transition between normal to hypersaline estuary. Thus, the frequent shifts from normal to
hypersaline condition bring down the long-term water exchange. Thus, the tropical shallow lagoons being more
sensitive to human impact, the ad hoc regulation of freshwater input into the shallow tropical lagoon may result
in large salinity variation and poor water exchange than in a normal estuary.
Title of paper: The importance of volume correction when investigating plankton dynamics in intermittently
opening and closing lagoons
Author: David Rissik and Iain Suthers
Author's email: dave.rissik@dipnr.nsw.gov.au
Abstract: Increased volume of a closed ICOLL can dilute incoming nutrients, potentially reducing their
influence. Comparing data before and after rainfall events can be difficult because of the associated changes in
volume that may occur. A study in Dee Why lagoon on Sydney’s northern beaches investigated the effects of
volume on plankton responses. To accurately determine volume the bathymetry of the lagoon was determined
and water level data were collected at regular intervals throughout a three-month study during summer, 1999.
Three sampling events were conducted before a rainfall event and six during and after rainfall. Following
rainfall, the volume of the lagoon increased by more than 50%. Plankton data from throughout the study were
transformed to a standard lake volume (the volume on the final sampling event) to enable the real influence of
rainfall to be determined. Accounting for volume made little difference to the trends in plankton responses but
made a difference to the magnitude and hence the significance of the responses. Phytoplankton biomass grew 10
fold within a week after initial rainfall and declined to near initial levels 2 weeks later. Zooplankton responded
within a day with two fold increase in the adult stages of the calanoid copepod Oithona sp., followed a week
later by nauplii and adult Acartia bispinosa. The nutrients from run off, growth and the influx of new
zooplankton into the water column resulted in a depleted 13C and 15N stable isotope signature of A. bispinosa
by 2-4 ppt within 1-2 weeks, consistent with diatom growth and the terrestrial supply of depleted nutrients. D34S
of A. bispinosa was enriched by 2 ppt for 1-2 weeks after rainfall, but unlike C and N, returned to pre-rainfall
levels, indicating the different trophic pathways of C, N and S.
Title of paper: Developing a framework to identify condition, values and management priorities for estuaries in
Australia
Author: Andrew Moss, David Rissik, Dianne Rose
Author's email: andrew.moss@epa.qld.gov.au
Abstract: This paper describes linked projects that are being undertaken by environmental management
agencies in Queensland, New South Wales and Victoria and the Cooperative Research Centre for Coastal Zone,
Estuary and Waterway Management. The aims of all these projects are broadly similar, to set up a framework for
reporting on the condition and values of estuaries and how these interact with each other. Ultimately, the
reporting framework will be used to identify management priorities. The proposed framework will be based on a
Pressure/Condition/Impact (social and economic)/Response model. Indicators for pressure, condition and impact
will be developed through a logical sequence comprising identification of the key pressures â identification of
related pressure indicators â identification of related condition indicators â identification of related social and
economic impact indicators. By following this process we will ensure that there are direct linkages between the
pressures, condition and impact. The project will also seek to quantify these linkages as far as possible. The
qualitative and quantitative links will be important in identifying and prioritising management responses. The
framework will be holistic in that it will seek to cover all aspects of estuary condition including not only
traditional water quality but also biological health, habitat extent and aesthetic condition. The framework will be
designed to allow indicators to be rolled up into composite indices for reporting at a high level while at the same
time it will be possible to report in more detail on individual issues. The project has a number of stakeholders in
Queensland, New South Wales and Victoria. These groups will be used to assess draft frameworks in terms of
their usefulness to local government, community groups and industry.
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Title of paper: Where estuary science meets estuary management: The role of scientific information in estuary
management in south-eastern Australia
Author: Melissa Thompson
Author's email: mf63@uow.edu.au
Abstract: Ecological services provided by the estuaries of south-eastern Australia are under increasing pressure
from land use practices particularly rapid urban development. Calls to fill key data gaps and refine management
and monitoring tools for these estuaries are intensifying. Just what data are needed to evaluate the condition of
these complex systems is subject to ongoing debate. Three major estuarine management issues were used as case
studies to analyse the role of science and the use of data in the estuary management decision-making process:
firstly the artificial opening of ICOLLS, secondly the use of water quality indicators in assessing the health and
sustainability of estuaries and thirdly biodiversity conservation. A lack of science and policy integration was
revealed, leading to haphazard decision-making with little consequence for ecological outcomes. This was due to
poor interaction between scientists and managers, and the absence of an appropriate framework to deal with
specific management decisions. Despite the existing ecological database, decisions were based on short-term risk
assessments of economic and social consequences while disregarding natural processes and long term
sustainability of estuarine resources.
Title of paper: South-Western Australian estuaries — Considering Ernest Hodgkin’s Swanland
Author: Anne Brearley
Author's email: abrear@cyllene.uwa.edu.au
Abstract: The estuaries of south-western Australia are unusual because mostly winter river flow, rather than
daily tides, bring changes in salinity. River flows in autumn/winter cause intense stratification with a layer of
freshwater across the surface, which only breaks down as winter progresses. With the decreases in flow during
spring, tides of small amplitude gradually move marine water upstream as a salt wedge along the bottom and the
saline summer state is established. Breakdown of the winter and summer stratification depends on river flow,
and wind mixing. In many of the estuaries bar formation is so extensive that the estuaries close when river flow
is low and they may remain closed for months or even years. Opportunities for organisms to enter these estuaries
are limited and conditions become stressful if the waters become hypersaline or dry out completely. These
features were of great interest to Ernest Hodgkin (Hodge) and were central to his work on the evolution of the
estuarine form and ecological processes. His ideas and research with many colleagues form the basis for current
studies of estuaries in the southern hemisphere. Before his death in 1998 “Hodge” organised a bequest, The
Ernest Hodgkin Trust for Estuary Education and Research “to provide funds necessary to write and publish an
account of what is known about the estuaries of south-western Australia in an easily-read form for the general
public. A major work — SWANLAND is now nearing completion, which provides a synthesis of Ernest
Hodgkin’s work and thoughts, together with more recent research on the estuaries of south–west of Western
Australia. The term SWANLAND was coined originally for the temperate region of the Western Australia
receiving more than 10 inches (250 mm) of rainfall, roughly Shark Bay to Esperance. While the book and this
presentation concentrate on the estuaries of SWANLAND, many principles of estuarine function and health are
common to other regions with a micro-tidal coast and Mediterranean climate.
Title of paper: An assessment of the impacts of anthropogenic influences on the dynamics of the temporarily
open and closed Orange River Estuary
Author: Lara van Niekerk, Susan Taljaard and Piet Huizinga
Author's email: lvnieker@csir.co.za
Abstract: In order to assist with the future water resources planning of South Africa and Namibia, a desktop
study was conducted on the Instream Flow Requirements (called a preliminary Rapid Ecological Reserve
Determination in South Africa) of the Orange River Estuary. In evaluating the freshwater requirements of a
temporarily open/closed estuary, such as the Orange River Estuary, the two key drivers that influence the habitat
and the associated biota of the system need to be considered, namely: 1) The frequency and duration of open and
closed mouth conditions; and 2) The extent to which flow reduction has, or could, modify salinity penetration
into the estuary. Hydrological data indicated that under natural conditions the mean annual runoff was 10 800
x106 m3, which has been significantly reduced to 4 700 x106 m3 at present. An analyses of simulated monthly
runoff data indicated that under natural conditions the estuary mouth used to close approximately one out of four
years for about one month at a time. Under current conditions mouth closure seldom occurs, due to elevated base
flows for hydropower generation in the winter dry season. Mouth closure is important, as it causes back flooding
and inundation of the salt marsh areas, reducing soil salinities and allowing seed generation. The reduction in
mouth closure events therefore has a significant impact on the habitat and health of the estuary. An evaluation of
the relationship between the river inflow and the salinity regime of the estuary indicated that the system has been
significantly modified from freshwater dominated for about nine months of the year under natural conditions, to
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a more brackish type estuary for about seven months of the year at present. This drastic change in the salinity
regime represents a major change in habitat for the biota. The degraded present state was also caused by other
anthropogenic influences such as a road across the salt marshes, seepage of saline water from mining activities
and human disturbance of birds. It was therefore not possible to improve the health of the system through river
flow adjustments alone. The Orange River Mouth was designated Ramsar status in 1991, but it was placed on the
Montreux Record in 1995 due to its severely degraded state. The study concluded that it was critical to improve
the current health status of the estuary through: •Managing the river flow so that it resembles the natural
conditions more by eliminating the winter release to facilitate mouth closure during the low flow period and
elevating the flows in autumn/summer to facilitate a more river dominated system. Mitigating actions to reverse
modifications caused by the non-flow related activities and developments in the estuary by the responsible
authorities.
Title of paper: Wilson Inlet – A case example of seasonally closed estuaries in the SW of WA
Author: Malcolm Robb
Author's email: malcolm.robb@environment.wa.gov.au
Abstract: Many of the estuaries along the south coast of WA are showing the symptoms of eutrophication
ranging from annual phytoplankton blooms to choking growths of macroalgae. Estuaries in the high rainfall area
are either permanently open or open seasonally from winter rainfall whereas those in the lower rainfall areas to
the east open irregularly often in response to summer rainfall events. Wilson Inlet lies in the medium rainfall
area and is artificially opened each year to manage water levels in the estuary. Over the last 10 years a range of
studies has elucidated the key eutrophication processes linking catchment influences, sediment accumulations
and the effect of marine exchange often in the context of vigorous community debate centred around the annual
opening of the bar. Wilson Inlet is remarkably resilient to nutrient accumulations partly due to its size (45km2)
and vigorous wind mixing. Denitrification efficiencies and phosphorus retention capacities are high and the
extensive Ruppia megacarpa growth at the mouths of the influent rivers acts to absorb and attenuate the nutrient
signal in the estuary. The transfer of process understanding from Wilson Inlet across the across the other
estuaries of the south coast provides managers with guidance to estuarine response to eutrophication and
suggests direction for management intervention. Ocean connectivity, timing of rainfall events and relative size of
estuary are key drivers of estuarine response. The similarity and differences of these estuaries may throw light on
the behaviour of ICOLLs elsewhere
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